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Economy, efficiency, applicability
MANAGERS NEED RESEARCH APPLICATIONS THAT LEAD TO SUSTAINABLE 

and efficient solutions to resource management challenges in parks. This issue features a 
number of articles that test and present techniques with potential for widespread use.

We start with a look at phenology, a basic yet important means of monitoring 
the timing of events in the lives of plants and animals. This tool aids in understanding 
seasonal and climatic cues in nature and the related effects on park visitors and manage-
ment. Our cover article from Mount Rainier offers a valuable scientific comparison of 
different methods for gathering data of this type, with findings that apply to efficiency, 
accuracy, cost, and choice.

Other timely articles describe the development of strategic tools that are useful for 
improving and sustaining certain park operations. For example, researchers present test 
results of a relatively simple field process for managers’ use in assessing how well water 
bars and similar features divert runoff from trails. Also of note is STARFire, a scalable 
planning system that combines resource economics and fire science for the allocation of 
resources according to priority, risk, fuel treatment optimization, and overall program 
preparedness goals. Both tools could be employed potentially at hundreds of parks.

Reports of the further spread of white-nose syndrome in bats first to Washing-
ton State, then to Minnesota and Texas, were a disconcerting development during the 
preparation of this issue. This news emphasizes the importance of proper clothing and 
equipment disinfection for underground research and management activities. The article 
and procedural checklists presented on pages 50–62 describe techniques that will help 
prevent transmission of the nonnative fungus that causes this deadly disease in bats.

Timing is often a key element in securing employment, but it is not the only one. 
In the research report on pages 27–33, social scientists share students’ perspectives on 
their prospects for working in park and protected area fields and those of professionals 
striving to advance their conservation-related careers. This article presents a few strate-
gies that may be helpful to job seekers and hiring officials alike.

Finally, we feature a four-article section on the management of day use of the busy 
Grand Canyon corridor trails. The social sciences, including history, provide some of the 
tools necessary for understanding use types and levels, and possible solutions. Addition-
ally, weather monitoring, strategic communications, and effective program design improve 
safety for visitors and park staff. These integrated programs provide critical information to 
managers considering their options for backcountry management plan revisions.

As always, this issue reflects the work of a huge family of researchers, resource 
managers, technicians, sponsors, partners, communicators, and other support staff. It 
tells a collective story of diversity in science applications with ever-evolving techniques 
for improving stewardship.

—Jeff Selleck, Editor
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Glacier’s bat inventory and monitoring program
Using partners, collaborators, and volunteers to make it a success

Abstract
Since its inception in 2010, biologists have continued to build and expand the bat inventory 
and monitoring program in Glacier National Park. We have now confirmed the presence of 
nine bat species in the park, adding three new species to the mammals list. Inventory work 
continues in hopes of confirming additional species. Year-round acoustic monitoring has 
confirmed the presence of bats overwintering in the park; research continues to determine 
whether or not bats use caves as hibernacula. Biologists use long-term acoustic monitoring 
to better understand bat migration paths and timing. Investigation into which buildings in 
the park support roosting bats has increased efficiency in environmental compliance reviews 
and will provide baseline data prior to arrival of white-nose syndrome.

Key words
bats, caves, collaborators, inventory, migration, monitor, partners, roost sites, species lists, 
volunteers, white-nose syndrome

By Lisa Bate

THE DEVASTATING SPREAD OF WHITE-
nose syndrome (WNS) in the eastern Unit-
ed States—and more recently infecting a 
new bat species (Myotis yumanensis) in 
Washington State (May 2016)—has given 
a new urgency to bat conservation in the 
West. As the disease continues to spread, 
the national parks in its path have stepped 
up their efforts to learn about and protect 
native bat populations. It is predicted that 
WNS will appear in Glacier National Park 
(Glacier) by 2026 (Rodhouse et al. 2016). 
Yet at Glacier (Montana), little was known 
about the park’s bats until a combination 
of partners, collaborators, and volunteers 
came together in support of them.
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In November 2010, Glacier wildlife biol-
ogists received a grant from the Glacier 
National Park Conservancy that allowed 
us to initiate a bat inventory and monitor-
ing program at the park. So what did we 
do first? We headed to the caves! We knew 
we had caves in the park, but we did not 
know if their environments were condu-
cive to supporting hibernating bats—or 
if bats even used them for hibernation. 
One problem: since Glacier’s caves aren’t 
generally a focus of management, none of 
our resources staff had ever been there. 
Fortunately, there’s a local group that 
knows Glacier’s caves well. The Bigfork 
High School Cave Club has mapped the 
interiors of Glacier’s caves and knows 
them intimately. So with the help of five 
teenagers and their teacher in November 
2010, we hiked, crawled, and climbed into 
three caves to install data loggers to record 
winter temperatures and humidity (fig. 1).

This partnership marked the true begin-
ning of Glacier’s bat inventory and moni-
toring program. Prior to this program, our 
knowledge about bats in Glacier was near-
ly nonexistent; no formal surveys had ever 
been conducted. We had visual records 
of only four bat species in our wildlife 
database, one of which was a single, road-
killed individual. Of 11 potential species in 
Glacier, 6 were listed as Montana species 
of concern (SOC), or potential SOC 
(MNHP 2010).

We started with temperature and humidity 
recordings in the caves because we were 
so excited to start learning anything we 
could about bats in the park, but were 
months away from starting bat inventories 
using mist-netting and acoustic surveys. To 
accomplish the latter, we partnered with 
Waterton Lakes National Park in Canada 
(adjacent to Glacier and the other half of 
the Waterton-Glacier International Peace 
Park) to obtain the services of world-re-
nowned bat biologist Cori Lausen. Cori, 
who has worked with bats for nearly two 
decades, is an expert in all aspects of 

bat ecology and survey techniques. We 
contracted to have her conduct two years’ 
worth of summer mist-netting and acous-
tic surveys. Cori, however, was very clear 
that for the first year to be successful, she 
needed field assistants with at least some 
experience in bat surveys.

We didn’t have that experience, so to pre-
pare for Cori’s arrival, we obtained in-kind 
matching funds from a number of agencies 
to provide park staff with training, con-
sultation, and equipment. This project 
would not have been possible without 
this assistance from the Montana Natural 
Heritage Program; Montana Fish, Wildlife, 
and Parks; Bat Conservation International; 
and of course, the Bigfork High School 
Cave Club.

Finding the bats

Our main objective was to conduct a basic 
inventory of bat species in the park. Which 
species did we have? Which habitats did 
they occupy? Were they reproducing? 
What was the overall status of their health? 
We wanted this baseline information to 
better inform us of what the potential 

impact of white-nose syndrome might be, 
were it detected in Glacier, and to help us 
to make better decisions about bats in and 
around the park. Our second objective was 
to prepare our own staff to take over the 
bat inventories and initiate the monitoring 
phase of the program.

Glacier comprises more than 400,000 
hectares (1 million acres), and we knew it 
would take time to conduct a thorough in-
ventory of bats across the park. To sample 
a wide range of habitats, we adapted the 
Bat Grid protocol developed by biologists 
in the Pacific Northwest (Ormsbee 2007), 
which uses a grid cell of 10 km2 (3.9 mi2) 
as a sampling unit. Within each grid cell 
we used both visual and acoustic survey 
techniques to survey for bats. Mist-netting 
was our primary, visual technique; acous-
tic sampling was our secondary technique. 
Acoustic surveys allowed us to sample 
habitats not suitable for mist-netting, such 
as open, burned forests or meadows. It 
also allowed us to detect bats that typically 
forage higher aboveground than the nets 
can reach.

Surveying for bats is not like surveying for 
any other species: you can’t hear them, 

Figure 1. Bigfork High School Cave Club 
member Brennen Shaw (right) inspects the 
data logger he helped deploy in one of 
Glacier’s caves to record temperatures and 
humidity throughout the winter. (Above) 
Club members first guided the park biolo-
gist to caves in November 2010 to deploy 
data loggers. Pictured left to right are stu-
dents Sandy Baker, Keegan Kelso, Eugene 
Germain, Matt Morgan, Brennen Shaw, and 
their teacher Hans Bodenhamer.

GLACIER NATIONAL PARK/LISA BATE (2)
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you can’t see them. One of the first lessons 
was learning what the best conditions are 
for trapping. If a “trap night” coincides 
with a full moon, expect very few bats. If it 
is raining, cold, or windy, expect few bats. 
Bats choose to go into torpor rather than 
spend precious energy flying around on 
nights when insects aren’t available. Bats 
use echolocation—they emit sound waves 
from their mouths, and use information 
from the sound waves that bounce back 
off flying insects—to locate and capture 
food at night. They also use echolocation 
to navigate in and around objects. Like 
humans, however, bats can see at night if 
there is enough ambient light. So, you have 
to plan strategically if you want to capture 
bats in mist-nets.

Cori showed us how to string nets at 
bends in trails and roads to surprise bats 
as they flew along these corridors. She 
would hide, or align, the poles with trees 
so they could not be seen. She showed us 
how to set nets over, or near, quiet water 
bodies (loud water noises interfere with 
bats’ echolocation calls), and taught us 
how to tie three nets together to capture 
the high-flying bat species like the hoary. 
Wearing chest-high waders to access 
water nets was normal for trapping bats in 
Glacier (fig. 2).

As we set up each net in the daylight, we 
would tie them closed with flagging to pre-
vent catching birds and to alert hikers on 
the trail. We also left signs alerting people 
to the presence of nets across the trails 
(fig. 3). Then just as it got dark, we ran 
around opening the nets all at once. This 
is called “emergence time” and was always 
the most hectic time, as the bats emerged 
from their daytime roosts to come out 
and feed. If there was a roost nearby, we 
could get slammed and catch 25–40 bats in 
a single net in just a few minutes. Things 
usually calmed down after the first hour 
and then we would begin the process of 
checking each net every 4–10 minutes. 
Any longer, and the bats could chew their 

way out. On a typical night, we would set 
up 7–10 nets about 0.8 km (0.5 mi) apart. 
The constant walking was a good thing, 
especially on slow nights; it kept us awake 
and warm.

Typically, we could not “hear” if a bat was 
caught in a net. Although little brown bats 
are notorious for their loud distress calls, 
most bats would hang quietly until we 
got there. When working with bats, you 
quickly learn that a high-quality flashlight 
is essential. It allows you quickly to de-
termine whether or not a bat is in the net. 
It also allows you to move confidently at 
night in moose, mountain lion, and grizzly 
bear country. One night, while netting 
in a pond, we heard loud noises coming 
from multiple directions in the water. The 
flashlight revealed three huge (larger than 
our hands) western toads!

When we found a bat in a net we would 
remove it, place it into a clean cotton bag, 
and hold it in our jacket or nearby warm 
vehicle for one hour before processing. 
The one-hour wait was to give the bat time 
to defecate so as to obtain an accurate 
weight; bats can eat 50% of their weight in 
a foraging bout. For each captured bat we 
recorded: (1) bat number, (2) net number, 
(3) time and date of capture, (4) species 
(Ormsbee 2005), (5) sex, (6) reproductive 
status, (7) age, (8) tooth class (Christian 
1956), (9) weight (g), (10) forearm length 
(mm), (11) presence or absence of a keel, 
which is a flap of skin on the tail by each 
foot (Ormsbee 2005), (12) whether or not 
a biopsy was taken, (13) whether or not 
an acoustic sample was taken, and (14) 
comments on overall health and condition. 
When finished, we would hold the bat up 
high until it flew off.

Figure 2. (Left) Biologists Cori Lausen and Lisa Bate set up a triple-high bat net. (Right) Bi-
ologists Cori Lausen and Barb Johnston wear chest waders to deploy a water net in a pond 
where bats frequently forage.

PARKS CANADAGLACIER NATIONAL PARK/COURTNEY RAUKAR

Figure 3. A nearly invisible mist-net, set up 
across a trail, is shut and tied with flagging 
until bat emergence time to prevent “catch-
ing” late hikers or nontarget wildlife spe-
cies. (Right) Monitoring crew used bat sur-
vey signs to alert visitors to nets deployed 
across trails or roads.

GLACIER NATIONAL PARK/COURTNEY RAUKAR GLACIER NATIONAL PARK/LISA BATE
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Our first year (2011) of surveys was intense; 
we trapped 19 of 21 consecutive nights. 
Cori, seemingly part bat herself, had no 
problem working all day—setting up 
mist-nets and detectors, opening and 
checking nets, removing and processing 
bats, closing nets, disinfecting everything, 
and then carrying all the gear back to the 
trucks for stowage. That first year, we saw 
a lot of sunrises because we would trap so 
late into the night. Thereafter, however, we 
adopted the protocol used by other Mon-
tana biologists, and were able to shut the 
nets down at 1 a.m. This proved to be far 
more sustainable, allowing us to be in our 
tents by about 3 a.m. With more sleep, we 
also found we were able to absorb much 
more of what Cori taught us.

We moved to a new location each night, 
trying to sample as many grid cells as pos-
sible. On the way to a new site and within 
the chosen grid cell, we would deploy two 
to three acoustic detectors to record bat 
calls for the night. In the first year, we only 
set up nets within 2 km (1.2 mi) of a road 
to maximize the number of trap nights. 
Beyond this distance we had to rely on 
horse, mule, and boat support because of 
the weight of the equipment and small size 
of our crew (three people) (fig. 4). In the 
second year, however, we began to trap at 
backcountry sites in hopes of increasing 
the diversity of bats caught.

Results

We have now confirmed the presence 
of nine bat species in Glacier National 
Park since we began surveys in 2011: the 
little brown, long-eared, long-legged, big 
brown, eastern red, silver-haired, and 
hoary bat, and California and Yuma myotis 
(fig. 5). Our detections of the eastern red 
bat, and the California and Yuma myotis, 
allowed us to add three new species to 
Glacier’s mammals list. These detections 
also expanded the known range for each 
of these species. All of the species were 

confirmed through mist-netting except for 
eastern red bat. Just 4 km (2.5 mi) to the 
north, however, our acoustic documen-
tation was corroborated with the capture 
of 13 eastern red bats in Waterton Lakes 
National Park (Lausen 2012).

Six of Glacier’s nine bat species were 
found throughout the park. Two species—
California and Yuma myotis—were only 
caught and detected west of the Conti-
nental Divide, which bisects the park. The 
eastern red bat was only detected east of 
the divide. The little brown bat was the 
most commonly found bat in the park (fig. 
6). It is also considered the most common 
bat in Montana (Foresman 2012). The 
long-eared was the second most common-
ly found bat, followed by the hoary bat. 
The first time we saw and heard a hoary 
bat, we felt like biologists exploring in a 
remote country and discovering a new 
species unknown to the world. We had no 
idea that such a beautiful animal had been 
flying over our heads all our lives. None 
of us in Glacier had ever seen one. Their 
beautiful coats, large size, and unique 

GLACIER NATIONAL PARK/CLAY MILLER GLACIER NATIONAL PARK/MICHAEL PROCTOR

A AND B: GLACIER NATIONAL 
PARK/COURTNEY RAUKAR;  
C: US GEOLOGICAL SURVEY; 
D: COPYRIGHT KRISTI DUBOIS; 
E: GLACIER NATIONAL PARK/
COURTNEY RAUKAR;  
F: GLACIER NATIONAL PARK/CORI 
LAUSEN;  
G: PARKS CANADA;  
H AND I: GLACIER NATIONAL 
PARK/LISA BATE

Figure 5 (right). Nine bat species have been 
confirmed in Glacier since surveys began 
in 2011: (A) long-eared bat (Myotis evotis), 
(B) silver-haired bat (Lasionycteris noctiva-
gans), (C) California myotis (M. californicus), 
(D) Yuma myotis (M. yumanensis), (E) little 
brown bat (M. lucifugus), (F) long-legged 
bat with pup (M. volans), (G) eastern red 
bat (Lasiurus borealis), (H) big brown bat 
(Eptesicus fuscus), and (I) hoary bat (Lasi-
urus cinereus).

Figure 4. Bat crew receives stock and boat support, respectively, from Glacier biologist John 
Waller and park ranger Brett Timm, who transport nets and processing gear to backcountry trap 
sites. Pictured from left to right are Graham Neale, Lisa Bate, Courtney Raukar, and Cori Lausen.
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Little Brown or 
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hissing and clicking sounds made every 
mosquito bite we had endured worth it, as 
this creature was new to us all (fig. 7)!

In 2013, as planned, all bat inventories 
were taken over by park staff and volun-
teers (ages 17 to 65). Since then, we have 
been able to trap six to eight nights per 
year, always pushing into new areas while 
returning to some sites for repeat sam-
pling. Although most volunteers could 
not handle bats for safety reasons, they 

were instrumental in helping us set up 
nets, record data, and check nets for bats. 
One volunteer, a retired US Forest Service 
biologist, was the exception: his past 
experience with mist-netting and handling 
bats allowed us to set up double the usual 
number of nets in one evening, which 
typically resulted in our catching twice as 
many bats.

Over 61 trapping sessions from 2011 
through 2016, we trapped and processed 

bats at 51 different locations throughout 
the park (fig. 8, next page). We processed 
a total of 1,064 individuals, catching about 
15 bats per night. This included nights 
when we did not catch any bats (poor 
capture success seemed mainly to have 
been weather-related). None of the bats 
we processed showed signs of white-nose 
syndrome; in addition, soil samples from 
the caves tested negative for the fungus 
that causes the disease (Northup and 
Caimi 2014).

We recorded more than 70,000 bat passes 
(Glacier data files) during warm-season 
months (May–September) using acous-
tic detectors (fig. 8). Winter (October–
March) acoustic monitoring efforts have 
detected bat activity at five different park 
sites, suggesting that bats do hibernate in 
Glacier. Poor recording quality prevented 
species identification, but we do know that 
the park has both low- (for example, big 
brown or silver-haired bat) and high-fre-
quency (Myotis species) bats. We also now 
know that at least two of our caves have 
temperatures and humidity levels condu-
cive to bat hibernation.

Changing technology

In April 2015, the northern long-eared 
myotis was listed federally as threatened 
under the Endangered Species Act because 

Figure 6. Percentage of bat species captured and processed (top) and detected (bottom) during 
acoustic surveys in Glacier National Park from 2011 to 2016 during warm-season months (May 
through September). Data reflect only those calls that could be identified to species.

Figure 7. Biologist Cori Lausen spreads the 
wing of the first hoary bat ever recorded in 
Glacier.

GLACIER NATIONAL PARK/LISA BATE

Bat species captured and processed

Bat species detected
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of risks from white-nose syndrome and 
wind turbines. Montana is included in the 
US Fish and Wildlife Service’s range de-
scription for northern long-eared bats, but 
it is unknown if they reside, hibernate in, 
or migrate through Glacier National Park. 
We had already confirmed the presence of 
the eastern red bat, a species not expected 
in Glacier, and wondered if there could be 
other anomalies. 

Documenting the exact range occupied 
by a threatened species is critical to its 
conservation. Species at the edge of their 
range may be more capable of adapting 
to climate change and other stressors 
like white-nose syndrome. To date, we 
have analyzed more than 70,000 bat 
call recordings from the park, but poor 
recording quality has limited the number 
of definitive classifications. Diagnostic 
echolocation calls for northern long-eared 

bats require the use of hardware that can 
record calls above 100 kHz. Two of the 
detectors we purchased in 2011 are not 
capable of recording above this threshold. 
However, with a grant received in 2016 
from the NPS Natural Resource Steward-
ship and Science Directorate’s Biological 
Resources Division, we have been able to 
replace these two obsolete detectors with 
high-quality ones and microphones to sur-
vey for this species. This new equipment 
is now providing higher-quality acoustic 
data on the presence, activity, migration, 
and hibernation patterns of all bat species 
in the park that are at risk from white-nose 
syndrome and wind turbines.

Bats in buildings

One important side benefit to this pro-
gram has been increased efficiency in park 

operations relative to environmental law 
compliance activities. As our knowledge 
about bats in the park grew, so did the 
number of questions we received from 
park staff regarding bats. How do we get 
rid of bats in the attic? Can we re-roof this 
building in July? More than 900 buildings 
exist in Glacier National Park. Of the 733 
owned by the park, nearly 400 are classi-
fied as historic. Most are in need of some 
repair, restoration, or remodeling, and have 
multiple entry points for bats. As a result, 
many of these buildings function as large 
“bat houses” (fig. 9).

The little brown bat is the most strong-
ly associated with human structures in 
Glacier. It is also a species of concern 
because of its susceptibility to white-nose 
syndrome. Before any repair, restoration, 
or remodeling can begin, a compliance 
review has to ensure that native species 

Figure 8. Locations of mist-netting (left) and acoustic detector (right) sites established throughout GNP during spring, summer, and fall 
months for bat inventory and monitoring project from 2011 through 2016 (Glacier National Park, Lisa Bate).

SOURCE: GLACIER NATIONAL PARK/LISA BATE
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will not be harmed or killed as a result of 
the work. Until 2015, staff limitations had 
allowed us to assess only 25 structures for 
bat use; of those, 16 (64%) were confirmed 
as roost sites, including maternity roosts. 
As the compliance list of proposed projects 
continued to grow, we realized we were not 
keeping up.

The solution? Forge another partnership. 
In 2015, a Jerry O’Neal National Park Ser-
vice Student Stewardship Grant allowed us 
to hire a Montana State University student 
to help assess buildings for roosting bats 
over the course of the summer. The bene-
fits were huge: by the end of summer, 579 
buildings (park- and privately owned) had 
been inspected. Forty-three percent of the 
inspected buildings were found to contain 

at least one bat roost, with 451 total roost 
sites identified. Most roosts were in log 
cabins or in buildings with wood siding.

Having this information in hand has helped 
expedite the park’s compliance review 
process. Now we can query the database to 
determine if the building had evidence of 
roosting bats and needs to be rechecked, or 
if there was no potential for roosting bats 
(e.g., no loose siding, tin roofs, or small 
openings), which allows us to move for-
ward with a project. The Montana Natural 
Heritage Program has used these data as 
the foundation for their own database on 
bat roost sites in Montana, which will allow 
biologists to better assess potential impacts 
of white-nose syndrome, should it arrive 
here.

Bats in caves

After three years of winter monitoring, 
we had confirmed bats overwintering in 
Glacier National Park (via solar-powered 
acoustic detectors), but still had to deter-
mine if they hibernate in park caves. Ad-
ditionally, we had collected bat guano for 
genetic testing to identify bat species, but 
had found no bats in caves during winter. 
Results from DNA tests have confirmed 
that little brown bats use at least one of 
Glacier’s caves.

Poia Cave, Glacier’s largest cave, is about 
1.6 km (1 mi) long, with many hidden 
cracks and crevices. Visitors are allowed 
access with a permit. Although few people 
visit Glacier’s caves, it would only take 

Figure 9. Bats roost under siding of historic buildings (A), in bat boxes (B), in attics and barn lofts (C), and under bridges (not pictured) in 
Glacier. Boy Scouts construct the bat boxes as alternative roost locations. Park facility and integrated pest managers mount the boxes on 
park buildings that they then attempt to seal to prevent entry by bats.

A
, B

, A
N

D 
BA

CK
G

RO
U

N
D:

 G
LA

CI
ER

 N
AT

IO
N

A
L 

PA
RK

/L
IS

A 
BA

TE
C: CO

PYRIG
H

T KRISTI DU
BO

IS

11FEATURES



one person, wearing gear that had been 
contaminated in a cave where white-nose 
syndrome was present, to introduce the 
disease to the park. Knowing when bats 
were using Glacier’s caves would tell us if 
they needed increased protection.

With additional funds provided by the Bi-
ological Resources Division, we purchased 
two data roost loggers. In September 
2016—again with help from the Bigfork 
Cave Club and other volunteers—we de-
ployed the data loggers in two park caves. 
This equipment is capable of monitoring 
for extended periods, eliminating the need 
to deploy solar collectors susceptible to 
avalanche loss and allowing us to avoid 
dangerous and difficult wintertime bat 
surveys. We expect these units to monitor 
for bats for up to six months. In the spring, 
we will return to the caves and replace the 
batteries. This will allow us to monitor 
year-round in the caves to gain a better un-
derstanding of when bats are using these 
natural structures.

Looking to the future we are eager to 
continue building upon Glacier’s bat 
inventory and monitoring program with 
additional support from the Biological 
Resources Division. Our goals are to com-
plete the “Bats in Buildings” project, ex-
pand inventories into additional grid cells, 
and continue with our long-term acoustic 
monitoring at select sites in Glacier. Vol-
unteers are eager to help and are already 
committed. Where else do they get to trek 
up and over a mountain ridge, belly crawl 
into a cave to see a magical waterfall, see 
and hear the hissing and clicking sounds 
of a hoary bat, and encounter mountain 
goats, bighorn sheep, grizzly bears, and the 
rare Canada Lynx along the way!
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A colony of elkhorn coral (Acropora palmata) releases thousands of egg-sperm bundles into the water column.
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Sex on the reef:  
Observations of coral spawning in 
Dry Tortugas National Park
By Karen L. Neely and Tracy A. Ziegler

Abstract
In Florida’s remote Dry Tortugas National Park, coral reefs are an important management 
priority. Reproduction of coral species is difficult to monitor, however, and the reproductive 
potential of coral colonies at the park has been a matter of concern for several years. Two 
threatened species, elkhorn coral (Acropora palmata) and pillar coral (Dendrogyra cylindrus), 
were targeted for observation during their predicted annual spawning event in August 2014. 
Over a three-night period, both species were observed releasing gametes in near synchrony 
with observations at other sites in the Florida Keys. That these organisms are capable of 
being reproductive within the park provides hope for the future of these threatened species 
in the region.

Key words
coral reefs, coral spawning, Dry Tortugas National Park, endangered species

MANAGEMENT OF CORAL REEFS IS A 
high priority for many national parks  
within tropical and subtropical areas; 
examples include Virgin Islands National 
Park, National Park of American Samoa, 
Biscayne National Park (Florida), Kaloko 
Honokōhau National Historical Park 
(Hawaii), and Dry Tortugas National Park 
(Florida). The coral reef ecosystems these 
parks protect are often small in area but 
hugely important for their biodiversity, 
ecosystem services, and aesthetic value 
(National Park Service 2010). Coral reefs, 
however, are in serious decline worldwide. 
Within the well-studied Caribbean, the 
coverage of hard corals on reef environ-
ments has declined from approximately 
50% in the 1970s to approximately 10% 
today (Gardner et al. 2003). The causes 
are many and varied, but include storm 
damage, altered ecological interactions, 
poor water quality, elevated water tem-
peratures, pollution, and sedimentation. 
These stressors in turn contribute to more 
proximal causes of death like increased al-

gal competition, higher disease incidence, 
and heat-related coral bleaching (Pandolfi 
et al. 2005).

These decadal-scale declines are in-
creasingly worrisome and increasingly  
well documented. Pockets of resilient 
reef communities and restoration projects 
provide beacons of hope for the inter-
im survival of these systems, but what 

of longer-scale trends based on natural 
propagation of species? Reproduction of 
coral colonies frequently occurs asexually 
through broken fragments growing into 
new colonies, but for many coral species, 
sexual reproduction—and the resultant 
benefits of genetic recombination—is lim-
ited to a once-a-year opportunity (Szmant 
1986).
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Reproductive strategies 

In the Caribbean, that once-a-year opportu-
nity occurs during the warm-water months 
of August and September. Being stationary 
organisms, coral reproduction relies upon 
the release of gametes—sperm, eggs, or a 
combination of the two—into the water col-
umn. Some species (about 50% of Caribbe-
an species and 15% worldwide) are “brood-
ers,” meaning that eggs are held within the 
coral polyps, and only sperm is released with 
the hope of drifting over an egg-bearing 
individual. In these brooders, fertilization is 
internal, and the coral release larvae that are 
ready to settle and grow into adults. Other 
coral species (about 50% of Caribbean 
species and 85% worldwide) are “broadcast 
spawners” (Baird et al. 2009). Within these 
species, both eggs and sperm are released 
and externally fertilized in the water column 
to form larvae that drift in search of places 
to settle. For these broadcast spawners to 
reproduce successfully, individual corals 
must synchronize gamete release with their 
neighbors. An individual that spawns even 
an hour later than those around it will have 
a near-zero chance of successful fertilization 
(Levitan et al. 2004). Each species depends 
on environmental cues to time gamete re-
lease, such as water temperature, lunar cycle, 
time of sunset, and chemical signals from 
surrounding individuals (Levitan et al. 2011). 
Though the exact mechanisms governing 
each individual’s timing are not fully known, 
a successfully reproducing population can 
launch millions of gametes into the water 
column within minutes.

These gametes and the coral larvae they pro-
duce are the next generation of reef-building 
corals. They can recruit locally to repopulate 
the reefs from which they spawned and 
create new genetic combinations that may 
be resistant to present and future threats. 
They can also flow downstream to help 
repopulate more distant reefs and introduce 
new genotypes to other regions (Jones et 
al. 2009). Due to the location and ocean-
ographic features of Florida’s remote Dry 

Tortugas National Park, both processes are 
of the utmost importance to both local and 
regional populations.

Importance of Dry Tortu-
gas coral populations

The Florida Reef Tract is the world’s third 
largest barrier reef (following those in 
Australia and Belize) and the only cor-
al reef in the continental United States 
(fig. 1). It stretches like a protective shield 
from the southern tip of Florida down the 
Florida Keys, terminating past Key West 
(Florida Fish and Wildlife Conservation 
Commission 2015). Tracing this trajectory 
across deeper waters for another 60 km 
(37 mi) leads to one more set of coral-rich 
islands: the Dry Tortugas. This region, 
which expanded in 1992 from a national 
monument protecting the 1840s–era Fort 
Jefferson into a national park that is 99% 
submerged, is host to a variety of marine 
life-forms, including numerous corals, sea 
turtles, and other species listed under the 
Endangered Species Act (ESA). The loca-
tion of the Dry Tortugas makes reproduc-
tion of any marine species here important. 
The islands’ remoteness means that pop-
ulations rely heavily on local recruitment 

for the next generation. Their position at 
the upstream end of the Florida Current 
also makes them a potential source of 
gametes for the rest of the Florida Reef 
Tract (Domeier 2004).

Dry Tortugas reefs have been regularly 
monitored since 1999. The National Park 
Service South Florida/Caribbean Inven-
tory and Monitoring Network (http://
science.nature.nps.gov/im/units/sfcn) and 
the State of Florida’s Coral Reef Evalu-
ation and Monitoring Program (http://
ocean.floridamarine.org/FKNMS_WQPP 
/pages/cremp.html) both document coral 
cover, species diversity, and coral health 
on an annual basis. Though far from many 
human influences, the remoteness of these 
waters does not make them immune to the 
decline of reef systems. Twenty-five per-
cent of sites have shown significant coral 
decline since 1999 (Ruzicka et al. 2014). Of 
the nearly 40 species of coral documented 
within Dry Tortugas National Park, 7 are 
listed as threatened under the Endangered 
Species Act (http://www.nps.gov 
/drto/learn/nature/tespecies.htm). Re-
searchers selected two of these, elkhorn 
coral (Acropora palmata) and pillar coral 
(Dendrogyra cylindrus), for spawning 
observations (fig. 2).

Figure 1. The coral reefs of Dry Tortugas National Park lie 60 km (37 mi) west of the main 
Florida Reef Tract. Numerous agencies manage the marine resources of the region.
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The two species are of interest for sev-
eral reasons. Both have a single, small, 
clumped population in the park, making 
the reproductive success of those individ-
uals indispensable for natural population 
recovery. Both are also the targets of Flor-
ida Fish and Wildlife Research Institute 
monitoring programs that have looked at 
individual colony health for 10 (A. palma-
ta) and 5 (D. cylindrus) years. In addition, 
though the species are both broadcast 
spawners, they have slightly different sexu-
al strategies. A. palmata is hermaphroditic, 
meaning eggs and sperm are released 
together in packed bundles that break 
apart at the surface where they mix with 
those of other individuals. In contrast, D. 
cylindrus is gonochoric, meaning colonies 
are either male or female. In this case, 
both male and female colonies must be 
present within a population for successful 
fertilization.

New observations

Until recently, logistical difficulties prohib-
ited observations of spawning within Dry 
Tortugas National Park. It was unknown 
whether these populations were repro-
ductive and whether they would spawn 
in synchrony with the rest of the Florida 
Reef Tract. A collaborative team composed 
primarily of National Park Service and 
Florida Fish and Wildlife Research Insti-
tute divers selected a five-night window 
in August 2014 to hover over the target 
species. The window was identified based 
on previous years’ phenological spawning 
observations elsewhere in the region, with 

each species expected to follow a pattern 
of gamete release determined by the num-
ber of nights since the full moon and the 
number of hours after sunset (Fogarty et 
al. 2012; Neely et al. 2013).

Bathed in the warm waters and under the 
glow of the recent full moon, the divers 
waited. Two nights after the full moon, col-
leagues 270 km (170 mi) away in Key Largo 
announced D. cylindrus spawning success. 
The Dry Tortugas group waited with bated 
breath until, 30 minutes later, the observed 
colonies followed suit (fig. 3). The process 
and time lag were repeated the next night 
with D. cylindrus. And the following night, 

Figure 2. Researchers from Dry Tortugas National Park and Florida’s Fish and Wildlife Research Institute observe and document the spawn-
ing of (A) Acropora palmata and (B) Dendrogyra cylindrus, both ESA-listed coral species.

KAREN NEELY (2)

Pockets of resilient reef communities and restoration 
projects provide beacons of hope for the interim 
survival of these systems, but what of longer-scale 
trends based on natural propagation of species?
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four nights after the full moon, A. palmata 
did the same (photo, page 13), synchronized 
with the date of their Key Largo conspecif-
ics, but with a 30-minute lag. As the gametes 
were released, divers recorded the timing 
of each spawn, the reproductive output 
of each colony, and, for D. cylindrus, the 
gender of each individual. Though the team 
was pleased to find reproductively active 
colonies, they were concerned to discover 
that all of the nine D. cylindrus colonies in 
the Dry Tortugas were male.

Conclusion

The spawning observations pose just as 
many questions as they provide answers. 
Are the gametes successfully fertilizing and 
settling? Can these clumped individuals 
seed other areas of the park to increase 
population size? How will genetic diversity 
affect reproductive potential now and in 
the future? And from a management per-
spective, should measures such as trans-
plantation of “nursery-raised” corals be 
used to supplement the natural processes 
to promote species’ survival? These ques-
tions demonstrate that there is still much 
to learn, but certainly knowing the corals 
are making the most of their once-a-year 
opportunity is a good start.
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Figure 3. A male pillar coral 
(Dendrogyra cylindrus) releases a 
cloud of sperm during its annual 
spawning event.KA
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Case Study

Monitoring wildflower phenology using traditional 
science, citizen science, and crowdsourcing approaches

By Anna Wilson, Kevin Bacher, Ian Breckheimer, Jessica  
Lundquist, Regina Rochefort, Elli Theobald, Lou Whiteaker, 
and Janneke HilleRisLambers

CLIMATE CHANGE IS LIKELY TO HAVE DRAMATIC 
consequences for national parks and surrounding ecosys-
tems. Monitoring important biological processes that are 

sensitive to climate is therefore critical to help inform manage-
ment strategies allowing national parks to observe and potentially 
adapt to climate change impacts. The National Park Service 
already has significant programs in place, such as the Inventory 
and Monitoring Network Program (http://science.nature.nps.gov 
/im/monitor/) and the Climate Change Response Program 
(https://www.nps.gov/orgs/ccrp/index.htm), but scientists and 
managers continue to explore approaches for accurately and ef-
ficiently monitoring processes of interest. A spectrum of options 
is available depending upon resources and program goals. On 
the one hand, a few highly trained and credentialed experts can 
generate high-quality data from a small area that conform to strict 
data protocols—this is the “traditional” approach often taken by 
professional scientists. However, other approaches exist that can 
be more advantageous. For example, engaging visitors to aid in 
data collection (a citizen scientist approach) may greatly expand 

the volume of data collected while simultaneously fostering 
public understanding, investment, and support for the resulting 
management actions (Dickinson et al. 2012; Theobald et al. 2015). 
Alternatively, a large amount of information on the spatial or 
temporal distribution of organisms may already exist in photo da-
tabases (e.g., Hurlbert and Liang 2012; Bakkegard and Davenport 
2012), which can be leveraged as a low-cost method to monitor 
biological processes of interest (a crowdsourcing approach).

In this article, we describe these three approaches, which we 
have used to monitor the relationship between climate factors 
like the timing of seasonal snow disappearance and the timing 
of wildflower reproduction (“wildflower phenology”) at Mount 
Rainier National Park (figs. 1 and 2, next page). Our goal is to 
provide a case study for national park staff and other resource 
managers interested in initiating wildflower phenology monitor-
ing programs of their own. Wildflower phenology is a particularly 
important process to monitor, because it is strongly driven by 
climatic factors (fig. 1) (Fitter and Fitter 2002; Inouye 2008). This 

Figure 1. Phenology refers to the seasonal timing of important 
biological events, which are frequently cued by climate. For example, 
the seasonal timing of flowering for montane wildflowers like yellow 
glacier lily (Erythronium grandiflorum) is closely tied to the date of 
snow disappearance at Mount Rainier National Park.

UNIVERSITY OF WASHINGTON/ANNA WILSON
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means that changes in wildflower phenology are likely to indicate 
ongoing biological responses to climate change (Parmesan 2006). 
Additionally, the timing of wildflower phenology is crucial both 
to the plants themselves and to the life cycle of organisms that 
depend on flowers, fruits, or seeds for resources (e.g., pollinators 
and frugivores or preferential fruit eaters). Long-term monitoring 
of wildflower phenology could therefore help identify the plants 
and animals likely to be affected significantly by climate change, 
especially given the possibility of phenological mismatches, where 
plants fall out of sync with their pollinators or consumers (e.g., 
McKinney et al. 2012; Robbirt et al. 2014). Wildflower meadows 
are also a large attraction for visitors (fig. 3); consequently, shifts 
in wildflower phenology could also influence national park visitor 
experience and visitation patterns (Buckley and Foushee 2012).

Three approaches to monitoring wildflower 
phenology at Mount Rainier National Park
How could wildflower phenology be monitored in national 
parks? The timing of reproductive life stages, or phenophases, of 
different species is of particular interest (fig. 2). We describe the 
three approaches we used for estimating the timing of these wild-
flower phenophases at Mount Rainier National Park (fig. 4, page 
20). The first is a professional scientist approach (data collected 
by a graduate student); the second is a citizen scientist approach 
(data collected by volunteers participating in our citizen science 
program MeadoWatch—http://www.meadowatch.org); and 
the third is a crowdsourcing approach with data extracted from 
geo-located, date-stamped photos uploaded to a photo-sharing 
website and database (Flickr). Each of these had trade-offs asso-
ciated with balancing the data characteristics, resources required, 
and outreach potential, which we discuss below (summarized in 
table 1).

Figure 2. Wildflower phenology is studied by documenting 
the seasonal progression of wildflower species through their 
phenophases, which involves documenting the timing of reproductive 
life stages like flower buds, flowers, maturing fruit, and dispersing 
seed. Four phenophases of white avalanche lily (Erythronium 
montanum) are pictured here—the four monitored by our citizen 
scientists. Two additional phenophases were monitored through our 
professional scientist approach (leaf-out and leaf senescence [leaf 
fall]), while our crowdsourcing approach only captured the flowering 
phenophase. This series of photos (as well as comparable ones for 
each of the 10 focal species) was included in the species identification 
booklet provided to MeadoWatch volunteers.

UNIVERSITY OF WASHINGTON/NATASHA LOZANOFF

Figure 3. Peak wildflower season at Mount Rainier National Park, 
generally in July–August, is a large draw for visitors. Different 
wildflower species bloom on different schedules and in different 
habitats, creating a mosaic that is constantly changing. These 
schedules are shifting with climate change, but not all species of 
wildflowers—or wildlife—respond in the same way. This creates 
challenges for wildlife, park managers, and visitors alike.

UNIVERSITY OF WASHINGTON/JANNEKE HILLERISLAMBERS

Professional scientist approach
One of our team members (Elli Theobald, a graduate student at 
the University of Washington) has studied wildflower phenology 
at 70 sites distributed across a 1,350-foot elevation gradient (fig. 
5, page 21). Permanent research sites were carefully chosen to 
be representative of the surrounding landscape. For four sum-
mers, Theobald visited these sites weekly, identifying the relative 
abundance of each of six phenophases (fig. 2). She monitored the 
phenology of all animal-pollinated plant species (47 species), rep-
resenting the vast majority of the plant community within these 
sites. Each site was also instrumented with microclimate sensors, 
resulting in accurate estimates of snow duration at each site.

The main advantage of this approach was that the data provid-
ed very detailed descriptions of the onset, duration, and peak 
dates of the six phenophases monitored relative to snowmelt 
for the majority of wildflower species in this system (fig. 6, page 
21). However, there were several downsides to this approach 
relative to the other two. First, the geographic scope of sites we 
monitored was limited by the ability of one person to access them 
frequently while collecting data (fig. 4). Second, the collection of 
detailed data on such a broad suite of species and on nonflow-
ering phenological stages required the professional scientist to 
have advanced, technical botany skills, particularly at the onset 
of the study. Third, collecting these data was relatively expensive, 
requiring salary for the scientist to conduct fieldwork and manage 
and analyze data. Fourth, the inherent outreach potential of this 
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Table 1. Data characteristics, outreach opportunities, and resources needed for wildflower phenology monitoring  
at Mount Rainier National Park

Category Component Professional Scientist Citizen Science Crowdsourcing

Data characteristics Accuracy and complexity Most accurate and precise data 
for highly complex data collection 
protocols

Simple to moderately complex 
data collection protocols with 
accuracy and precision depending 
on volunteer training

Simple data with accuracy that 
varies depending on technology 
(camera GPS accuracy)

Data quantity ~1,000 site-date observations/
year; 47 species, 6 phenophases

~1,700 site-date observations/
year; 10 species, 4 phenophases

~1,000 photos/year; 8 species, 1 
phenophase

Site selection Intentional, potential to access 
remote, hazardous, and sensitive 
sites

Variable, depending on volunteer 
capacity

Haphazard, generally near devel-
oped areas, easy access sites often 
visited

Geographic scope Number of sites limited by person-
nel, time for travel, and collection 
of detailed data

Variable, depending on volunteer 
capacity

Potential for greatest spatial  
coverage

Outreach Inherent opportunities Low: limited to interactions with 
the professional scientist (~1–2 
weekly)

High: constrained only by the 
quantity of volunteers (~40–85 
annually)

Low (none): dependent on wheth-
er photographers uploading pho-
tos visit the specific monitoring 
project website (unknown)

Resources required Personnel (initiation) Master’s or PhD level for project 
design (50% effort for 3 months 
minimum)

Master’s or PhD level for project 
design (50% effort for 3 months 
minimum)

Master’s or PhD level to extract 
information from databases (50% 
effort for 2 weeks minimum)

Personnel (maintenance) Master’s or PhD level for collect-
ing data, or to supervise and train 
personnel (BS level) to collect data 
(50–100% effort for 3 months/
year)

Seasonal project manager (BS 
level); (50% effort for 3 months/
year); volunteers willing to spend 
1–3 days collecting data each 
summer (no salary)

Lab assistant (AS or BS level) to 
categorize photographs; (100% 
effort for 2 weeks/year); photog-
raphers willing to share photos on 
photo websites

Personnel (training) Extensive botany knowledge, 
experimental design (master’s or 
PhD level)

Botany knowledge, communica-
tion skills (BS level)

Programming skills (master’s or 
PhD level), botany knowledge (AS 
or BS level)

Supplies Data sheets, field guides Species identification booklets 
and data sheets (one/volunteer)

None

Volunteer training None Orientation: data collection, and 
species and phenophase  
identification

None

Abstract
Monitoring wildflower phenology in national parks allows for 
detection of the biological impacts of climate change. Here, we 
compare three modes of data collection we employed at Mount 
Rainier National Park to monitor wildflower phenology: (1) a 
professional scientist approach with observations collected by 
credentialed experts (agency scientists and those traditionally 
employed by academic institutions), (2) a citizen scientist approach 
with observations collected by trained volunteers, and (3) a 
crowdsourcing approach with observations extracted from online 
photo databases. All three approaches have their advantages and 
disadvantages with regard to data characteristics (e.g., quality and 
quantity), outreach opportunities, and resources required to initiate 
and maintain each type of program. For example, professional 
scientists were able to collect the most detailed phenological data of 
the three approaches (e.g., multiple reproductive stages for more than 
40 species), but this approach also required more technical skills to 
initiate and maintain and provided few opportunities for outreach. Per 
personnel hour, the citizen scientist approach generated more data 
than the professional scientist approach and provided the greatest 

opportunity for outreach, but was limited to presence/absence of 
easily identified species located at fewer study sites that could be 
easily accessed by volunteers. Crowdsourced data were least costly 
to acquire and most spatially extensive, but also provided the least 
detailed information on wildflower phenology and required personnel 
to have the most technical computing skills of the three approaches. 
Moreover, this approach is likely only feasible for abundant wildflower 
species in heavily visited portions of national parks. We suggest that 
the best approach to monitoring wildflower phenology in national 
parks (and other public lands) will depend on program goals (including 
data requirements, time frame, outreach goals, and partner/funder 
goals), available resources (including funding, staff, and volunteer 
capacity), and park characteristics (e.g., proximity to urban areas, 
visitation).

Key words
citizen science, climate change, crowdsourcing, outreach, phenology, 
volunteers
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(A) Crowdsourcing*
4,790 photos
8 species
1 phenophase
No microclimate sensors
5 years of data
Presence data collected
457 photographers

(B) Citizen Science*
Nine 1 m2 plots
10 species
4 phenophases
9 microclimate sensors
1 year of data
Presence/absence data
About 40 citizen scientists

(C) Professional Scientist
Seventy 1 m2 plots
47 species
6 phenophases
70 microclimate sensors
4 years of data
Phenophase abundance data
1 professional scientist

*For more information visit
 http://www.meadowatch.org

data collection approach was limited to chance field encounters 
between her and visitors during data collection.

Citizen scientist approach
In 2013, we (members of the HilleRisLambers laboratory at the 
University of Washington and staff at Mount Rainier National 
Park) founded MeadoWatch, a citizen science program that engag-
es volunteers to collect wildflower phenology data. The program 
is ongoing, and data presented here are from 2013 when volunteers 
monitored 10 focal wildflower species at nine sites along a 3-mile 
(one-way) hiking trail (figs. 4 and 7). Sites cover a relatively small 
area of Mount Rainier National Park because all must be accessible 
to volunteers visiting the park for a day. We recruited citizen sci-
entists with e-mails to organizations with like-minded phenology 
monitoring goals (e.g., Audubon, the Mountaineers, the Washing-
ton State Native Plant Society) and via the Mount Rainier volunteer 
blog, which yielded 41 volunteers participating in 2013.

During a mandatory two-hour orientation, we provided citizen 
scientist volunteers with an overview of climate change impacts 
on plant phenology and detailed training on methods to locate 
our sampling sites, identify four reproductive phenophases of 
focal wildflower species (fig. 2), and collect data. Citizen scientist 
volunteers received data sheets and a booklet to bring on their 
hike with directions to the sites, focal wildflower species, and 
phenophase descriptions.

During their hike, citizen scientists recorded the presence or ab-
sence of each focal species’ phenophase at each site, and ranked 
the phenophases present from most abundant to least abundant 
(within species). As with the professional scientist approach, all 
sites were instrumented with microclimate sensors, allowing for 
accurate estimates of snow disappearance. We collected data 
sheets at the end of summer, and entered and analyzed the data 
at the University of Washington. One trained staff person (Anna 

Figure 4. Locations of wildflower phenological data collected in Mount Rainier National Park, 2009–2013. Circle sizes (on A) are 
proportional to the number of geo-located, date-stamped photos used for the crowdsourcing approach to monitoring wildflower 
phenology. MeadoWatch volunteers visited nine sites (triangles) located along Mazama Ridge (B), representing our citizen science approach. 
A professional scientist collected data at nearby sites (diamonds) in permanent monitoring plots stratified by topography (B, C).
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Wilson) recruited and coordinated volunteers, worked closely 
with national park staff to arrange waivers and entrance to the 
park, maintained sampling sites, and managed the resulting data.

The citizen scientist approach had both advantages and disad-
vantages relative to the other two approaches (table 1). First, data 
generated by MeadoWatch citizen scientists provided greater 
temporal resolution (daily) on wildflower phenology than the 
professional scientist data (weekly). Additionally, MeadoWatch 
provided the greatest inherent outreach potential of the three 
approaches, with more than 40 members of the public engaged in 
the first year of data collection (increasing to more than 85 as of 
2016). We assume our citizen science volunteers gained knowledge 
of climate change, wildflower phenology, and the scientific pro-
cess (e.g., Evans et al. 2005; Jordan et al. 2011), although we did not 
explicitly quantify this. However, we also note drawbacks to this 
approach, primarily related to data characteristics. Data were not 
as detailed as those collected by professional scientists, a design 
choice motivated by our assumption and verified by surveys of 
our volunteers that citizen scientists may not all have the expertise 
necessary to identify cryptic phenophases (e.g., emerging leaves) 
or the time to quantify the abundance of phenophases. The spatial 
coverage of sites was also low relative to sites monitored with the 
professional scientist approach and covered by crowdsourcing 
approaches (fig. 3). Both factors likely contributed to estimates 
of wildflower phenology from the citizen science approach that 
were more uncertain and, in some cases, different from those 
estimated by professional scientists (figs. 8 and 9, next pages).

Figure 5. Graduate student Elli Theobald gathers phenological 
data on a weekly basis at Mount Rainier National Park during the 
summer months.

UNIVERSITY OF WASHINGTON/BETSY PARRINGTON

Figure 6. Data collected by our graduate student can be used 
to estimate the peak timing and duration of each of the six 
phenophases she monitors (green leaves, buds, flowers, fruits, 
seeds, senescing vegetation). Flowering is shown here.
UNIVERSITY OF WASHINGTON/IAN BRECKHEIMER

Figure 7. MeadoWatch volunteers Weedy McCauley and Karen Davis 
survey one of nine sites to document the presence and absence of 
four phenophases of 10 focal wildflower species (buds, flowers, 
fruits, seeds).

UNIVERSITY OF WASHINGTON/ELLA SEELY
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Crowdsourcing approach
Our third approach used geo-located, date-stamped photos 
from a photo sharing website (Flickr, http://www.flickr.com) as 
observations of wildflower phenology (similar to those shown in 
figs. 1 and 3). A graduate student with advanced computing and 
quantitative skills (Ian Breckheimer) developed a computer script 
to extract photos taken within the Mount Rainier National Park 
boundary from the Flickr photo database, and this generated a 
data set of 4,790 photos taken over a five-year period (2009–2013). 
Undergraduate lab assistants (trained in species identification of 
commonly photographed species by Breckheimer) then de-
termined if photos contained flowers of eight focal wildflower 
species (682 of the 4,790 pictures). Those without focal wildflow-
ers were noted and used as “absences” in analyses developed by 
Breckheimer that standardized for photographer “effort,” which 
varied spatially and temporally. Focal wildflower species cap-
tured were fewer in number than those monitored both by the 
professional scientist and citizen scientists, and limited to those 
species that were frequently photographed (likely driven by their 
showiness and abundance). Additionally, photos only provided 
information on the flowering phenophase (fig. 2), since other 
phenophases were not frequently photographed or were difficult 
to identify in photos.

We found several advantages to this approach, including the low 
up-front costs and minimal time required to generate a multiyear 
data set that covered a much larger geographic area than either 
of the other approaches (fig. 4). For example, undergraduate lab 
assistants could extract information from thousands of photos 
taken over multiple years in much less time than that spent by 
the professional scientist or volunteer coordinator in just one 
wildflower season. However, there were also disadvantages to this 
approach. We had no control over where and when photos were 
taken, which meant that quantifying the timing of peak flowering 
(the day a particular species is most likely to be flowering) and 
how long flowering continues (i.e., flowering optima and dura-
tion; fig. 6) required relatively sophisticated statistical approaches 
to accommodate large variation in the distribution of photos over 
space and time. This also meant we could not link exact measures 
of snow duration from microclimate sensors to each data point 
as we did with professional scientist and citizen scientist gener-
ated data and so had to rely on estimates of snow disappearance 
date from models instead. Finally, this approach also lacked the 
outreach potential of MeadoWatch, since we did not interact 
personally with these photographers.

Discussion
The three approaches we employed for monitoring wildflower 
phenology provided us with a largely consistent understanding 
of wildflower phenology in our system (figs. 8 and 9). Specifically, 

all approaches captured variation among species in the timing of 
peak flowering relative to snowmelt as well as in flowering duration 
(fig. 9), providing similar species rankings (i.e., distinguishing early- 
from late-flowering species and short- from long-duration flower-
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Figure 8. Flowering phenology curves for the white avalanche 
lily (Erythronium montanum, green) and Arctic lupine (Lupinus 
arcticus, purple) demonstrate that all three approaches provide 
largely similar estimates of flowering phenology for two species, 
when data quantity are sufficient. The x-axis measures days since 
snowmelt; the y-axis measures the probability of flowering within 
a plot (for professional and citizen scientist data) or the probability 
of appearing in a representative photo (for crowdsourced data). 
Solid lines represent the best estimate, while shading represents 
the 95% uncertainty interval. The width of the credible intervals 
reflects the number of years of data, number of locations, 
and relative information content of the data. Low sample size 
decreases certainty, and thus increases credible intervals for 
citizen science monitoring of E. montanum, sampled in just 1 
year and only 2 locations. See text in “Discussion” for more 
detailed data comparisons. Full data sets will be made available 
in upcoming publications, which will be available through links 
on the MeadoWatch website (www.meadowatch.org).
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ing species). However, species-specific estimates of peak flowering 
dates and flowering duration did vary among the three approaches 
(duration more than peak flowering—fig. 9). In some cases, these 
differences could be attributed to differences in data quantity (e.g., 
Erythronium montanum curves estimated from the citizen science 
approach—fig. 8). However, these differences (2–15 days—fig. 9) 
were much smaller than spatial and temporal variability in the main 
climatic driver of wildflower phenology, snowmelt duration (>30 
days). Thus, our understanding of how the progression of flower-
ing would vary between years and locations (within the 100-day 
growing season), or over time, would be similar for data generated 
by the three approaches. Approaches also differed in type of phe-
nology data they generated, the resources they required, and their 
inherent educational potential (table 1). Some of these differences 
arose due to the design choices we made; however, we believe 
other differences are inherent to these approaches (Dickinson et al. 

2012). Here, we summarize these differences, and discuss the design 
choices we made or could have made to optimize data quality and 
quantity, minimize cost, and maximize outreach potential for each 
of these different approaches.

Comparing data characteristics
We believe that a professional scientist approach will generally 
yield the most detailed and highest quality data relative to the two 
other approaches, while the citizen science and crowdsourcing 
approaches have the potential for generating the highest volume 
of data (given similar resources in terms of personnel time and 
supplies). The differences in data quality and complexity among 
the three approaches arise for a few different reasons. Profession-
al scientists generally have more specialized training, allowing 
them to collect data for more species and more phenophases than 
citizen scientists (who generally do not have a botanical back-
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Figure 9. Peak flowering relative to snowmelt (left panel) and flowering duration (right panel), as estimated from data collected by 
professional scientists (x-axis) versus data collected by citizen scientists (white circles) and data crowdsourced from geo-located, date-
stamped photos (black circles) on the y-axis. Each dot represents one of the 10 (for citizen science–derived data) or eight (for crowdsourced 
data) wildflower species in common between the two approaches being compared. The dashed diagonal line is a 1:1 line, indicating 
where the citizen science and crowd sourcing estimates would lie when identical to the professional scientist estimates for the same 
species. Data for this analysis were from 2013, a year when all three methods were used at Mount Rainier National Park. Despite 
differences in parameter estimates, all three approaches provide a similar picture of the progression of flowering after snowmelt at our 
site, as well as relative differences among species in flowering duration. See text in “Discussion” for more detailed data comparisons.
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ground or experience collecting scientific data) or a crowdsourc-
ing approach (where data collection opportunities are limited by 
photographers’ preferences). For example, one graduate student 
could annually collect data on more than 40 species and six 
phenophases (representing the professional scientist approach), 
whereas volunteers participating in our citizen science program 
MeadoWatch monitored 10 species and four phenophases; 
crowdsourced photos from Flickr provided data on just one 
phenophase (flowering) for 8 species. Another factor is measure-
ment error caused by misidentification (or lack of observation) 
of phenophases, which is presumably lower for phenology data 
generated by professional scientists than for crowdsourced data 
(given uncertainty in species identity from photos) and, in some 
cases, data collected by citizen scientists. Mandatory species 
identification training and resources like the species identification 
booklets we provided to volunteers during orientation can mini-
mize measurement error.

Although data generated by professional scientists may be of 
higher quality, this advantage might be offset by the higher volume 
of data that citizen scientist and crowdsourcing approaches can 
generate, especially if those programs persist over many years. For 
example, our professional scientist spent a similar amount of time 
visiting each of her sites weekly (representing one observation per 
site per week) as our citizen scientist volunteer coordinator spent 
coordinating data collection from 15–20 volunteers in a week 
(representing 15–20 observations each week at a smaller number 
of sites). This meant that our MeadoWatch volunteers generated 
data with higher (approximately daily) frequency. Similarly, in just 
one year, our graduate student and several undergraduate lab as-
sistants spent less time generating a much more spatially and tem-
porally extensive data set through the crowdsourcing approach 
than either the professional scientist or volunteer coordinator 
spent leading data collection efforts for one summer. Flickr pho-
tos allowed us to “go back in time” given that we had access to 
photos uploaded in previous years. However, the high data-vol-
ume potential of citizen science programs and crowdsourcing 
approaches is contingent on the supply of motivated volunteers 
and high park visitation rates, which (at Mount Rainier National 
Park) is likely tied to the proximity of metropolitan areas (e.g., Se-
attle, Tacoma, Olympia). For less highly visited natural areas, these 
approaches may not yield the same volume of data, although 
recruitment efforts can increase the volunteer base and encour-
age more visitors to upload their photographs to online photo 
databases like Flickr or iNaturalist (http://www.inaturalist.org) as 
they did in our case.

Comparing costs required for initiation and maintenance
The resources needed to initiate and maintain wildflower phe-
nology monitoring programs in terms of personnel were similar 

for the professional scientist and citizen scientist approaches, but 
much lower for crowdsourcing. All three approaches required at 
least part-time staff to collect data (professional scientist ap-
proach); recruit, train, and organize volunteers (citizen scientist 
approach); or extract, classify, and analyze wildflower photos 
(crowdsourcing approach). However, the number of hours 
required to classify photos (for the crowdsourcing approach) 
was not only lower, but could be conducted at any time of year. 
Because personnel are likely the highest expense associated with 
any wildflower phenology monitoring effort in a national park 
over long time periods, this is an important advantage of the 
crowdsourcing approach. Costs for personnel can potentially be 
reduced by capitalizing on additional funding sources, as we did. 
For example, Elli Theobald (representing the professional scien-
tist approach) received a Graduate Research Fellowship (from the 
National Science Foundation), and we secured two federal grants 
to support the volunteer coordinator for MeadoWatch.

The three approaches we employed also differed in the optimal 
skill sets possessed by the personnel employed, because of the 
differing methods used. For example, the professional scien-
tist approach required that the graduate student have a greater 
knowledge of botany and experimental design than personnel 
associated with our citizen science program or the crowdsourcing 
approach. On the other hand, communication skills were key to 
interacting with volunteers effectively (as in our citizen science 
program), but they were not necessary to collecting wildflower 
phenology data in the field or extracting information from the 
Flickr photo database (our professional science and crowdsourc-
ing approaches, respectively). Finally, programming skills (to 
extract photograph metadata from online databases) and a more 
sophisticated statistical background were essential for processing 
and analyzing the nonstandard data gleaned from the Flickr pho-
tos. These skills were not as critical for our graduate student or 
MeadoWatch volunteer coordinator, because more mainstream 
statistical methods could be used to give accurate estimates of 
wildflower phenology for these data sets (fig. 6).

Comparing inherent outreach potential
The three approaches we used for monitoring wildflower phenol-
ogy differ greatly in their potential for outreach to park visitors, 
with the citizen scientist approach most effective at doing so. For 
example, MeadoWatch, explicitly designed to engage members 
of the public, reached more than 40 volunteers in its first year 
(>85 as of 2016)—far more than the professional scientist and 
crowdsourcing approaches. Of course, crowdsourcing does have 
the potential to engage many park visitors, particularly if photog-
raphers are engaged while visiting the park, as opposed to their 
photos being used long after they were uploaded and without 
their knowledge. Although scientists often share their research 

Changes in wildflower phenology are likely to indicate 
ongoing biological responses to climate change.
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results with the public or engage in outreach outside of data 
collection, we argue that traditional monitoring programs (i.e., 
the professional scientist approach) are generally constrained in 
their outreach capacity (as compared to the other two approach-
es). This is because only a few trained personnel are involved in 
collecting data, in contrast to citizen science and crowdsourcing 
approaches, which tend to engage as many volunteers as possible 
and frequently involve repeated interactions.

Conclusion
These three approaches all represent viable alternatives for 
monitoring wildflower phenology, but differ in data quality and 
requirements, amount and type of resources required for initia-
tion and maintenance, and the inherent outreach opportunities 
provided (table 1). Thus, the choice of approach will depend on 
the goals for establishing a wildflower phenology program and 
resources available. Based on these considerations, we make the 
following recommendations for those wishing to initiate and po-
tentially maintain a long-term wildflower phenology monitoring 
program.

A traditional professional scientist approach is likely the best 
option when (1) data accuracy is paramount (perhaps for policy 
mandates, legal reasons, or sensitive resource areas), (2) person-
nel with the technical expertise are available to collect data (either 
because of reliable funding sources or existing partnerships), and 
(3) data collection by volunteers is not otherwise feasible (due 
to low capacity or high safety risks). While this approach lacks 
inherent outreach opportunities, funding for outreach programs 
could be built into budgets and partnerships (as encouraged by 
many federal agencies) to ensure that the information gained from 
data collection can be provided in forms and venues suitable for 
interpretive staff and visitors.

A citizen scientist approach may be the best option when out-
reach is an important goal, especially if it is equal in importance to 
the scientific goal of data collection. In fact, wildflower phenology 
is already monitored in several national parks through citizen sci-
ence efforts (e.g., the A.T. Seasons Phenology Program along the 
Appalachian Trail and the California Phenology Project, both in 
partnership with the USA National Phenology Network—https://
www.nps.usanpn.org/). This approach requires the following 
resources: (1) an on-the-ground, at least part-time volunteer 
coordinator to work with scientists on developing appropriate 
protocols, training volunteers, and coordinating logistics, (2) a 
dedicated volunteer base, and (3) minimal funding for volunteer 
recruitment and supplies (e.g., training materials). Additionally, 
suitable monitoring locations must be easy to access by visitors, 
with focal species and phenophases easily identified by volunteers 
with limited plant identification skills (e.g., minimally acquired 

after relatively short training sessions). At Mount Rainier we con-
tinue monitoring wildflower phenology through the MeadoWa-
tch citizen science project, giving us valuable data on wildflower 
phenology (of great scientific interest) while engaging more than 
85 volunteers (as of 2016) in research on climate change (valuable 
and rewarding outreach for both the University of Washington 
scientists and their NPS partners).

Crowdsourcing phenological data from geo-located, date-
stamped photos stored in online databases may be the best option 
when (1) personnel to collect phenological data or coordinate 
volunteers in summer months are unavailable, (2) long-term bud-
gets for the program are uncertain (since this is the only approach 
that can provide multiple years of data with less than one year 
of effort), and (3) areas of interest are located in heavily visited 
portions of national parks, generating a large number of photos. 
The proliferation of smartphones and cameras with GPS capa-
bilities, combined with the ability to share and store biodiversity 
observations via social media (e.g., iNaturalist) will likely make 
crowdsourcing of photos an increasingly viable option (Newman 
et al. 2012).

Of course, any of these approaches could be modified or com-
bined to overcome some of the individual drawbacks. For 
example, crowdsourcing could be coupled with on-site outreach 
programs and social media campaigns to increase interaction 
with volunteers, thereby increasing outreach potential. Such 
on-the-ground supplemental programs would simultaneously 
inform and inspire national park visitors while increasing data 
quantity. Alternatively, the professional scientist approach could 
be combined with the citizen science approach, which could 
simultaneously increase data quality (if volunteers experience 
difficulty identifying phenophases) and quantity (by increasing 
the number of observers). However, given that we found quan-
titative differences in estimates of phenological timing between 
monitoring approaches (fig. 9), we recommend against using 
different approaches in different years (or switching approaches) 
to detect long-term trends. Clearly, there are many possibilities 
for creating and maintaining successful monitoring programs that 
simultaneously address scientific questions while incorporating 
citizen science or crowdsourcing approaches (Bonney et al. 2009; 
Dickinson et al. 2012).

We believe that the citizen science and crowdsourcing approach-
es to collecting scientific data represent viable alternatives to tra-
ditional monitoring programs, while simultaneously supporting 
the NPS mission to protect resources and provide for meaningful 
visitor experiences (Theobald et al. 2015). These approaches also 
align with recent calls for NPS staff to engage the next generation 
of conservation scientists and increase public understanding of 
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science (NPS 2014, pp. 10 and 15; OTAG 2016). If continued over 
many years, these approaches can be used to monitor the impacts 
of climate change on wildflower phenology while getting the full 
benefit of the inherent opportunities for public engagement. At 
the same time, data collected using these approaches can serve 
as “canaries in the coal mine” to identify locations and trends of 
concern where managers can then focus limited resources and 
further investigation by professionals.
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THE NATIONAL PARK SERVICE (NPS) AND SIMILAR 
bureaus and agencies are experiencing two overlapping 
constraints in job recruitment. First, young adults are 

having greater difficulties with securing jobs than people of other 
ages. Recent data from the US Bureau of Labor Statistics describe 
how unemployment rates for individuals in their early 20s are 
approximately 200% higher than those for individuals in their late 
30s and 40s (BLS 2015). Thus, the many factors influencing job 
placement success for this generation of recent graduates have 
led to the highest peak in millennials making less than $25,000 
per year in the past 25 years (Stahl 2015). The number of students 
seeking and earning advanced degrees has also significantly 
increased by more than 150% in recent years (NCES 2015), which 
further inflates job competition. This high level of job competi-
tion may be particularly strong in park and protected area fields 
that have experienced relatively flat budgets or budgets that have 
increased at a rate that has not kept up with the increased costs 
of labor. Such issues have prevented areas administered by the 
National Park Service, like the Blue Ridge Parkway, from filling 
more than 70 vacant positions since the early 2000s (Eilperin 
2012). According to the NPS Office of Relevancy, Diversity, and 
Inclusion, only 4% of current NPS employees are 29 years old or 
younger (K. Reyes, workforce data analyst, NPS, e-mails with first 
author, 2 March 2016) while more than 20% of the US labor force 
is in this same age bracket and is gainfully employed (BLS 2015).

The second challenge regarding job recruitment is related to the 
large, impending turnover of employees due to baby-boomer 
retirements. This demographic, which consists of people born 
between 1946 and 1964, comprises 33% of today’s workforce (BLS 
2015). As senior employees, however, these baby-boomers are 
disproportionately represented in upper management positions. 
Nearly 21% of all NPS managers were eligible to retire by the end 
of 2016. In contrast, only 15.8% of the nonmanagerial NPS em-
ployees could retire in the same timeframe (K. Reyes, workforce 
data analyst, NPS, e-mails with first author, 2 March 2016). These 

Research Reports
Student and professional perspectives on park and 
protected area careers
By Matthew H. E. M. Browning, Jennifer M. Thomsen, and Wonjun Choi

Abstract
Young adults interested in park and protected area careers 
may feel discouraged because of the perceived difficulty in 
entering these careers. Simultaneously, park and protected area 
professionals may experience increased pressure and urgency to 
recruit qualified young adults because of the high number of baby-
boomer retirements. Although both groups may believe they know 
some strategies for young adults to transition into these careers, 
they may not know the broad range of perspectives and ideas 
held by young adults and professionals at large. One such possible 
strategy is for organizations working with park and protected 
area professionals to facilitate the development and recruitment 
of young adults and, in particular, undergraduate and graduate 
students, who may be particularly competitive for job openings. 
Our study attempts to document the perceptions and current 
constraints facing students when entering park and protected area 
careers as well as how professional organizations might help them 
overcome these constraints. Using data collected from a career 
workshop at the 2015 George Wright Society conference, we 
present five factors that can influence students’ success in the job 
market, five constraints that might prevent students from being 
successful, and two categories of opportunities for professional 
organizations to help students effectively pursue these careers. 
We believe our findings support students, recruiters, and hiring 
organizations through strengthening connections and outlining 
strategies to address some of the key issues facing park and 
protected area professionals in the 21st century.

Key words
job placement, park and protected area careers, professional 
organizations, student chapters, student employment

Figure 1. The career workshop at the George Wright Society 2015 
conference brought together students and professionals interested 
in discussing park and protected area careers. These groups had 
the opportunity to answer questionnaires, which provided data 
documenting perceptions of park and protected area careers.
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upper-level vacancies will simultaneously require internal re-
adjust ments as well as a host of new hires during a transition that 
will play out over the course of many years. The challenge is for 
agencies to plan ahead strategically for both coherence and con-
tinuity during this transition. As such, employers must focus on 
recruiting a large number of new employees with high leadership 
potential for rapid advancement. Recent graduates also need to 
set lower expectations for their first job. For example, while many 
recent graduates may have the skill set for higher-level positions, 
they may be best served by obtaining seasonal or temporary po-
sitions (Doyle et al. 1999). Students may be more receptive to this 
route if they have an understanding that the employer supports 
rapid upward mobility.

These two constraints provide a great opportunity for profes-
sional organizations such as the George Wright Society to help 
recent graduates be successful in entering park and protected area 
careers. Professional organizations might extend career services 
offered by higher education institutions (e.g., career workshops, 
education courses, practice interviews, and career fairs) but also 
informal networking opportunities to connect young adults with 
potential employers. For example, the International Association 
for Society and Natural Resources (IASNR) has a Student Affairs 
Committee and a “students” tab on their website for announce-
ments, mentoring opportunities, and student-driven events at 
their annual forums to further collaboration and professional 
development. Similarly, the George Wright Society (GWS) offers 
an annual Park Break program that promotes a weeklong immer-
sion experience for students to engage with professionals in the 
field around real-world issues in park and protected area manage-
ment. Such opportunities would help young adults learn about 
employers’ expectations, prepare for the job application process, 
and build a professional social network. Additionally, these oppor-
tunities would help employers identify and recruit future young 
professionals qualified for their agencies with the appropriate skill 
set to be successful in their career (Sharp and Doucette 2014).

To gain a better understanding of these dynamics, we hosted a 
workshop and developed questionnaires to gather perspectives 
on park and protected area careers from both students and career 
professionals. Our three specific goals were to understand (1) what 
factors are needed for students to be successful in pursuing 
careers, (2) what constraints prevent students from obtaining and 
advancing in their careers, and (3) how professional organizations 
might simultaneously help students in their career pursuits and 
agencies in their recruitment of these students. We focused large-
ly on currently enrolled undergraduate and graduate students, 
because we believed this cohort might be particularly competitive 
for related job openings. Furthermore, this cohort would be likely 
to fulfill agency needs for new employees with leadership poten-

tial. Professionals were also included in the study to offer their 
perceptions from the agency and organizational points of view.

Methods
The George Wright Society conference is a biennial event and 
one of North America’s premier interdisciplinary conferences on 
protected areas. It is attended by anywhere from 350 to more than 
1,000 professionals (700 in 2015), of which approximately 50% 
are federal agency employees and as many as 100 are students (D. 
Harmon, executive director, GWS, e-mail to first author, 27 Janu-
ary 2016). At the 2015 GWS conference in Oakland, California, we 
organized a two-hour career-focused workshop (fig. 1). This work-
shop brought together 55 students and approximately 30 profes-
sionals to discuss different conservation careers, such as jobs with 
the National Park Service and other land management agencies, 
nonprofit organizations, and universities. Four “career sectors” 
related to the management of park and protected areas were dis-
cussed: governmental agencies, academic, nonprofit, consultant, 
and corporate. During the session, students rotated among groups 
of professionals to discuss the biggest challenges and opportuni-
ties of working in each of these sectors in addition to strategies for 
navigating challenges and being successful in a park and protected 
area career more broadly. The session was followed by an informal 
networking opportunity at a nearby restaurant.

We developed questionnaires to collect diverse perspectives on 
obtaining careers in park and protected areas. These question-
naires consisted primarily of open-ended questions, each of which 
focused on the three specific components of our study (factors for 
success, career constraints, and professional organization oppor-
tunities to assist students). The questionnaire prompts and for-
matting were initially pilot tested with 15 park and protected area 
professionals from universities and governmental agencies and 
16 undergraduate and graduate students from two US universities. 
These students were majoring in human dimensions of natural 
resources, recreation or parks management, or environmental 
sciences. Based on feedback from the pilot test, the question-
naires were further refined before submission and approval by the 
University of Illinois at Urbana-Champaign’s Institutional Review 
Board. We used the refined questionnaires for our survey of stu-
dents and professionals at the GWS career workshop.

The two questionnaires were interrelated; one targeted cur-
rent students seeking employment, while the other focused on 
professionals working in various agencies and organizations. 
We asked student respondents what career sector(s) they were 
most interested in entering, and we asked professionals what 
sector best described their current employment. We also asked 
all respondents about the top three ways graduate students could 
be successful in the career sector they indicated earlier, as well as 
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Figure 2. The percentage of students and professionals who pointed 
out different factors for success in parks and protected area careers.

the top three constraints facing graduates interested in that same 
sector. Professionals were asked how each of these challenges had 
changed since they started working in that career sector. Last, 
we asked all respondents how the George Wright Society and 
other professional organizations could help graduate students be 
successful in these career sectors.

Participation in the study was voluntary and individuals could 
complete the relevant questionnaire at the beginning of the session 
or through a web-based version after the session. We received re-
sponses from 33 students and 10 professionals (51% response rate). 
We then studied the responses for words and phrases that repre-
sented themes within each of our three study components (e.g., 
“experience” and “social connectivity” were themes identified 
within the “factors for success” component). Last, we calculated 
the frequencies with which each theme was present in each group 
of respondents’ (students’ and professionals’) answers.

Results

Career sectors
Agencies or bureaus were the most frequently cited desired or 
current employers for both professionals and students, followed 
by academic institutions, nonprofit organizations, consultants, 
and corporations (table 1). Nearly 33% of student respondents 
(n = 10) indicated interest in multiple employers. Of the 21 stu-
dents who cited the “agency” career sector, 5 indicated they were 
also interested in the nonprofit sector, and 3 indicated additional 
interest in the academic sector or consultant roles.

Table 1. Representation of parks and protected area career sectors in survey sample

Sector

Number of Respondents

Students’ Interests Professionals’ Careers

Agency
Federal, state, or local governmental agency

 21 (66%)  3 (30%)

Academic
University/college faculty or staff

 12 (38%)  2 (20%)

Nonprofit
Nonprofit organization (other than higher education) 

 11 (34%)  2 (20%)

Consultant
For-profit company or organization

 11 (34%)  2 (20%)

Corporate
For-profit company or organization

 8 (25%)  1 (10%)

Total  32a  10

a Some student respondents indicated more than one sector. As such, the total number of students is lower than the sum of students interested in each sector.

Career perspectives
Students and professionals had similar perspectives on park and 
protected area careers. The themes derived from survey respons-

es resulted in five factors for success, five constraints, and two 
categories of opportunities for professional organizations (see 
tables 2 and 3, next page).

Respondents discussed some themes more than others. The 
majority of students perceived experience and social connectivity 
as factors for success (fig. 2). More than half of professionals also 
discussed these two factors in addition to character traits such as 
determination, flexibility, and commitment to public service. A 
majority of both groups cited bureaucratic systems, particularly 
as they relate to hiring processes and organizational cultures, as 
significant constraints (fig. 3, page 31). A majority of students cited 
competition—both the sheer number of other highly qualified job 
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Table 2. Types of perceptions about park and protected area careers

Component Theme Findings

Factors for Success Experience Work. Volunteering. Internships. Research projects.

Social Connectivity Networking. Having a professional network. Collaborating. Building a strong relationship with an 
academic advisor. Being a team player.

Expertise Being an expert in a field. Earning advanced degrees. Attending relevant workshops and conferences. 
Gaining specific skills such as research methods. Writing and publishing papers. Using GIS. Writing 
grant applications. Teaching courses.

Character Determination. Hard work. Flexibility. Self-motivation. Planning. Collegiality. Commitment to public 
service. Capitalization on new opportunities. Ability to deal with bureaucracies. Interdisciplinary 
capabilities.

Foot in the Door Internships that are explicitly tied to more successful job applications. Entry-level jobs. Pathway 
programs. Using career service offices.

Constraints Lack of Opportunities No jobs. No funding.

Bureaucratic Systems Difficulty navigating USAjobs.gov. Getting past “gatekeepers.” Finding job opportunities, in particular 
“that first job.” Navigating shifting management paradigms. Understanding nontransparent hiring 
processes. Not knowing “the right people.” Lack of knowledge about an agency’s culture. Lack of 
social network.

Academic and Professional 
Demands

Too much information to know. Lack of time in school. High advisor standards. Low or no pay for 
internships and entry-level positions. Needing to frequently move when pursuing degrees and 
advancing in careers.

Personal Issues Student debt. Difficult work/life balance. Minority/international student status. Inability of (or lack of 
interest in) adapting to new environments or geographic locations. Difficulty finding “the right fit” with 
an employer. Lack of clarity about career goals. Feeling torn between purely academic research and 
applied research. Having to accept lower-level positions despite sufficient levels of education and 
experience.

Competition Increasing pressure for advanced degrees. More people having doctorate degrees. Increasing need for 
publications. Flooded and highly competitive job markets. Increasing need for diverse skill sets. Not 
adequately distinguishing oneself from other candidates. Overcoming assumptions from others about 
one’s age and/or abilities.

Opportunities for 
Organizations

Indirect Support Posting job opportunities. Providing networking opportunities. Connecting students with mentors (e.g., 
faculty affiliate groups or formal mentor programs). Promoting peer networks (e.g., student chapters or 
social opportunities at conferences).

Direct Support Research projects. Grants. Internships. Scholarships. Publication forums. Workshops on federal 
application processes. Career panels. Other types of training programs.

Table 3. Frequency of reporting different perceptions about parks and protected area careers

Component Theme

Number of Respondents

Students Professionals

Factors for Success Experience  24 (77%)  8 (89%)

Social connectivity  22 (71%)  5 (56%)

Focused education  9 (29%)  2 (22%)

Character  8 (26%)  7 (78%)

Foot in the door  3 (10%)  0 (0%)

Constraints Lack of opportunities  17 (55%)  1 (11%)

Bureaucratic systems  17 (55%)  6 (67%)

Academic and professional demands  14 (45%)  7 (78%)

Personal issues  9 (29%)  3 (33%)

Competition (also inability to self- 
promote)

 8 (26%)  6 (67%)

Opportunities for Professional 
Organizations

Indirect support  19 (79%)  4 (57%)

Direct support  12 (50%)  4 (57%)
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Figure 4. The percentage of students and professionals who pointed 
out two types of opportunities for organizations to assist students in 
pursuing park and protected area careers.

CONTINUED ON PAGE 33

applicants with whom they would have to compete and the diffi-
culty of distinguishing oneself against these other applicants—as 
a constraint. A majority of professionals cited academic and pro-
fessional demands as a constraint. Indirect provision of experi-
ences and facilitation of professional support were mentioned as 
two opportunities for professional organizations by majorities of 
students and professionals, respectively (fig. 4).

Professionals provided qualitative feedback revealing that some 
constraints had become more severe since they started in their 
specific career sector. Five professionals indicated that the lack of 
opportunities or number of qualified applicants had increased. Two 
respondents mentioned that agencies were implementing “pathway” 
programs to overcome some of these constraints. Professionals 
reflected that some other constraints had not changed over time, in-
cluding personal issues, professional demands, and difficult systems.

Discussion and conclusion
Our study of attendees at the 2015 GWS conference career ses-
sion found that students and career professionals were generally 
in alignment on what factors contributed to career success, what 
types of career constraints existed, and what opportunities were 
available for professional organizations to assist students in pursu-
ing park and protected area careers. Experience (e.g., jobs, intern-
ships, volunteering, and research projects) and social connectivity 
(e.g., networking) were frequently discussed by both groups of 
respondents, while focused education (e.g., being a content expert 
and knowing specific skills) and “getting a foot in the door” were 
less frequently discussed. On the other hand, the majority of pro-
fessionals believed character traits were important factors, but the 
majority of students did not. These findings suggest that students 
should focus on those factors that potential future employers 
believe to be important when obtaining jobs (e.g., work/volunteer 
experience and networking) in addition to leadership training that 
builds character traits desirable by potential employers.

The majority of students and professionals identified that bureaucrat-
ic systems and professional or academic demands (e.g., low pay for 
entry-level jobs and relocation) were constraints for students pursu-
ing careers. Lack of jobs and lack of funding opportunities were also 
identified by a majority of students, but few professionals mentioned 
these as constraints. These findings reinforce the notion that securing 
a job is a difficult professional and personal journey, and suggest that 
students may have a more accurate perspective on the number of jobs 
available to them than potential employers (e.g., BLS 2015).

We also discovered that many students have interests in multi-
ple career sectors related to park and protected areas, such as 
agency, academic, and nonprofit jobs. This finding may be related 
to students’ perceived career constraints. Students may want to 

apply to a greater diversity of jobs, because they perceive there is 
a lack of job opportunities and that a “shotgun approach” might 
increase their chances of receiving at least one job offer. In other 
words, students may feel like they cannot be overly selective with 
the specific career sector they enter or which employer they would 
work for. Students also appear deterred by the job application pro-
cesses associated with bureaucratic systems (http://usajobs.gov, 
in particular). Students may also want to maximize how many job 
options they have because of the substantial demands associated 

Figure 3. The percentage of students and professionals who pointed 
out different challenges or constraints to park and professional area 
careers.
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with any particular position (e.g., initial job offers and advance-
ment opportunities may require moving frequently or moving to 
undesirable locations).

Our respondents identified a number of ways that profession-
al organizations might help students be successful in pursuing 
park and protected area careers. Both students and profession-
als discussed professional organizations directly and indirectly 
providing students with support through such means as work 
experience, mentoring, and focused education opportunities. 
A small number of student respondents also discussed peer 
networks, such as student chapters, as a way to help them in their 
careers. These findings suggest that professional organizations 
can help students in ways that might require extensive invest-
ments (e.g., internships, research funding, and training), but also 
in other ways that require less cost (e.g., connecting students with 
mentors, providing networking opportunities, and posting job 
opportunities).

The ability to generalize our findings is limited by our sampling 
frame (e.g., undergraduate and graduate students and profes-
sionals capable of traveling to this particular conference, and 
those who were able—and inclined—to attend this particular 
workshop), small sample size, and limited response rate. As such, 
we recommend that future researchers use more diverse and rep-
resentative samples of students and professionals to offer greater 
ability to generalize findings. We also recommend that future 
researchers quantitatively investigate the extent to which these 
perceived factors for success and career constraints are actualized 
in the job market.

More generally, our study suggests different issues for current 
and future park and protected area professionals to target when 
advancing in their careers and recruiting qualified job applicants. 
We encourage further discussion on how agencies, universities, 
and professional organizations can help young professionals 
activate those factors for support to enter their careers—as well as 
to negotiate possible career constraints.
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I RECENTLY GRADUATED FROM A DOCTORAL PROGRAM 
and spent nine months in a job search. I also helped develop 
the graduate student career workshop at the 2015 George 
Wright Society conference that we describe in the accompany-
ing research report published on these pages of Park Science.

I found that most of the study results matched my personal 
experience. I was interested in multiple career fields (nearly 
one-third of student respondents also indicated interest in mul-
tiple career sectors), and I ended up applying to jobs in all five 
career fields identified in the study. Simultaneously, I worked to 
gain experience, advanced education, social connections, and 
“a foot in the door,” and I felt all of these helped me write 
competitive job applications.

One study finding—the perceived lack of jobs—did not match 
my experience. I believed there was a relative abundance of job 
openings during the time I searched (June 2014 to February 
2015), and I ended up applying for 18 openings, all of which 
had something to do with human dimensions of natural 
resources. Eleven of these were academic positions (9 of which 
were tenure-track), 4 were agency jobs (1 of which was a per-
manent position), 1 was corporate, 1 was nonprofit, and 1 was 
with a small firm, effectively an independent consultant. I also 
identified another 17 jobs during my search for which I could 
have applied but chose not to. Again, all of these focused on 
human dimensions of natural resources. My doctoral advisor 
was as surprised and happy at these opportunities as I was, 
saying, “I’ve never seen so many openings in our field.”

My biggest surprise from the study, however, was how closely 
the opportunities for professional organizations to help gradu-
ate students enter park and protected area careers matched 
my experience. I’ve been heavily involved in two nonprofit 
organizations during my graduate studies: the Children and 
Nature Network (C&NN) and the George Wright Society 
(GWS). Both of these organizations have been extremely gen-
erous in helping me pursue my career, and I believe I can 
at tribute much of my career trajectory to the opportunities 
they’ve provided me.

Our study found that organizations could provide five types of 
opportunities for students: directly providing experience, indi-
rectly providing experience, facilitating professional support, 
promoting peer networks, and offering focused education. 
Both C&NN and GWS contributed to each of these fields sub-
stantially. The Children and Nature Network provided me 
in-person trainings, webinar continuing education sessions, 
internship opportunities, research studies, a publication forum, 
and a strong peer network of “Natural Leaders” with similar 
interests and values to mine. Their professional support was 

also outstanding. Their former CEO served on my PhD commit-
tee, and their board members and partner agencies sponsored 
my initiatives, hired me for research projects, wrote recommen-
dation letters for me, and sent me “insider information” on job 
openings. The George Wright Society was equally helpful. They 
offered me in-person trainings and conference workshops, 
research project opportunities, a publication forum, wonderful 
mentorship from the executive director and board, and a seat 
on the board of directors reserved solely for graduate students. 
I’m positive that both of these organizations also indirectly 
enhanced my ability to find a meaningful career in ways I have 
yet to identify.

I’m greatly indebted to these two organizations, and I see their 
offerings to be unequivocally correlated with my career. 
However, I believe that I was able to capitalize on their offer-
ings partly because I remained focused on being aware of 
these opportunities and on putting together competitive appli-
cations for these opportunities. Some of my fellow graduate 
students were not as focused on working with professional 
organizations as I was. As such, I see a great potential for 
organizations to further connect students with meaningful 
careers. I believe the key will be increasing awareness of and 
participation in career opportunities from diverse groups of 
students, not just those who already prioritize working with, 
and taking advantage of, the opportunities provided by profes-
sional organizations.

How professional organizations were critical to my career
BRIAN
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LENGTHENING FIRE SEASONS (WESTERLING ET AL. 
2006), increasing fuel loads (USDOI and USDA 2014), flat 
budgets, and a growing wildland-urban interface have in-

creased the complexity of wildland fire issues facing the National 
Park Service and other land management agencies. The National 
Cohesive Wildland Fire Management Strategy was initiated in 
2009 (USDOI and USDA 2014) to address these and other wild-
fire management challenges across the United States. The strategy 
was completed in 2014 and identifies key goals of restoring and 
maintaining fire-resilient landscapes while considering “wildfire 
risk, values at risk, and appropriate response to wildfire at dif-
ferent temporal and geographic scales.” In addition to balancing 
wildfire management decisions between these objectives, the US 
Government Accountability Office (GAO, formerly the US Gener-
al Accounting Office) continues to recommend that land man-
agement agencies improve the cost-effectiveness of fire programs 
with better accountability for spending (GAO 2002, 2005, and 
2009). Similarly, the Cohesive Strategy (USDOI and USDA 2014) 
recommends performance measures and metrics for assessing the 
accomplishment of its outlined goals. The complexities of provid-
ing such metrics are highlighted in a report by the USDOI Office 
of Policy Analysis (2012). This analysis stresses that “[o]ne of the 
greatest challenges with comparing costs and benefits [of wild-
fire] is in characterizing everything in terms of a common metric, 
such as dollars, especially as nonmarket goods and services are 
often difficult to quantify and monetize.”

A collaborative effort, initiated about 2008, among the Nation-
al Park Service, Colorado State University, and other USDOI 
bureaus (the Bureau of Land Management and the US Fish and 
Wildlife Service) led to the development of the spatial budgeting 
and planning system called STARFire to address this suite of 
wildfire management issues. STARFire was initially designed to 
address resilient landscapes by accounting for diverse landscape 
values (including nonmarket values), ecosystem condition, and 
management costs. As such, STARFire enables planners and 
managers to evaluate the risks of wildland fire while restoring and 
maintaining resilient landscapes in a cost-effective manner.

The inputs (management costs, burn potential, and fire-affected 
values) support calculations for STARFire’s performance metric 
of return on investment (ROI). This metric is tightly integrated 
within STARFire to support efficiency in data acquisition, storage, 
and system computations. This enables STARFire to support 
comparisons across management programs and accommodates 
analysis at varying geographical scales. For example, STARFire 
can be applied at individual parks (or planning units) or expand-
ed to address regional- and national-level analyses. At the park 
level, STARFire’s ROI computation can account for, compare, 
and defend management decisions while supporting appropria-
tion requests. At the national scale, STARFire provides efficient 
decision support for federal agencies to allocate money received 
from the Congress. Additionally, STARFire can prioritize expen-
ditures to different locations across the country while identifying 

STARFire:  
Strategic budgeting and planning for wildland fire 
management
By Douglas B. Rideout, Andrew G. Kirsch, Yu Wei, and Nicole J. Kernohan

Abstract
University researchers and program analysts at the US Department 
of the Interior (USDOI) have collaborated to produce the 
STARFire spatial strategic budgeting and planning system. As 
the first system of its kind, it addresses concerns expressed 
by the USDOI Office of Policy Analysis, the National Cohesive 
Strategy, and the US Government Accountability Office. The 
system relies on fire behavior, fire probabilities, valuation, and 
cost information to support four analysis modules: risk analysis, 
fuel treatment optimization and prioritization, preparedness, 
and program analysis and budgeting. The system also uses the 
unique nonmarket and nonmonetized valuation system known 
as MARS (Rideout et al. 2008) to express values as rates of 
substitution across the system to facilitate consistent comparisons 
of alternatives. The system was developed to be scalable and 
has been applied at the planning unit scale as well as state and 
regional scales.

Key words
budgeting, Bureau of Land Management, Department of the 
Interior, economics, fuels treatment, GIS, National Cohesive 
Wildfire Management Strategy, National Park Service, planning, 
spatial planning, preparedness, return on investment, scale
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how that money would be spent to promote return on investment 
on fire management. It can quantify return on investment for 
planning alternatives and assess the impact of budget increases/
decreases across fire programs. In particular, STARFire provides 
decision support and performance accountability for wildfire risk, 
fuel treatment programs, and preparedness programs.

STARFire’s analysis modules include the following:

Wildfire Risk Assessment—identifies where wildfire is expected to 
produce the most loss (considering all values) and where it can 
generate the greatest ecosystem benefit.

Landscape Value Added from Wildfire Management Activities—
calculates the expected present value added to the landscape 
through management activities. For instance, this quantifies 
the potential to add value by conducting a fuel treatment or by 
engaging in protection through preparedness programs. This 
intermediate product is used to integrate the Fuel Treatment and 
Preparedness modules.

Fuel Treatment Analysis and Locator—aids fire planners in locating 
and prioritizing fuel treatments that reduce hazards or improve the 
ecosystem condition to provide the highest return on investment 
across the landscape. Optimal treatment locations can be modeled 
by STARFire or input by the analyst to be evaluated and prioritized.

Preparedness Analysis—preparedness is about getting ready for 
the fire season with crews and equipment, and STARFire models 
the return on investment across a range of potential preparedness 
budgets and values at risk.

Interprogram Analysis—STARFire analyzes the program balance 
between fuels and preparedness. Managing this balance, while 
including the interactions of these parameters, is a key element 
necessary for efficient management and budgeting.

The STARFire system and each of its analysis modules were 
created and programmed through a series of research agreements 
under the Colorado Plateau unit of the Cooperative Ecosystem 
Studies Unit (CESU) Network. Additional funding has been 
provided by the McIntire-Stennis research program at Colorado 
State University and by the Joint Fire Science program.

The STARFire analyses
Each STARFire module is supported by a set of common inputs, 
including fire-affected values, management costs, fire history, 

and burn probabilities. The landscape is rasterized for analytical 
purposes using a consistent cell size. Fire-affected values consider 
the entire spectrum of values, including property, infrastructure, 
and nonmarket goods and services such as critical habitat and wa-
tershed condition. Fire-affected values are defined spatially and 
their associated values are estimated using a structured elicitation 
process known as MARS (Marginal Attribute Rates of Substitu-
tion) (Rideout et al. 2008). This process requires convening a set 
of subject-matter experts with responsibility for managing the 
natural and ecological resources and for planning and managing 
fire at the site. During the elicitation process, experts identify and 
define the set of fire resources that are positively and negatively 
affected by fire. They then estimate the magnitude of the fire effect 
on resource value relative to each of the other resources in the 
value set (per cell). These values are also elicited by fire intensity 
and by ecosystem condition. These are defined economically as 
“rates of substitution” and kept in a nonmonetized internal cur-
rency in the analysis but can be easily converted and expressed in 
dollars (Rideout et al. 2008). The currency’s numeraire is highly 
valued property that is common across all areas to facilitate 
comparisons across the full range of values and across planning 
units; it is expressed in units occasionally dubbed WUIcoin, short 
for Wildland Urban Interface coin. For example, each planning 
unit has developed housing or its equivalent. A comparison 
of independently elicited values among several national parks 
(Rideout et al. 2012) demonstrates a remarkable consistency in the 
relative protection of and improvement in values of national park 
resources.

By introducing cost information and comparing it with values and 
probabilities, we are able to use expected return on investment as 
a single performance metric. The metric supports the direction 
given by the Government Accountability Office and addresses 
the challenge identified in the 2012 policy analysis document of 

STARFire enables planners and 
managers to evaluate the risks of 
wildland fire while restoring and 
maintaining resilient landscapes in a 
cost-effective manner.
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comparing disparate values introduced in nonmarket valuation. 
The ROI metric enables efficient comparisons among manage-
ment programs and among planning units within an agency. 
It also facilitates potential comparisons among agencies (with 
disparate values and missions) and across national programs. Fire 
behavior (generated from FlamMap or similar) and fire history 
information is used to estimate burn and ignition probabilities. 
The fuel models and fire behavior modeling parameters can be 
adjusted to model alternative scenarios such as longer fire seasons 
and increased fire loading. Fire behavior modeling outputs are 
static and vary by cell, are calculated for each burnable cell on the 
landscape, and are stored for use. Probabilities are then applied 
in two separate approaches: the first is to assess wildfire risk and 
the second is to assess the potential to add value on the landscape 
from wildfire management activities such as fuels treatment and 
preparedness budgeting. These analysis modules are described 
further later in this article.

STARFire analysis modules

Wildfire Risk Assessment
This module can help managers visualize the appropriate re-
sponse to wildfire anywhere on the landscape, and it can also be 
used to support post-fire reviews. STARFire builds a custom fire 
footprint based on conditional burn and spread probabilities for 
each ignitable cell on a gridded landscape (Rideout et al. 2008). 
Conditional probabilities refer to burn probabilities estimated 
given an ignition. Combining the probabilistic footprint with the 
fire-affected value information, STARFire estimates the expected 
net benefit of the fire footprint and stores it back at the ignition 
cell. The resulting output (fig. 1) quantifies the expected value of 
wildfire risk and benefit for each burnable cell on the landscape. 
The red cells indicate expected net loss and the green cells indi-
cate expected net benefit from fires originating in that cell. A cell 
may be colored red because it contains a highly valued resource 
that would be damaged if burned. A cell may also be colored red 
because, if it ignites, it has the potential to burn into a sensitive 
value based on fire spread and the cell’s probabilistic fire foot-
print.

Landscape Value Added from Wildfire Management Activities
STARFire calculates the potential to add value from wildfire 
management activities (fig. 2, panel A, facing page) by combining 
the burn probability information, fire behavior, and the fire-affect-
ed value information. Burn probabilities are calculated for each 
cell on the landscape using fire behavior information and ignition 
probability information (generated from the fire history). The 
potential value added on each cell is given by the loss (benefit) of 

it burning and its probability of burning. Measuring the expected 
value added (VA) across the landscape enables the integration 
of STARFire program components such as fuels treatment and 
preparedness budgeting. In addition to assessing the potential 
to add value to a particular landscape, the measurement enables 
comparisons across planning units. For example, figure 2, panel 
B, demonstrates how the potential to add value from fire man-
agement activities can be compared across national parks (or 
other planning units) using the common currency of WUIcoin, 
described earlier.

The Landscape Value Added analysis is an intermediate product 
that is used to quantify the expected benefit of varying levels of 
fuels treatment and preparedness by budget level. It can also be 
used to support future analysis modules such as postfire rehabil-
itation. Currently, fuel treatment and preparedness programs are 
the two management approaches used to facilitate resilient land-
scapes and mitigate fire risk. The measurement of expected value 
added shows where the greatest value can be obtained through 

Figure 1. Wildfire risk assessment at Sequoia and Kings Canyon 
National Parks.
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Figure 2. STARFire measures the potential to add value to a 
landscape or planning unit from fire management activities 
as displayed in the panels at left (A) and above (B). Panel A 
shows the potential to add value from wildfire management 
activities measured in STARFire’s internal currency. Panel 
B compares the potential to add value at eight different 
national parks. (Data are shared online in a linked table.)

fire management activities and is used to support the following 
two modules.

Fuel Treatment Analysis and Locator
Land management agencies use fuel treatments to reduce hazard-
ous fuels and to improve ecosystem condition, and these benefits 
often occur jointly. Guided by return on investment as a perfor-
mance measure, STARFire optimizes and prioritizes fuel treat-
ment locations to account for these effects and management costs 
(Rideout et al. 2014). The management costs often include consid-
erations such as cover type, ecosystem condition (maintenance vs. 
restoration), treatment type, accessibility, and region. STARFire 
can identify optimal fuel treatment locations on the landscape 
based on return on investment, or alternatively, it can apply us-
er-defined treatment schedules. To quantify the effect of the fuel 
treatment on the landscape, post-treatment fire behavior data are 
estimated (using FlamMap or something similar) by updating the 
fire modeling landscape to reflect the effects of the treatment (e.g., 

updated fuel models). The altered fire behavior (fire intensity, rates 
of spread, and spread direction) is then used to adjust STARFire’s 
use of fire-affected values and burn probability calculations. The 
value added by the treatment plan is assessed by comparing post- 
and pretreatment surfaces. This quantifies the amount of value 
added to the landscape from hazard fuel reduction and the expect-
ed benefit from the completed treatment. Figure 3, panel B (page 
39), shows the STARFire recommended fuel treatment locations 
for three different acreage budgets. Panel A (next page) shows the 
value added from alternative budget levels. The results allow land 
management agencies to demonstrate the return on investment 
from their fuel treatment programs and how budget declines can 
reduce the value of the landscape.

Preparedness Analysis
In planning and budgeting for preparedness, the National Park 
Service and other land management agencies are interested in 
the dual importance of reducing wildfire risk to highly valued re-
sources (via initial attack) and the management of beneficial wild-
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Afire (BWF) for resource improvement or ecological restoration. 
Beneficial wildfire has been discussed under several aliases, such 
as “appropriate management response” and “wildland fire use.” 
To manage these dual purposes, agencies employ a similar set of 
resources, including crews, equipment, and planning. STARFire 
provides the unique ability to allocate a single “preparedness” 
budget to these dual purposes and assess how much value added 
and return on investment each component contributes (Rideout 
et al. 2016). For the risk reduction component, STARFire com-
pares fire spread rates with arrival times for deployed resources 
using principles of diminishing returns and standards for initial 
attack success (Rideout et al. 2016). For the management of 
beneficial wildfire, STARFire uses diminishing returns to relate 
the preparedness budget with the expected value of benefit that 
incorporates the singular concept of relating BWF program size 
with program budget. Program size, for a given budget, is also 
uniquely related to the distance that any potential BWF cell is to a 
cell containing a valuable resource to protect, under the asser-
tion that cells close to protection resources are more complex 
and costly to manage for beneficial wildfire (Rideout et al. 2016). 
Figure 4 (facing page) shows the amount of value added by the 
preparedness program at alternative levels of funding for risk re-
duction (red bars) and the promotion of beneficial wildfire (green 
bars). Note that the amount of value added, including the benefits 
from wildfire, increases as budgets increase. STARFire can assess 
the potential value added from beneficial wildfire (green portion 
of the bars) and the value added from loss mitigation (red portion 
of the bars) by budget level.

Interprogram Analysis
Another novel feature of STARFire is its ability to integrate the 
fuel treatment and preparedness analyses to guide more efficient 
management and budgeting for the fire program. Fuel treatments 
for hazardous fuel reduction typically reduce fire intensity and 
spread rates of future wildfires (Stratton 2004). Reduced spread 
rates improve the ability of the firefighting operation to contain 
fires successfully in initial attack, and lower intensities often 
reduce expected losses across the full range of resources at risk. 
Fires contained in initial attack are typically much less costly than 
those that spread. This is a key linkage between the preparedness 
program and the fuels program, and STARFire can quantify and 
provide decision support for managing the trade-off of this inter-
action. For example, figure 5, panel A (page 40) shows an inter-
polated surface of the relationship of fuel treatment (y-axis) and 
preparedness (x-axis) funding levels. The height of the surface 

(z-axis) shows the amount of expected landscape value added by 
all combinations of the programs (Wei et al. 2016). The black line 
(expansion path) shows how increased funding would be allo-
cated to the two programs. Starting at a zero budget, it balances 
the program funding alternatives to generate the greatest increase 
in value added without disrupting either program. This gives an 
intuitive interpretation of how funding allocations between the 
two programs affect value added to the landscape from the fire 
program. In panel B, the dotted line represents an equal balance 
of preparedness and fuel treatment funding and is used as a visual 
reference for equal funding between the two programs. The solid 
blue line was constructed from the expansion path in panel A. 
The white circle in panel A indicates the current mix of fund-
ing. Land managers can use STARFire’s interprogram analysis 
as a contextual guide on the allocation of funding between fuel 
treatment and preparedness programs. This example suggests 
that a relatively balanced allocation between fuel treatment and 
preparedness programs would yield optimal results for available 
funds.

Figure 3. STARFire demonstrates the amount of value added from 
three different fuel treatment budgets in this example at Sequoia 
and Kings Canyon National Parks. Panel A (above) shows the value 
added from three different acreage budgets at the parks. (Data 
are shared online in a linked table.) Panel B (facing page, at top) 
shows the STARFire-recommended fuel treatments at three different 
acreage budgets at these parks.
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Figure 4. STARFire analyzes value added to the landscape by the preparedness program funded at alternative levels in this example at 
Sequoia and Kings Canyon National Parks. (Data are shared online in a linked table.)
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Conclusions
STARFire represents the first science-based spatial planning and 
budgeting system available to the National Park Service and other 
bureaus of the Department of the Interior. The system reflects the 
stringent design criteria outlined in the Cohesive Strategy  
(USDOI and USDA 2014), especially pertaining to the inclusion 
and promotion of resilient landscapes and the protection of 
highly valued resources, while incorporating the key elements 
highlighted by the USDOI Office of Policy Analysis. To address 
the policy analysis concerns, STARFire uses a foundational 
analysis and common performance metric that is tightly inte-
grated across each program component from risk analysis to the 
interaction of the fuels and preparedness programs. As such, the 
system enables land management agencies to plan and budget 
their wildfire programs in accordance with national directives. It 
is scalable from the local planning unit to regions and to national 
program analysis (Wei et al. 2016). For example, it can be used at 
the unit level to inform appropriate response to wildfire, optimize 
fuel treatment locations, and demonstrate the impact of budget 
changes on fire programs. At the program level, it helps agencies 

allocate their budgets for optimal return on investment, provides 
metrics for supporting budgeting decisions and appropriation 
requests, and aligns national and regional budgets with the goals 
and objectives of local units.

While STARFire was originally developed as a risk management 
tool to be applied at the planning unit level, its core principles, 
common metric, and modular design enabled it to grow into a 
comprehensive planning and budgeting system at the strategic 
level. With its rapid growth, the system has been tested on ap-
proximately 20 of the nation’s national parks. It has become part 
of the NPS national budgeting framework, where it is being evalu-
ated for use at the regional level, including park groups in Alaska. 
Within the next three years, STARFire is planned to be completed 
in more than 50 locations that include all parks where wildland 
fire management actions occur. Because of its flexibility and scal-
ability, it was also used to aid in the evaluation of fuel treatments 
on more than 15 million acres (6 million ha) of greater sage-grouse 
habitat in the northern Great Basin. It is currently being used to 
support fire management planning on BLM districts across the 

Figure 5. The STARFire-interpolated surface (panel A, above left) shows how much value can be added to the landscape by funding 
alternative levels of the fuels and preparedness programs. Users can visually identify how funding options for each program affect 
performance. The expansion path (black line) of funding between fuel treatment programs and preparedness programs is used 
to maximize the value added by a fire program at Sequoia and Kings Canyon National Parks. In panel B (right), the solid blue line 
represents the expansion path of funding between the fuels and preparedness programs. The black dotted line represents equal 
allocation of funding between the two programs. The black star indicates the current allocation of funding.
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state of Idaho where the entire state will be processed singularly. 
These applications will provide crucial feedback as the system is 
developed for future implementations.
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Trail drainage features:  
Development and testing of an assessment tool
By Kaitlin Burroughs, Yu-Fai Leung, Roger L. Moore, and Gary B. Blank

Abstract
Sustainably designed and well-maintained trails are important, 
because they allow for the protection of adjacent natural and 
cultural resources by concentrating visitor use on linear paths, 
and they facilitate visitor enjoyment of these areas. Environmental 
factors related to water are common and can have negative 
impacts on trail conditions. Park managers often combat these 
issues by installing and maintaining trail drainage features (TDFs) 
as a means of diverting surface runoff from tread surfaces. As 
such, TDFs are intended to contribute directly to trail sustainability. 
This report presents the development and testing of a field 
tool that managers can use to assess and better understand 
the effectiveness of trail drainage features. For phase one, we 
created a TDF assessment tool based upon relevant literature and 
pilot tested it in a North Carolina segment of the Appalachian 
National Scenic Trail (AT). Phase two involved a reliability test that 
determined the degree of agreement in measurements between 
two different trail assessment crews. Results demonstrated that 
TDF measurement items had moderate to very high agreement 
ratings, indicating that the assessment tool can provide reliable 
information about trail drainage features to park managers. The 
assessment tool provides a compilation of important variables to 
consider when determining TDF effectiveness.

Key words
assessment tool, effectiveness, trail drainage feature, trail 
sustainability

Figure 1. Rock (left) and wood waterbars (right) are common 
examples of trail drainage features.
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TRAILS THAT ARE SUSTAINABLY DESIGNED AND WELL 
maintained allow visitors better access to natural areas and 
reduce their impacts on those resources by concentrating 

use on a limited number of linear paths (Hesselbarth et al. 2007). 
Increased understanding about what makes trails sustainable sup-
ports protected area and park managers who strive to integrate 
conservation and recreation goals.

The sustainability of trails as a recreation resource depends, to a 
large extent, on how effectively surface runoff can be controlled 
(Appalachian Mountain Club 2008; Grab and Kalibbala 2008; 
Hesselbarth et al. 2007; Marion and Wimpey 2017). Running 
water on and alongside trail treads leads to degradation prob-
lems such as muddiness, widening, multiple treading (additional 
trampled tracks alongside the original tread), root exposure, and 
soil erosion (Monz et al. 2010; Upland Pathwork Advisory Group 
2004). If trail degradation becomes too advanced, rehabilitation 
can be prohibitively expensive with lasting impacts on surround-
ing resources and recreational experiences (Garland 1990). Trail 
degradation often leads to altered visitor behavior in negotiating 
degraded areas and can act as a catalyst for larger-scale resource 
damage, such as vegetation trampling, land erosion, water pollu-
tion, and wildlife displacement (Leung and Marion 1996; Olive 
and Marion 2009).

A common solution to water-induced trail degradation is to con-
struct and maintain drainage features (Birchard and Proudman 
1982; Grab and Kalibbala 2008; Hesselbarth et al. 2007; Marion 
and Wimpey 2017). A trail drainage feature or TDF is a purpose-
ful arrangement or installation of any material (most commonly 
rock, wood, or soil) on or adjacent to the trail tread that aids in 
intercepting continuous surface runoff and diverting water from 
tread surfaces (fig. 1). Trail drainage features are commonly used 
by land management agencies such as the National Park Service, 
the US Forest Service, and state park systems. A variety of “best 
practice” approaches to constructing trail drainage features have 
been developed by various agencies and outdoor organizations 
(Appalachian Mountain Club 2008; Birchard and Proudman 1982; 
Hasselbarth et al. 2007). However, there is little evidence that this 
guidance is directly linked to empirical research, and little infor-
mation exists on assessing, monitoring, and evaluating TDFs and 

their effectiveness. Thus data are limited for empirical examina-
tion of factors that contribute to the effectiveness of TDFs.

This study aims to contribute to the long-term sustainability of 
trails through an improved TDF assessment tool that can generate 
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Table 1. Assessment measures and descriptions for trail drainage features

Category Measurement Description Unit

General TDF Information 1. TDF Number Identification number N/A

2. Date and Time Date and time of assessment N/A

3. Trimble GPS Number Spatial reference identification number N/A

4. Photo Up/Downslope View of TDF looking uphill and downhill N/A

TDF Characteristics 5. Material Type Material used to construct TDF (rock, wood, soil, plastic, other) N/A

6. Construction Method Building style (flushed, stacked over, stacked under, stacked alternating, tree log, treated 
log, rolling dip, knick, other)

N/A

7. TDF Length Length of TDF from end to end along the centerline cm

8. TDF Thickness Average thickness of TDF material on the left, center, and right side or centerline of each 
individual rock, whichever is most appropriate

cm

9. TDF to Tread Angle Angle of TDF and trail tread taken on the downhill side hugging the inside of the land-
scape (opposite end of drainage/trench)

degrees

10. Material Gaps Categorical estimation of existing gaps in TDF structure (0–5 cm, 5.1–10 cm, or >10 cm) cm

11. Side Slope Connection Whether or not TDF material is tied into the trail’s surrounding inside landscape N/A

12. Structure Stability Categorical estimation of TDF strength using a firm boot shove (strongly anchored, mod-
erately anchored, weakly anchored)

N/A

Sediment Characteristics 13. TDF Height Average depth of sediment/organic material measured 3 cm uphill from TDF feature and 
on the left side, center, and right side

cm

14. Erosion Feature The presence of erosion within 5 m of TDF uphill or downhill N/A

15. Trench Extension Whether or not an existing channel dug into the soil exists on the outside side slope N/A

16. Trench Extension Depth Depth of sediment/organic material in trench measured 30 cm away from TDF and from 
the top of the trench to the bottom

cm

Trail Characteristics 17. Trail Grade Trail slope percentage measured from the TDF feature and 5 m upslope along existing 
trail

%

18. Trail Direction Trail direction measured from TDF feature and existing trail centerline degrees

19. Landform Grade Landform slope percentage measured from the TDF feature and 4 m upslope along the 
fall line of existing landscape

%

20. Landform Direction Landform direction measured from TDF feature and fall line of existing landscape degrees

21. Canopy Cover Percentage of canopy cover from the center of existing trail recorded 10 m upslope, 5 m 
upslope, and directly at TDF

%

Maintenance 22. Recent Maintenance Evidence of recent TDF maintenance (trench cleaning, sediment clearing, upturned soil, 
fresh material, other)

N/A

Effectiveness 23. Effectiveness Rating Categorical estimation of the overall TDF effectiveness (effective, partially effective, not 
effective)

N/A

timely and objective data supporting analysis and evaluation, 
thereby informing trail and TDF management decisions. The 
purpose of this report is to illustrate the TDF assessment tool, 
including its conception, development, and testing.

Methods

Phase one: Assessment tool
We reviewed construction and maintenance “best practice” 
methods used by land management agencies and associated 
trail-building organizations such as the US Forest Service, the 
National Park Service, the Conservation Corps Trail Crews, the 
Appalachian Trail Conservancy, the Pacific Crest Trail Associ-
ation, and the International Mountain Bicycling Association. 

Characteristics of trail drainage features described as a priority 
in multiple handbooks were among those selected for review 
(Appalachian Mountain Club 2008; Birchard and Proudman 1982; 
Hesselbarth et al. 2007; Upland Path Advisory Group 2004). In 
addition, we consulted previous research on trail and other drain-
age features used on logging and unpaved backcountry roads to 
better understand the empirical data collected on similar drainage 
characteristics. Significant findings related to drainage attributes 
were among those selected for review (Garland 1990; Grab and 
Kalibbala 2008; Leung and Marion 1999). Last, we considered 
personal knowledge and experience gained from participating in 
and leading trail-building crews for three years in generating a list 
of important characteristics that should be assessed when deter-
mining overall effectiveness of trail drainage features.
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Figure 3. Field assessors perform a reliability test at Umstead State 
Park, North Carolina.

KA
ITLIN

 BU
RRO

U
G

HS, 2015

Collectively, we selected 30 measurements for pilot testing in 
Wesser, North Carolina, in February 2015, on 10 different trail 
drainage features constructed along the Appalachian Trail. Mea-
surements, definitions, and methods were refined as a result of 
the pilot. For example, we further distinguished the TDF con-
struction measurement responses so as to provide more accurate 
identification of TDF construction methods (displayed in fig. 2). 
A TDF material type categorized as “rock” may describe a con-
struction method of rocks assembled flush to each other, stacked 
on top of or underneath one another, arranged in an alternating 
pattern, or combined in a way that has no distinguishable pattern.

Phase two: Reliability test
We collected data on existing TDFs to determine the reliability of 
the measurements used in the trail drainage feature assessment 
as performed by different field staff. Two groups of two raters, or 
field assessment tool users, were recruited and trained sepa-
rately on how to use the assessment tool. Each training session 
lasted 30 minutes, in which participants were given background 
information and walked through each measurement as defined, 
explained, and illustrated in two assessment handouts. An exam-
ple of these procedures is shown in table 1 (previous page) and 
figure 4 (opposite page).

The first group of raters consisted of students with undergraduate 
environmental knowledge in addition to trail assessment expe-
rience. They performed the reliability test in Baxter State Park, 
Maine. The second group had advanced environmental knowl-
edge (MS and PhD) and some trail assessment experience. They 
performed the reliability test in Umstead State Park, North Caro-
lina (fig. 3). We chose the two locations for variety in trail drainage 
features and settings and to ensure consistency in application of 
the assessment across a diverse region where TDFs are common 
in managed natural areas.

Using the data collected in the field, we assessed the inter-rater 
reliability using Cohen’s Kappa (K) and Intraclass Correlation 
Coefficient (ICC). Inter-rater reliability describes the degree 
of agreement among different raters and reflects the consis-
tency among ratings. We selected two statistics according to 
the different types of data we collected. Some of the measure-
ments generated categorical data (such as material type and 
construction method, indicated in table 2 by an asterisk); thus 
we applied Cohen’s Kappa (K), which compares the observed 
accuracy among raters with expected accuracy and considers 
the possibility that raters give similar answers by random chance 
(Hallgren 2012). Other measurements generated numeric data 
(such as TDF length and TDF thickness, indicated in table 2 by 
the absence of an asterisk); therefore, we applied the Intraclass 
Correlation Coefficient (ICC, using a two-way random, absolute 
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Figure 2. Rock waterbars are often constructed using different 
methods. Shown here are flush (left) and stacked under (right).

Table 2. Inter-rater reliability results from tests performed 
at Baxter State Park, Maine, and Umstead State Park, North 
Carolina

Measurement K/ICC Measurement K/ICC

TDF Characteristics Trail Characteristics

Material Type* 1 Trail Grade 0.52

Construction Method* 0.64 Trail Direction 0.96

TDF Length 0.85 Landform Grade 0.76

TDF Thickness 0.93 Landform Direction 0.96

TDF to Tread Angle 0.70 Canopy Cover (10 m) 0.66

Material Gaps** 0.62 Canopy Cover (5 m) 0.58

Side Slope Connection* 0.69 Canopy Cover (TDF) 0.42

Structural Stability** 1

Sediment Characteristics Maintenance

TDF Height 0.95 Recent Maintenance** 0.78

Erosion Feature* 0.69

Trench Extension* 1 Overall Effectiveness Rating

Trench Depth 0.56 Effectiveness Rating** 0.54

Note: The absence of an asterisk (*) signifies Intraclass Correlation Coefficient (exact measure-
ments), one asterisk indicates Cohen’s Kappa (categorical measurements), and two asterisks 
denote the measurement was weighted using Cohen’s Kappa.

44 PARK SCIENCE • VOLUME 33 • NUMBER 1 • WINTER 2016–2017



agreement), which compares the variability of different ratings 
of the same attribute to the total variation across all ratings and 
all attributes. It incorporates the magnitude of disagreement 
and assumes that attributes are composed of a true score and a 
measurement error (Hallgren 2012). High inter-rater reliability 
scores mean that different raters are more likely to record the 
same or very similar values for each measure. This consistency 

in measuring is important as it demonstrates a decrease in the 
amount of subjectivity a rater uses to provide a given score, and 
consistency in measurement is important when providing a tool 
that can be used across varying land management agencies in 
different regions of the world. Both statistical models were run 
using IBM SPSS Statistics 2015 software.

Figure 4. The photo diagram illustrates examples of measurements from the trail drainage feature assessment.
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The sustainability of trails as a recreation resource depends, 
to a large extent, on how effectively surface runoff can be 
controlled.
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Results

Phase one: Assessment tool
A refined version of the TDF assessment tool from the pilot 
yielded 21 measurements (25 total questions), representing four 
distinct categories (fig. 5): (1) TDF characteristics, (2) sediment 
characteristics, (3) trail characteristics, and (4) maintenance. We 
added an “overall effectiveness rating” measure from Leung and 
Marion’s 1999 study of Great Smoky Mountains National Park to 
build upon previous research on trail drainage features.

A description of each measurement category used in the assess-
ment is shown in table 1. Those categorized as “TDF character-
istics” measure physical attributes of and relate to the integrity 
of the trail drainage features. Measurements under “sediment 
characteristics” document trends in sediment deposition around 
the features and serve as indicators of whether or not water is 
effectively diverted from the trail. “Trail characteristics” capture 
trail and landform attributes that may influence how effectively 
water is drained from the trail. Finally, the “maintenance” mea-
sure identifies evidence of recent or obvious maintenance of the 
features.

Phase two: Reliability test
Each measurement listed in table 1 was calculated for in-
ter-rater reliability, shown in table 2, and resulted in moderate 
agreement (Cohen’s K or ICC ≥ 0.41) or higher as interpreted 
using the six-category K scale displayed in table 3 (Zenk et al. 
2007). Measurements among highest agreement were material 
type (1.0), TDF length (0.85) and thickness (0.93), structural 
stability (1.0), TDF height (0.95), and trail (0.96) and landform 
(0.96) direction. Measurements among moderate agreement 
(and the lowest recorded agreement in this study) were trench 
extension depth (0.56), trail grade (0.52), canopy cover (at TDF 
location) (0.42), and canopy cover (at 5 m) (0.58). The “over-
all effectiveness rating” applied by guidelines in Leung and 
Marion (1999) received a lower inter-rater reliability value of 
0.54 when compared to three of the identified key variables of 
TDF length (0.85) (fig. 6), TDF thickness (0.93), and TDF to 
tread angle (0.70). It received a comparable inter-rater reliabil-
ity value when compared to the last key measurement of trail 
grade (0.52).

Figure 5. The training materials paired written instructions and 
illustrations for these measurement categories, which contribute to 
TDF effectiveness.

Table 3. Inter-rater reliability interpretation

Kappa Interpretation

< 0 Poor Agreement

0.0 – 0.20 Slight Agreement

0.21 – 0.40 Fair Agreement

0.41 – 0.60 Moderate Agreement

0.61 – 0.80 Substantial Agreement

0.81 – 1.00 Strong Agreement

Source: Zenk et al. 2007

Discussion
Measurements with high K and ICC scores such as material type 
likely occurred because trail drainage features are commonly built 
with only one type of material, and different material types are 
distinct (e.g., rock versus tree log). Consistent recording of mate-
rial type is valuable as several “best practices” manuals describe 
soil-based TDFs as more effective over the long term compared 

to waterbars made of rocks and logs (Appalachian Mountain 
Club 2008; Hesselbarth et al. 2007). Additional measurements 
with higher consistency such as TDF thickness and diagonal tread 
length are valuable because past research has found thickness of 
drainage features to be an important indicator of TDF effective-
ness (Grab and Kalibbala 2008).

Trail drainage feature height, also a high-performing inter-rat-
er reliability measurement, may be a good indication of TDF 
effectiveness, given that an assessor is able to record precise 
measurements. Such precision may allow for a better under-
standing of the amount of sediment deposited from surface 
runoff in front of a trail drainage feature, further informing 
land managers how often it may need to be serviced or  
maintained.

46 PARK SCIENCE • VOLUME 33 • NUMBER 1 • WINTER 2016–2017



Measurements such as trench depth performed less favorably in 
terms of consistency. Trail drainage feature trenches vary in con-
struction and often have uneven surfaces on either side. Grab and 
Kalibbala (2007) determined the importance of TDF trenches 
(referring to them as drainage furrows); however, features with 
poorly constructed trenches do not function well, consequently 
demonstrating the importance of trench characteristic measure-
ments such as trench depth.

Also among the less favorably performing K and ICC scores 
(moderate agreement) were trail grade, canopy cover (TDF), 
and canopy cover (5 m). Although these measurements received 
moderate agreement, more accurate measurements may be ob-
tained using GIS if geospatial data are available. For example, trail 
grade can be obtained with high-tech lidar data for a given area 

and can provide consistent measurements over entire landscapes, 
as described by Marion et al. (2011). The canopy cover mea-
surements would also benefit from lidar data as more accurate 
readings can be taken along the entire trail system or surrounding 
landscape, enabling further analysis and modeling of rainfall 
drainage patterns as influenced by trail networks at a watershed 
or landscape scale. Trail grade measurements can and should still 
be taken in the field to check lidar data for accuracy. More precise 
instructions can be given for making the trail grade measurement, 
such as “Stand at the center of the TDF, just above the feature and 
not standing on top of the TDF material, and measure 5 m uphill 
with an accurate measuring device.” Wind can be a significant 
factor when recording tree canopy, so wind strength should be 
monitored with an anemometer in order to record wind speed 
and direction.
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Figure 6. An assessor measures TDF length along the Appalachian Trail in New Hampshire.
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Finally, the singular “overall effectiveness” measure had the least 
consistency among raters. This parallels past discussion by Leung 
and Marion (1999) identifying the limitation of subjectivity in 
determining TDF effectiveness. By using the other 24 measure-
ments, a more quantitative and objective assessment is possi-
ble in determining actual TDF effectiveness. Additionally, the 
assessment of one TDF can be recorded in an average of just six 
minutes after all initial training and practice TDFs are completed. 
Newly trained field staff will complete assessments in about 20 
minutes for the first four to five features and then rapidly increase 
in speed as they become more familiar with the process, leading 
quickly to the six-minute TDF assessment speed.

Recommendations
We suggest training improvements be made for similar research in 
the future. First, approximate measurements associated with trail 
grade and canopy cover can be changed to exact measurements. 
For example, a tool such as a laser range finder can be used to 
determine exactly how far along the trail 5 meters is. Additionally, 
precise directions should be given to assessors describing where 
to stand to take such measurements as trail grade and canopy 
cover. Field training will continue to improve as assessors become 
familiar with multiple examples of trail drainage features and 
terminology. Finally, consistency in measurements will improve as 
individuals who already have a background in trail building and 
maintenance are recruited, because of their familiarity with terms 
and features.

We have several recommendations for improving the TDF assess-
ment tool in the field. A side slope measurement will be helpful 
in determining what percentage of trail is sloping outward, aiding 
in better water drainage. Additionally, canopy cover, trail grades, 
and landscape grades may be recorded for features using categor-
ical data when lidar data are unavailable. However, high-precision 
field measurements may not add value to the evaluation of trail 
drainage features and trail condition. For example, a trail grade of 
5% can be variously measured as 4–7% depending on where and 
how far apart recorders stand, and what material the trail is made 
of. These differences decrease inter-rater reliability even though 
the fine level of detail recorded increases, and they do not add 
meaningful information to the evaluation. It is more important 

to record major differences in trail grade (e.g., 5% or 20%) as this 
has a dramatic effect on the flow of water across the trail.

The TDF trench measurement can be improved by tying a string 
to two stakes, laying out the string line perpendicular to and 
across the trench, and measuring trench depth from the center 
of the line down to the deepest spot. Finally, maintaining a log in 
which the age of trail drainage features is recorded and informa-
tion about how often each is maintained is important in evaluat-
ing the effectiveness of the feature and greatly reduces subjectivi-
ty. Information such as construction and maintenance dates, type 
of maintenance, and presence of erosion can be recorded using 
the NPS Facility Management Software System or filed online by 
maintenance crews and volunteer groups.

Implications

Management
An assessment tool is indispensable in constructing and main-
taining effective trail drainage features insofar as it uses the 
most relevant measurements in conjunction with information 
from research. Our assessment tool provides a way to inventory 
existing trail drainage features and their corresponding attributes. 
It highlights undesirable attributes that can lead to poor feature 
performance such as incorrect tread to TDF angle or trench 
depth, to which managers can respond by allocating additional 
time and resources. The tool also helps identify TDFs that should 
be removed if, for example, a majority of the measurements pro-
duced results that were undesirable. Finally, this tool helps land 
managers to justify the expense of money, time, and resources on 
trail management with objectively collected evidence.

Research
Future research should test this assessment tool with larger 
sample sizes. Also, it should evaluate the need for additional TDF 
measurements and measurement alterations in order to deter-
mine the reliability and value of incorporating this information 
into the existing assessment tool. As measurements are updat-
ed, added, and tested, this rapid assessment tool can be further 
developed by leveraging the best and most reliable measurements 
(Marion and Wimpey 2017). Additionally, training methods such 
as in the classroom, in the field, or a combination of the two, can 

There is little evidence that [traditional trail maintenance] guidance is 
directly linked to empirical research, and little information exists on 
assessing, monitoring, and evaluating TDFs and their effectiveness.

48 PARK SCIENCE • VOLUME 33 • NUMBER 1 • WINTER 2016–2017



be assessed to determine which is most effective at producing 
consistent and high inter-rater reliability measurement outcomes. 
The assessment tool can also be used to give each TDF a compos-
ite score, meaning one simple score to serve as an overall effec-
tiveness measure allowing for efficient comparisons among trail 
drainage features.

Conclusion
This field assessment tool gives trail managers a quantitative and 
more objective tool to aid in determining the effectiveness of trail 
drainage features in parks and protected areas. It compiles a suite 
of important variables that can be used in assessments while high-
lighting those that are critical in determining TDF effectiveness. 
The assessment complements existing trail-building manuals 
such as the Appalachian Mountain Club’s Complete Guide to Trail 
Building and Maintenance of 2008 and the US Forest Service’s 
Trail Construction and Maintenance Notebook of 2007. The longer 
list of variables incorporated into the assessment tool is informed 
by these and other relevant literature and helps to differentiate 
levels of effectiveness among trail drainage features. Finally, iden-
tifying, locating, and fixing underperforming TDFs will improve 
overall trail quality and long-term sustainability, and contribute to 
surrounding environmental health and overall visitor enjoyment.
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WHITE-NOSE SYNDROME (WNS) HAS RESULTED  
in the mortalities of more than five million bats (US-
FWS 2012a) in 33 states and five Canadian provinces 

(WDFW 2016). Bat species presently affected by this epizootic 
include the cave myotis (Myotis velifer), Townsend’s big-eared bat 
(Corynorhinus townsendii), tricolored bat (Perimyotis subflavus), 
big brown bat (Eptesicus fuscus), little brown bat (Myotis luci-
fugus), eastern small-footed bat (Myotis leibii), the federally listed 
(by the US Fish and Wildlife Service; USFWS) as threatened 
northern long-eared bat (Myotis septentrionalis), the federally 
listed as endangered Indiana bat (Myotis sodalis), the federally 
listed as endangered gray bat (Myotis grisescens) (Meteyer et al. 
2009; Turner et al. 2011; USFWS 2014; USFWS 2015b), and the 
federally listed as threatened northern long-eared bat (Myotis 
septentri onalis; USFWS 2015b). In Canada, the Canadian Coop-
erative Wildlife Health Centre emergency-listed the tricolored 
(Perimyotis subflavus), little brown (Myotis lucifugus), and north-
ern long-eared (Myotis septentrionalis) bats as endangered due to 
population declines associated with WNS (CCWHC 2014).

White-nose syndrome is caused by the cold-adapted fungus 
Pseudogymnoascus destructans (Minnis et al. 2013). When 
P. destructans is fully expressed, it presents as a white fungus that 
attacks the epithelial layer and digests live skin cells of the rostral 
muzzle (furless area around the nose), ears, wing membrane, 
forearms, and uropatagium (tail membrane between the thighs) of 
hibernating bats (Meteyer et al. 2009; Blehert et al. 2009; Gargas 
et al. 2009; Cryan et al. 2010; Foley et al. 2011; fig. 1C and D). Be-
cause numerous dematophytes (pathogenic fungi) occur on bats, 
histology is required to confirm the presence of WNS (Meteyer et 
al. 2009). However, long-wave ultraviolet (UV) light (wavelength 
366–385 nm) may now be used to detect WNS on hibernating bats 
in the field. Bats with expressed effects of P. destructans present 
with a distinct orange-yellow fluorescence in the affected areas 
under UV light (Turner et al. 2014).

Spread of the pathogen
Since it was first documented in Howe Cave, New York, in 2007, 
WNS has spread from upstate New York northwestward through 
southern Ontario, Canada, northeastward to Nova Scotia, south-
ward to Missouri and Arkansas, and westward through northern 
Texas (USFWS 2015a; TPWD 2017). Last year WNS was detected 

in King County, Washington, resulting in a 1,300-mile (2,092 
km) leap from its previous westernmost locality (WDFW 2016). 
Figure 2 shows the current extent, including 2017 range expan-
sion into Minnesota, Nebraska, and Texas. Updated maps of the 
spread are maintained at www.whitenosesyndrome.org.

The primary vector believed responsible for the westward ex-
pansion of WNS is bat-to-bat transmission (e.g., Frick et al. 2010; 
Lorch et al. 2011; Puechmaille et al. 2011; Turner et al. 2011). Turner 
et al. (2011) suggest transmission likely occurs during fall swarm-
ing and interhibernacula movements of infected bats. Therefore, 
to manage for and develop mitigation strategies against WNS on a 
landscape scale, we will need to understand movements between 
fall swarming and winter hibernacula roosts as well as roost 
switching during the hibernation period.

Evidence suggests white-nose syndrome (and the causative agent, P. 
destructans) was introduced from Eurasia to North America by hu-
mans. WNS has been identified in 13 bat species from cave hibernac-

State of the Science
White-nose syndrome decontamination procedures for 
backcountry subterranean projects
By J. Judson Wynne

Abstract
White-nose syndrome (WNS), a disease caused by the fungal 
pathogen Pseudogymnoascus destructans, is responsible for the 
population decline of at least 10 subterranean hibernating bat 
species in eastern North America and has recently been confirmed 
in the northwestern United States. The US Fish and Wildlife Service 
(USFWS), in concert with other federal and state agencies and 
university personnel, has developed, and periodically updates, a 
WNS Decontamination Protocol (e.g., USFWS 2016) for working 
in the subterranean realm. The protocol is a combination of 
scientifically tested and untested steps that provide a foundational 
framework for protecting hibernating bats from inadvertent human-
assisted transmission of WNS to uninfected hibernacula. However, it 
does not specifically address extended backcountry research needs. 
During four research trips to Grand Canyon–Parashant National 
Monument, Arizona, from 2011 through 2012, colleagues and I 
tested and refined backcountry WNS decontamination procedures. 
The procedures presented here are developed to complement the 
WNS Decontamination Protocol; provide a stepwise method for 
disinfecting equipment, clothing, and personnel; and proactively 
address WNS containment concerns in the backcountry.

Key words
bats, caves, mines, Pseudogymnoascus destructans
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Figure 1. (A and B) Two clusters of healthy hibernating Townsend’s big-eared bats at Grand Canyon–Parashant National Monument, Arizona. 
Examples of (C) a tricolored bat in a cave at Cloudland State Park, Georgia, 2013, and (D) a little brown bat at the Greeley Mine, Vermont, 
2009, with fully expressed white-nose syndrome.
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Figure 2. Known distribution of white-nose syndrome in the United States and Canada by county and district as of March 2017. On 31 March 2016, 
WNS was confirmed in King County, Washington, resulting in a 1,300-mile (2,092 km) leap from its previous westernmost locality (map inset, top 
left). Locations of counties in Texas and Minnesota are approximate. (Counties/municipalities are listed by name, year, and state/province in a table 
available online.)
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ula in several European countries (Wibbelt et al. 2010; Puechmaille 
et al. 2011; Zukal et al. 2014) and 6 bat species in eastern China (Hoyt 
et al. 2016) with no reported mass mortalities. Humans were the 
most likely vector for the introduction of P. destructans from Europe 
(Frick et al. 2010; Blehert et al. 2011; Foley et al. 2011) or temperate 
regions of Asia to the northeastern United States. The New York 
Department of Environmental Conservation, Wildlife Pathology 
Unit, detected a fungal conidia (asexually reproducing spore) with a 
morphology similar to P. destructans on caving gear tested immedi-
ately after exiting a WNS confirmed site (Okoniewski et al. 2010).

In addition to the initial introduction of P. destructans to North 
America, humans likely contribute to the dispersal of this epizoot-
ic pathogen. Early on, Wolf and Wolf (1947) identified humans as a 
vector for pathogenic fungi. On Hawaiʻi, Baker (1966) identified at 
least 65 different species of fungi from the shoes of travelers (both 
being worn and within luggage) arriving from outside debarkation 
points. Of these, 15 species were unknown to Hawaiʻi. The most 
recent range expansion of WNS to Washington State, involving a 
1,300-mile (2,092 km) distance between the closest known WNS 
affected area and the detection site, cannot be explained by natural 
bat movements. It probably represents a human-assisted range 
expansion event. WNS was likely introduced to Washington on 
contaminated clothing or caving equipment originating from east-
ern North America, Europe, or northern Asia.

Disease containment
Given that direct management of bat-to-bat transmission is not 
possible, scientists and land managers have focused on devel-
oping and implementing procedures to reduce the potential for 
human-caused dispersal of this pathogen to uninfected areas. 
Since winter 2008, a multiagency team led by the USFWS has pro-
vided a protocol for WNS decontamination (e.g., USFWS 2016) 
for regions where the disease is confirmed, suspected, or uncon-
firmed. This protocol provides guidelines for laundering clothing 
for 10 minutes or immersing in 131° F (55° C) water for 20 minutes, 
and recommends decontamination of other washable gear and 
equipment following the manufacturer’s cleaning guidelines. It 
also requires all equipment be used in a site-specific manner (e.g., 
no equipment from the WNS confirmed or suspected area may be 
used in an unaffected area; USFWS 2016).

In the WNS affected areas (presently eastern North America 
and one locality in the Pacific Northwest), either underground 
research on most state and federal lands has been restricted or 
compliance with the current WNS Decontamination Protocol is 
required. For example, Indiana bat winter survey protocols limit 
researchers to inventorying hibernacula every other year (Hicks 
et al. 2009). On US Forest Service lands in Arkansas, a five-year 
moratorium was recently passed on the three national forests to 

protect bat populations (USDAFS 2014). In general, the National 
Park Service (NPS) requested that cave resource management 
plans for all park units include provisions to reduce the threat 
of human-assisted transmission of WNS; these provisions may 
involve closure of some caves. Where the risk of spreading 
P. destructans into or out of parks by visitors can be minimized 
(e.g., through screening, decontamination, and the permitting 
process), most NPS-managed caves remain open (NPS 2010).

While the most recent WNS Decontamination Protocol (USFWS 
2016) has explicit language regarding decontamination procedures, 
implementation remains at the discretion of the regulatory and 
resource management agencies under which land management 
jurisdiction resides. These entities may choose to develop addenda 
and supplemental documentation to accompany the most recent 
WNS Decontamination Protocol. Thus, regulatory and resource 
managers have the flexibility to incorporate additional require-
ments or exemptions based upon the perceived threat level of 
WNS in a given region, local conditions, logistical constraints with 
implementation, and the best available scientific information.

Need for backcountry decontamination methods
In backcountry settings, cave researchers and resource managers 
must plan for a variety of environmental concerns associated 
with proper disposal of WNS decontaminated water-chemical 
mixtures, as well as logistical constraints on both chemical and 
water use and transportation. Dumping chemical products, such 
as quaternary ammonium compounds, may have negative envi-
ronmental impacts. These activities are often illegal on state and 
federally administered lands in the United States (e.g., NPS 2006). 
Preparing solutions for gear submersion requires a significant 
amount of water, and packing large amounts of water is often 
difficult to impossible in remote backcountry settings. The de-
contamination protocol (USFWS 2016) is typically implemented 
upon return from the field—in most cases, on a daily basis. Many 
backcountry trips are up to two weeks in duration, and it is not 
possible to wash clothing daily. Moreover, it is difficult to sub-
merse equipment in water-chemical mixtures on a regular basis 
while in the field. Doing so is logistically challenging when a large 
number of sites are visited during a specific research trip, a large 
number of field personnel are participating in the field, and when 
field personnel pack all equipment into and out of remote areas.

Procedure development and refinement
Using the earlier 2011 (USFWS 2011a, b, c) and later the 2012 de-
contamination protocols (USFWS 2012b), NPS resource manag-
ers, research technicians, and I applied these techniques to the 
backcountry to devise methods for effectively decontaminating 
gear in areas where logistics were challenging and resources limit-
ed. Ten different field personnel tested and refined these tech-
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niques during four research trips (February, June, and September 
2011 and February 2012) at Grand Canyon–Parashant National 
Monument, northwestern Arizona—an area where WNS does not 
occur. We applied incrementally improved versions of these pro-
cedures during the four different research trips, which totaled 100 
individual applications in the field (table 1). Discussions were held 
at the end of each field day and during a post-expedition debrief-
ing whereby problem areas with applying these procedures were 
captured and improvements were made accordingly. Additionally, 
we compared DuPont™ brand Tyvek® and ProShield® model dis-
posable coveralls specifically for durability in constricted passage-
ways over long hours of use underground.

Table 1. Number of research trips with related information 
for testing and refining backcountry white-nose syndrome 
decontamination procedures

Trip Date
Personnel 
Involved1

Procedures 
Applied2 Total3

March 2011 3 11 33

June 2011 7 5 35

September 2011 5 4 20

March 2012 4 3 12

 Total 121 23 100

Note: The procedures were tested and developed at Grand Canyon–Parashant National 
Monument, Arizona.
1 Several of the same team members participated on multiple trips; therefore, the total  
number provided is for the number of individuals who participated in this work.

2 The number of times each team applied the procedures.
3 The total number of times procedures were applied per trip, calculated by the number  
of personnel times the number of procedures used in the field.

Results
Through rigorous field testing, we developed a set of stepwise 
procedures for disinfecting field equipment and provide recom-
mendations for washing and cleaning exposed parts of the body, as 
well as disinfecting and storing gear after daily field operations. We 
present this information as four appendixes combining checklists 
and protocols in a format that can easily be printed and laminated 
for field use. Appendix I lists required supplies, equipment, and 
explanations. Appendix II recommends fieldwork preparations. 
Appendix III describes procedures prior to entry and after exiting 
a study site (i.e., cave or mine), while Appendix IV provides proce-
dures for full decontamination (i.e., prior to moving from one study 
site to another). The appendixes follow on pages 57–62.

To prevent the potential for contamination of clean gear that would 
be used to facilitate our return to the vehicles and camp (e.g., hiking 
boots, backpacks, and satellite phones), we employed a three-con-
tainment-zone approach (Appendix II, Section 3). The three con-
tainment areas are the (1) clean zone, an area to stage non-cave-re-
lated gear (e.g., backpacks, extra water bottles, satellite phone, and 
other equipment), and to change into clean coveralls, boots, and 
other equipment once the person has left the intermediate zone; 
(2) decontamination zone, the location for staging disinfecting 
equipment and supplies, and using them to clean exposed parts of 
the body, stripping off and isolating coveralls, and changing into 
clean clothing; and (3) intermediate zone, the area for staging 
clean boots and a clean change of clothes (for the hike back to vehi-
cles/camp) isolated in a ziplock bag, as well as cleaned gear that can 
be moved into the clean zone once decontamination procedures 
are completed. When used correctly, this approach should enable 
workers to stage and isolate contaminated gear and maintain clean 
equipment in different areas at a safe distance apart.

When the performance of Tyvek® and ProShield® coveralls was 
compared, we found both suit types sustained breaches by abrad-
ing and tearing when navigating constricted passageways. Although 

breaches in suits were repaired as detected using duct tape, this 
resulted in the introduction of pieces of coverall fabric into the cave 
environment. Thus, the use of both suits resulted in physical “litter” 
and a chemical contamination concern for the subterranean envi-
ronment. During all field trials, team members attempted to collect 
and remove all coverall debris as encountered.

We also encountered problems when using inexpensive duct tape. 
Short-term placement (<5 minutes) in direct sunlight on 81°F 
(27°C) clear days resulted in the adhesive melting and the tape be-
coming useless until it cooled. We did not experience any problems 
with short-term placement of Gorilla® duct tape in direct sunlight.

The 2012 WNS Decontamination Protocol suggests covering 
electronic equipment with plastic wrap such as clear plastic bags 
(USFWS 2012b). We attempted to cover our digital single-lens 
camera in plastic wrap; however, the plastic wrap made it difficult 
to use the buttons and view the LCD display. Additionally, without 
the use of duct tape (which further restricts one’s ability to use the 
camera), the plastic wrap does not adhere to the camera. Though 
it was not tested, clear packaging tape used with plastic wrap may 
help. For photographing hibernating bats during our February 
2012 trip, we chose to use the camera without any barrier, wiping 
it down with isopropyl alcohol (70%) wipes after use and placing 
it out of the camera box so that it was completely dry before being 
stored. The 2016 WNS Decontamination Protocol recommends 
site-specific use for this type of equipment (USFWS 2016). Given 
that WNS has not been identified in northwestern Arizona, our 
approach was compliant with the new recommendations.

Discussion
The backcountry techniques proposed here were developed to 
complement the most recent WNS Decontamination Protocol 
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(USFWS 2016). This addendum provides stepwise procedures 
and eliminates much of the guesswork for first-time users decon-
taminating clothing and equipment. Although they were devel-
oped in response to backcountry subterranean research needs in 
the southwestern United States, these methods are applicable for 
all backcountry research projects.

These procedures are dynamic, and should be reviewed and 
modified as disinfectants and disinfection techniques are im-
proved, or when additional information prompts further revision. 
One method for improving these techniques may be through 
working with professionals outside the disciplines of microbiolo-
gy and wildlife science such as hazardous materials professionals 
and military personnel. Both have long histories of dealing with 
biological threats and developing techniques to isolate pathogens 
from human populations. Through such a collaboration, we may 
be able to further advance our ability to more effectively decon-
taminate equipment and personnel and thus better protect bat 
populations.

To reduce the likelihood of human-to-hibernacula transmission 
of WNS, caves should not be entered unless either a research 
question or administrative issue warrants such entry. If so, we 
recommend adhering to the most recent WNS Decontamination 
Protocol (e.g., USFWS 2016) and following the guidelines, adden-
da, and other supplemental documentation issued by state and 
federal regulatory and resource management agencies that have 
jurisdiction over the lands where the work will take place.

While the backcountry procedures presented in the four appen-
dixes provide a stepwise approach for decontaminating equip-
ment and personnel (in compliance with the WNS Decontam-
ination Protocol), there are limitations. For many cave research 
projects, workers must use expensive, often irreplaceable elec-
tronic equipment (e.g., meteorological instruments, laser distance 
finders, and hammer drills). We recommend users of this type 
of equipment explore methods to best create a buffer between 
the equipment and the cave environment. The WNS Decontam-
ination Protocol suggests site-specific dedication of equipment 
(USFWS 2016). Though expensive, this certainly eliminates the 
need to apply decontamination protocols for most gear and thus 
may be the best approach.

When used in constricted passageways, both brands of coveralls 
(Tyvek® and ProShield®) that we tested were subject to breach-
es, tears, and the resultant introduction of fabric into the cave 
environment. Thus, both suit types are of limited use within caves 
requiring belly crawling or walking through constricted passage-
ways. We should further acknowledge that neither suit type is 
designed for the rigors of the cave environment. 

In caves with constricted passageways, we do not recommend 
using either type of disposable coverall. Instead, we recommend 
the use of reusable ballistic nylon coveralls (which are designed 
for use in caves), following USFWS (2016) site-specific desig-
nation procedures. However, in backcountry settings it may be 
challenging to portage multiple pairs of nylon coveralls, and this 
approach would require the same decontamination procedures 
applied to other caving equipment when moving between study 
sites (USFWS 2016).

Regarding vertical climbing equipment, experiments have been 
conducted to test the strength of only Sterling® climbing ropes 
and one-inch tubular webbing; Barton (2009) was able to demon-
strate that after numerous WNS decontamination treatments, the 
strength of this equipment was not affected. There are more than 
a dozen manufacturers that make rope and perhaps twice as many 
companies that manufacture climbing harnesses, webbing, and 
other such equipment. Conducting experiments similar to Barton 
(2009) on all ropes, webbing, harnesses, and other gear made by 
different companies has not been attempted. General care and 
cleaning of ropes (e.g., Cox and Fulsaas 2003) and harnesses (e.g., 
Black Diamond Journal 2010) involves machine washing on the 
gentle cycle or hand washing in a bathtub using mild soap with no 
harsh chemicals.

The US Fish and Wildlife Service (2016) recommends either that 
rope and webbing be dedicated to a single cave or the cave should 
not be entered; ropes and harnesses should be cleaned follow-
ing the manufacturer’s specifications after use at each study site. 
We suggest using ropes nearing retirement or those designated 
for site-specific applications (USFWS 2016); subsequently, these 
ropes may be retired after use or used site-specifically. In areas 
where WNS is neither confirmed nor suspected, it may be possi-
ble to use ropes, webbing, harnesses, and other vertical gear and 
rope rigging equipment with soft components at different sites af-
ter cleaning this equipment following the manufacturer’s recom-
mendations. However, the manner in which vertical equipment 
is used and the frequency of cleaning will be at the discretion of 
the jurisdictional regulatory or resource management agency (and 
according to the manufacturer’s recommendations).

Management implications
The backcountry WNS decontamination procedures described 
here follow the current decontamination protocol (USFWS 
2016), as well as previous versions of the protocol (USFWS 2011a, 
b, c; 2012b). The approach presented here is the first to outline 
a stepwise procedure for implementing WNS decontamination 
strategies in the backcountry. Although these procedures were 
developed for areas outside the WNS confirmed and suspected 
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areas (i.e., the western United States), they are applicable in con-
firmed or suspected areas as well.

As time progresses and we learn more about the natural history 
characteristics and habitat requirements of P. destructans, we will 
be able to use this information to further improve decontami-
nation procedures. Additionally, as more information becomes 
available regarding the fall and winter movements of bat species 
that hibernate in caves and mines, we will continue to improve 
our abilities to manage bats and their roost sites under a WNS 
paradigm.
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Appendix I. Required equipment and explanations on use
NO GEAR used in caves within a WNS confirmed or suspected area (i.e., state) may be used in areas where the disease has not been confirmed or sus-
pected (USFWS 2016).

1. Required equipment
The amount of disinfecting supplies required depends upon team size, 
number of days in the field, and number of sites visited. Generally, the 
supply list provided below will accommodate a six-person team for one 
week. Isopropyl alcohol (70%) wipes are a more benign decontaminant 
than the other disinfectants listed in the decontamination protocol. Thus, 
it would be more appropriate for backcountry work. We used Lysol® 
disinfectant wipes during protocol development. Further, if caves are 
characterized by walkable passage, then one pair of disposable coveralls 
per person per day will be sufficient. If not, at least two pairs of ballistic 
nylon coveralls per person should be considered.

A. Supply checklist for procedures prior to entry and after 
exiting a cave or mine
• Disposable coveralls or ballistic nylon coveralls (1 pair per person, 

per study site)

• Duct tape (2 large rolls)
• 70% isopropyl alcohol (70%) wipes (2 canisters; 44-count)
• Large (10–15 gallons) heavy-duty plastic garbage bags (40-count 

box)

• Plastic zip ties (25-count)
• Heavy-duty resealable ziplock freezer bags (2 boxes [10-count] 

each of quart and gallon sizes)

• Properly laundered bandanas or rags (number depends on number 
of sites visited) 

• Biodegradable/all-natural hand sanitizer (2 bottles; 12 oz. container)
• Compressed air (two 10-ounce cans)
• Trauma shears (2 pairs)
• Small nylon scrub brush (1 per person)
• Nitrile gloves, powder-free (2 boxes; 100 count; at least 2 pairs per 

person, per day, per study site required)

• Permanent black markers (1 box; 12-count)

B. Full decontamination supply checklist
• Tyvek® or ProShield® coveralls (1 pair)
• Tyvek® or ProShield® slip-on shoe covers (1 pair)
• Disinfectant cleaner (1 gallon; refer to decontamination protocol; 

USFWS 2016)

• 5-gallon buckets (number of buckets required depends on number 
of full decontaminations required; minimum is 2 buckets per full 
decontamination with the rinse bucket being reused)

• 2 scrub brushes, nylon-bristled
• Plastic zip ties (25-count)
• 2 pairs rubber cleaning gloves
• Biodegradable soap (16 fluid oz.)
• Biodegradable wipes (2 boxes; 30-count)

C. Personal gear checklist (WNS-related)
• Clothing (1 set of clothing per site; at least 1 set for transit 

between study site and camp/vehicles)

• Knee and elbow pads (at least 2 pairs)
• Caving gloves (synthetic leather/nylon; at least 2 pairs)
• 1 pair PVC boots or hiking boots (number of pairs of hiking boots 

required will be determined based on number of sites visited and 
time required for boots to completely dry following decontamina-
tion)

• 1 PVC caving backpack
• 2 pairs gaiters (only if hiking boots are used)
• Dry bags (recommended)

2. Equipment explanations and disinfecting 
recommendations

We provide explanations on select items listed in checklists A through C. 
We also provide recommendations for disinfecting personal and project 
equipment not discussed in these checklists. The instructions provided in 
the most recent version of the WNS Decontamination Protocol (e.g., 
USFWS 2016) must be used for decontaminating all personal gear, equip-
ment, and clothing.

Tyvek®, ProShield®, or ballistic nylon coveralls and duct tape
Coveralls should be large enough to fit over underclothing and knee/
elbow pads. Use of coveralls will further limit contact of underclothing 
and knee/elbow pads with the cave environment. In caves with walkable 
passage, Tyvek® or ProShield® coveralls are appropriate. Coveralls may be 
purchased with elastic cuffs on wrists, or duct tape can be used to secure 
the sleeves close to the wrists. Duct tape is used to affix the pant legs of 
the coveralls to boots or gaiters. In caves with constricted passageways 
requiring belly crawling or moving through narrow passageways, ballistic 
nylon coveralls are preferred. Upon completing work at a study site, cov-
eralls are isolated and properly stored in a heavy-duty plastic garbage bag 
or gallon-sized, resealable ziplock bag.

Quaternary ammonium compounds
We used Lysol® IC™ Quaternary Disinfectant Cleaner. However, the WNS 
Decontamination Protocol (e.g., USFWS 2016) provides several alternatives 
that have been confirmed to kill P. destructans conidia. 

Nitrile gloves
Applying and removing duct tape while wearing nitrile gloves ultimately 
results in torn gloves. If gloves are torn during decontamination proce-
dures, immediately wash hands and put on a new pair of gloves.

Trauma shears
For cutting duct tape from wrist cuffs and around pant legs to detach 
disposable coveralls from boots/gaiters.

Editor’s Note: The following four appendixes, by J. Judson Wynne, are 
intended as a “field-friendly” supplement to the preceding article, “White-
nose syndrome decontamination procedures for backcountry subterranean 
projects,” also by Wynne. They can be removed from the publication, 
laminated, and used in the field.
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Reusing decontaminated equipment among different study sites
For equipment that requires decontamination by submersion in one of the 
known disinfectants/applications (e.g., gloves, knee/elbow pads, hiking 
boots, and gaiters), the number of extra pairs required will depend upon 
the number of different study sites visited in rapid succession and the 
amount of time needed for recently decontaminated equipment to 
completely dry before reuse. For most xeric regions in the southwestern 
United States, one extra pair of each item (gloves, knee/elbow pads, 
hiking boots, and gaiters) will probably be sufficient; the second pair may 
be worn at the next study site while the recently decontaminated pair is 
drying. In more mesic regions (e.g., the Pacific Northwest), drying time 
may require two or more days. Workers will need to determine if (1) the 
equipment will dry adequately following decontamination so it may be 
reused while in the field, or (2) a pair of each item is required per study 
site.

Clothing
One set of clothing per person per study site is required. These sets of 
clothing will be designated for underground use only. Upon completion of 
each site, clothing is isolated in a gallon-sized, resealable ziplock bag and 
is properly decontaminated in the field or once field personnel have 
returned to their respective homes. Additionally, a “clean” set of clothing, 
which never comes into contact with dirty caving equipment or the cave 
environment, is required for use in transit between the study site and 
vehicle/camp.

Gloves
At least two pairs of synthetic leather/nylon gloves per person are 
recommended. Rubber or nitrile gloves easily tear when abraded on rock 
surfaces. Synthetic leather/nylon gloves are more durable and are 
invaluable to work safely underground.

Knee and elbow pads
At least two sets of pads per person are recommended.

PVC boots or other footwear/gaiters
One pair of Wellington or knee-length-style PVC boots per team member 
is recommended. These boots are easy to clean and dry quickly. However, 
these boots often do not fit as well as hiking boots; as a result, it may be 
difficult to safely navigate cave passages and scramble over boulders and 
rocks. Consequently, some workers may choose to use hiking boots and 
gaiters rather than PVC boots.

Cave packs
One PVC cave pack per person is recommended. It is easy to clean and 
dries quickly.

Helmet
One helmet, two light sources on the helmet, and at least one additional light 
source within the caving bag per person are recommended. Before entering 
each study site, helmets will be decontaminated with isopropyl alcohol (70%) 
wipes. The use of porous headlamp straps can be eliminated by mounting the 
primary light source directly on the helmet.

Miscellaneous gear
When possible, additional gear should be stored in sealed ziplock bags or 
PVC dry bags within cave packs and accessed as needed. This includes 
food, urine bottles, solid human waste disposal bags, medical supplies, 
and tool kits. Any items used underground are properly cleaned, isolated, 
or disposed of as appropriate. Water should be stored in containers (hard 
plastic bottles or stainless steel containers) that can be easily disinfected. 
Water bladders are not recommended because they are difficult to 
disinfect.

Electronic sampling equipment
We recommend disinfecting electronic equipment between study sites 
using (1) compressed air to carefully clean the equipment and (2) isopropyl 
alcohol (70%) wipes to wipe down those areas lacking movable parts, 
buttons, or screens. Isopropyl alcohol wipes are one of the cleaning agents 
recommended by the WNS Decontamination Protocol (USFWS 2016). 
Compressed air may help remove fungal spores/conidia from keypads and 
other components. Care should be taken when wiping down electronic 
equipment with alcohol wipes because some surfaces may be damaged.

Headlamps and batteries
Headlamps are disinfected by (1) removing the elastic head straps and 
submersing them in solution following steps identified in the WNS 
Decontamination Protocol (USFWS 2016), and (2) wiping down the 
electronic parts using isopropyl alcohol (70%) wipes. Backup headlamps 
and batteries should be stored in sealed individual ziplock bags, kept in 
cave packs, and accessed as needed.

Vertical caving equipment
All technical caving equipment must be designated for site-specific, 
regional use within a WNS confirmed, suspected, or unaffected area 
(USFWS 2016). When moving between study sites within one of those 
designated areas, all equipment should be cleaned following the 
manufacturer’s specifications (USFWS 2016).

Exposed skin
We recommend wiping all exposed body parts with all-natural/biodegrad-
able wipes or soapy water following decontamination procedures. This is 
done not as part of the decontamination protocol per se, but rather to 
reduce accidental chemical exposure to any areas of skin. For example, acci-
dental exposure may occur after handling decontamination equipment, 
recently decontaminated equipment, or personal gear. Users of isopropyl 
alcohol wipes should follow the Centers for Disease Control and 
Prevention’s occupational health guidelines (CDC 1978).

NOTE: Once all equipment and personal gear are disinfected, we 
recommend using a clean bandana dampened with water or 
all-natural/biodegradable wipes to remove chemical residues from 
surfaces. This will reduce chemical exposure of field personnel.

58 PARK SCIENCE • VOLUME 33 • NUMBER 1 • WINTER 2016–2017



Appendix II. Fieldwork preparations
NO GEAR used in caves within a WNS confirmed or suspected area (i.e., state) may be used for subterranean research in those states where the disease 
has not been confirmed or suspected (USFWS 2016).

1. Packing decontamination supplies to and from study 
sites

Options for portaging decontamination supplies: There are two general 
approaches that may be undertaken for mobilizing decontamination 
equipment at a study site. (1) For study sites within 1 mile of vehicles/
camp, workers may choose to portage multiple containers and required 
equipment itemized in Appendix I directly to the study site. 
Decontamination equipment and disinfectant containers used during 
decontamination procedures must be cleaned with isopropyl alcohol 
(70%) wipes (USFWS 2016) before these materials are integrated with 
other equipment and packed out. (2) Regarding single study sites 
requiring a many-mile hike to access a particular backcountry site, it may 
be easier for each person on the backcountry team to have a personal 
decontamination kit with all of the necessary items to follow the WNS 
Decontamination Protocol (USFWS 2016) in the field; they will also be 
responsible for packing their own personal supplies into and out of the 
remote study site. Personal decontamination kits should contain the 
following: 16 isopropyl alcohol (70%) wipes, eight all natural/
biodegradable wipes, personal hand sanitizer, two pairs of nitrile gloves, 
two garbage bags, and two zip ties. Supplies must be multiplied 
appropriately if more than one site is to be visited in a given day. Two 
pairs of trauma shears are adequate for a six-person team and may be 
carried to and from the site by a designated person.

2. Personal equipment
Personal equipment should be assembled as follows: (1) One pair of 
disposable or ballistic nylon coveralls per person per day. For visiting 
multiple study sites in a given day, the number of coveralls will increase 
accordingly. (2) Cache of personal duct tape per person to be used to tape 
down wrist cuffs, secure boots/gaiters to coveralls, and repair disposable 
coveralls as necessary. (3) Various-sized disposable ziplock freezer bags 
(e.g., sandwich, quart, and gallon sizes). The number of bags per size 
depends upon the equipment required for a specific research task and the 
needs of each team member. We recommend double bagging all 
equipment.

3. Establishing staging areas at the study site
Three staging areas near the study site entrance should be established 
and designated as “clean,” “decontamination,” and “intermediate” 
zones. All zones should be at least 20 m (66 ft) apart, and clean and 
intermediate zones must be located upwind from the decontamination 
zone. (1) The clean zone is used to stage non-cave-related gear (e.g., 
backpacks, extra water bottles, satellite phone, and other equipment), 
and to change into clean coveralls, boots, and other equipment. (2) The 
decontamination zone is where chemical disinfectants, isopropyl 
alcohol and all-natural/biodegradable wipes, hand sanitizer, trauma 

shears, garbage bags, zip ties, and related supplies are staged. It is also 
the location for disinfecting equipment, cleaning exposed parts of the 
body, stripping off and isolating coveralls, and changing into clean 
clothing. If logistics permit, a hand and body washing station may be 
established where personnel may clean themselves prior to returning to 
the clean zone. (3) The intermediate zone must be established in an 
area that team members do not have to walk through to reach the clean 
zone. This area is used to stage clean boots and a clean change of clothes 
(isolated in a ziplock bag for the hike back to vehicles/camp). This zone is 
also used for staging recently cleaned gear to be moved into the clean 
zone once decontamination procedures are completed. Refer to the 
following protocols for clarification on zones and their functions.

4. Establishing an area for full decontamination/
disinfecting of equipment prior to changing study sites

Designate a decontamination area at least 20 m (66 ft) downwind from 
vehicles and camp. All decontamination and containment supplies, and 
personal isolation bags (i.e., gear to be disinfected) should be placed 
within this area. Full decontamination of equipment (e.g., caving bags, 
PVC or hiking boots and gaiters, knee/elbow pads, gloves, and any other 
gear that requires submersion in a chemical mixture) between individual 
study sites should be determined at the discretion of the jurisdictional 
regulatory or resource management agency. 

5. General recommendations and notes
• Proper disposal of camp refuse: Clearly label and segregate garbage 

bags designated for “contaminated” items from daily camp/project 
garbage.

• Proper storage of duct tape: Do not place inexpensive duct tape in 
direct sunlight during warm spring and summer months or store in hot 
areas (e.g., enclosed vehicles). Depending on the type of duct tape 
used, the glue adhesive may melt. Gorilla® duct tape works well when 
exposed to direct sunlight and heat.

• After exiting a study site, decontaminate equipment (helmets, water 
bottles, urine bottles, metal clipboards, cave survey equipment, and 
the exterior ziplock and dry bags containing gear) using a three-step 
procedure. (1) Physically remove dirt and mud from boots, coveralls, 
and caving and other equipment using nylon brushes. (2) Carefully 
clean surfaces with isopropyl alcohol (70%) wipes. (3) Remove 
chemical residue by wiping down all surfaces with all-natural/
biodegradable wipes or a clean, damp bandana. This should be done 
prior to removing gloves.
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• Team members should work together and watch each other to ensure 
appropriate decontamination protocols are applied between study 
sites. We recommend using the “buddy system” when possible. With 
team members watching one another, this will reduce the likelihood of 
overlooking gear, equipment, and clothing that require disinfecting. 
When working in caves characterized by narrow passages or sections 
requiring belly crawls, “buddies” are responsible for periodically 
inspecting each other’s coveralls for breaches and work together 
during decontamination to make sure all steps are being followed and 
decontamination proceeds correctly.

• If personnel are portaging equipment into and out of a remote area, 
quart- and gallon-sized ziplock bags may be used to store used 
coveralls, nitrile gloves, disinfecting wipes, and other gear. Garbage 
bags are required to store PVC backpacks and boots. These items 
should then be placed within a larger backpack for hiking to and from 
remote study sites. However, compartmentalizing smaller items and 
equipment in smaller resealable ziplock bags may make packing 
equipment into a backpack much easier.

• For large multiperson projects, individuals should label their personal 
isolation bag containing their cave bag, boots, and other equipment 
by writing their name on a strip of tape adhered to their bag.

• When personnel spend multiple days at the same study site, it may be 
easier to stage most of the personal and WNS disinfection equipment 
in the appropriate zones—provided that the site is secure and the risk 
of theft is low.

• When staging caving equipment at a study site overnight, properly 
secure all equipment to prevent entry of insects and rodents. Be 
certain to remove any food items from gear that will be left overnight.

• Staff with regulatory or resource management agencies may require 
cave/mine personnel to bathe upon completion of operations at each 
study site prior to returning to their vehicles/camp (e.g., P. Ormsbee, 
2011, personal communication).

• Print all field forms on weather-/waterproof paper for easier 
decontamination upon return to the office.
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Appendix III. Procedures prior to entering and after exiting a cave or mine
This approach discusses preparations for daily decontamination activities, including procedures prior to and after exiting a study site.

1. Prior to entering a cave or mine
Multiday or single visits to a study site: (1) Upon arrival at a study site, 
stage non-caving gear (e.g., backpacks, hats, and trekking poles) in the 
clean zone. (2) Put on caving clothes and knee/elbow pads, then clean 
coveralls. (3) If coveralls lack elastic wrist cuffs, use duct tape to secure 
wrist cuffs to prevent the coverall arms from sliding up and exposing skin 
or underclothing.1 (4) Put on boots. (5) Tape pant legs of coveralls to each 
boot/gaiter.2 (6) For additional protection against a disposable coverall 
breach, place duct tape on elbows and knees (and seat, if necessary). (7) 
Stage clean clothing and hiking boots in the intermediate zone and place 
disinfecting equipment in the decontamination zone.

Return to same study site for multiple days at a cave/mine: (1) Stage non-
caving equipment in the clean zone. (2) Proceed to the decontamination 
zone to obtain cave clothing, knee/elbow pads, boots, and related gear.3 
(3) Carefully remove clean clothing and place it in a clean, resealable 
ziplock bag. (4) Remove cave clothing from the sealed ziplock bag. (5) 
Follow steps 2 through 7 above (“Multiday or single visits to a study 
site”).

2. Procedures after exiting a cave or mine
(1) After exiting the study site, proceed directly to the decontamination 
zone. (2) Put on nitrile gloves. (3) Isolate field forms and notes.4 (4) Brush 
off boots with nylon brush and disinfect coveralls and boots using 
isopropyl alcohol (70%) wipes. (5) Remove all necessary equipment from 
caving bag and place caving bag in the personal isolation bag (i.e., a 
garbage bag).5 (6) Disinfect all personal equipment (e.g., helmet, water 
bottles, urine bottles, dry bags containing vertical gear and the exterior of 
ziplock bags used for equipment and isolating field forms) and group gear 
(e.g., metal clipboards, cave survey equipment, and electronics) using the 
most appropriate decontamination procedures (e.g., the three-step 
procedure for all equipment except vertical gear6). Disinfect vertical gear 

1 In some cases it may be possible to tape down glove cuffs to the coverall cuffs. However, 
from our experience, it is necessary to remove gloves to use survey and electronic equipment. 
Additionally, when working several hours at a given study site, this may also be impractical for 
toileting.

2 Before taping, be sure to slide pant leg cuff up boot approximately 5 cm (2 in) to permit 
knee-bending mobility. If using hiking boots and gaiters, tape the top of the gaiter to the 
coveralls and the bottom of the gaiter to the boot.

3 All equipment will have been staged at the study site on the previous day. Change from clean 
clothing into cave clothing and coveralls in the decontamination zone.

4 Access to data collected daily is important, so that it can be evaluated and logged each 
evening. Place each page in its own resealable ziplock bag. Do not place multiple pages in one 
bag, because it cannot be opened at camp without risk of contamination.

5 If operations at the study site are complete, dump contents of the caving bag onto the ground 
and place the caving bag in a garbage bag. If returning to the study site the next day, remove 
equipment from the caving bag that needs to be maintained for the next day (e.g., water bot-
tles for replenishing, batteries for recharging, urine bottles for cleaning). In either case, follow 
the most recent WNS Decontamination Protocol (e.g., USFWS 2012).

6 Decontaminate using isopropyl alcohol (70%) wipes. For water bottles, rinse the exterior with 
clean water prior to reuse.

in accordance with the most recent WNS Decontamination Protocol (e.g., 
USFWS 2016). (7) Clean gloved hands.6 (8) Move disinfected equipment to 
the intermediate zone and retrieve clean clothing and hiking boots. (9) 
Return to the decontamination zone and use trauma shears to cut the 
duct tape wrapped around wrist cuffs and PVC boots/gaiters. (10) Remove 
PVC boots/hiking boots and then coveralls by turning the suit inside out. 
(11) Step into the inside of the coveralls. If there are no ruptures, the 
inside of your coveralls should not be “contaminated.” Therefore, you can 
safely stand on them, keeping your socks clean, until they are isolated in 
the subsequent steps. (12) Place PVC boots/hiking boots and knee/elbow 
pads in the personal isolation bag along with the previously isolated 
caving bag. (13) Remove clothing worn under the coveralls, place in a 
resealable ziplock bag, and deposit in the personal isolation bag. (14) 
Clean gloved hands and personal isolation bag.6 (15) Wipe down the 
inside of the bag up to where it is tied or zip-tied.7 (16) Wipe personal 
isolation bag with isopropyl alcohol wipes followed by all-natural/
biodegradable wipes. (17) Using all-natural/biodegradable wipes, clean 
exposed areas of skin (e.g., face, neck, and arms) and areas exposed to 
isopropyl alcohol during decontamination procedures.7 (18) Change into 
clean clothes. (19) Step out of coveralls when changing into clean boots. 
(20) With gloved hands, carefully place used coveralls into the appropriate 
isolation bag (e.g., personal or group) for either laundering/
decontamination or disposal. (21) Remove nitrile gloves using standard 
medical glove removal procedures.8 (22) Place used nitrile gloves into the 
appropriate isolation bag. (23) Clean hands. (24) Tie or zip-tie the group 
and personal isolation bags.9 (25) Retrieve disinfected equipment from the 
intermediate zone and proceed to the clean zone.

7 If logistics permit, biodegradable soap and water should be used to wash hands and body. P. 
Ormsbee (2011, personal communication) used this approach in Washington State. By vigor-
ously washing hands and exposed parts of the body with soap and water, you can potentially 
remove P. destructans hyphae and spores/conidia mechanically. If this is not possible, use 
antibacterial hand sanitizer and antibacterial wipes in an attempt to mechanically remove the 
hyphae and conidia from skin.

8 Pinch glove of one hand carefully on the inside of the wrist and remove it by turning it inside 
out, then remove the other glove using the clean interior of the glove previously removed.

9 The last person to complete the procedures after exiting a cave or mine is responsible for 
closing the group isolation bag. Follow same procedures as for closing personal isolation bags.
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Appendix IV. Procedures for full decontamination

Another option is to designate one person to be responsible for 
disinfecting all personal equipment, as follows. 

1. Put on a clean pair of disposable or ballistic nylon coveralls, shoe 
covers, and rubber cleaning gloves.

2. Prepare chemical decontamination mixture (see USFWS 2016) in 
5-gallon bucket1 and clean water for rinsing (in another 5-gallon 
bucket).

3. Dump all equipment out of personal isolation garbage bags and place 
all empty personal isolation bags in a clean garbage bag.

4. Use a nylon brush to remove any dirt and mud from boots, caving 
bags, knee/elbow pads, gloves, and other equipment (USFWS 2016).

5. Decontaminate gear following the most recent WNS Decontamination 
Protocol (e.g., USFWS 2016). Submerge recently disinfected gear in 
rinse water following decontamination treatment.

6. Once all gear is disinfected, nylon brushes and any other equipment 
used in the decontamination process are decontaminated following 
step 5.

7. Remove rubber gloves and put on a pair of nitrile gloves.
8. Decontaminate rubber gloves.2

9. Carefully roll up pant legs of coveralls so they do not touch shoe 
covers.

10. Remove shoe covers and place in a garbage bag (same bag used to 
dispose of personal isolation bags).

11. Remove shoes (the ones worn underneath the shoe covers) and place 
on ground in front of you.

12. Remove coveralls by peeling them off and turning the suit inside out.
13. Put on shoes.
14. Place coveralls in garbage bag.
15. Wipe exterior of garbage bag. Wipe inside of bag to area below where 

zip tie will be secured.

16. Remove nitrile gloves following standard medical procedure.3

17. Place nitrile gloves in garbage bag.
18. Close and seal the garbage bag with a zip tie.
19. Double bag the garbage bags containing contaminated or presumed 

contaminated gear/garbage and zip tie shut.

20. Wash hands with all-natural/biodegradable wipes or soap and water.

1 One mixture of decontamination solution is prepared in a 5-gallon bucket and used on a per 
study site basis. Used solution remains in the bucket, covered with a tightly fastened lid, and 
is then placed in a garbage bag and zip-tied. The bucket is stored securely in the vehicle to 
prevent it from tipping and spilling while driving on rough roads. All chemical-water mixtures 
are properly disposed of following the manufacturer’s recommendations at the nearest suitable 
facilities exist.

2 Decontaminate using isopropyl alcohol (70%) wipes.

3 Pinch glove of one hand carefully on the inside of the wrist and remove it by turning it inside 
out, then remove the other glove using the clean interior of the glove previously removed.
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Sea-level rise and inundation scenarios 
for national parks in South Florida
By Joseph Park, Erik Stabenau, and Kevin Kotun

THE NATIONAL PARK SERVICE (NPS) IS TASKED WITH 
the unimpaired preservation of the natural and cultural 
resources of the National Park System for the enjoyment, 

education, and inspiration of current and future generations. This 
mission and perspective positions the National Park Service as a 
leader in the recognition of and adaptation to changes in Earth’s 
climate. It is now unequivocal that the climate is warming, and since 
the 1950s many of the observed changes are unprecedented over de-
cades to millennia. The atmosphere and oceans have warmed, snow 
and ice have diminished, sea level has risen, and concentrations of 
greenhouse gases have increased (Steffan et al. 2015; IPCC 2013).

One of the most robust indicators of climate change is rising sea 
level driven by thermal expansion of ocean water and addition of 
land-based ice-melt to oceans. Sea-level rise is not evenly distrib-
uted around the globe, and the response of a regional coastline is 
highly dependent on local natural and human settings (Cazenave 
and Le Cozannet 2014). Nowhere is this more evident than in the 
national parks and national preserve located at the southern end 
of the Florida peninsula—Dry Tortugas, Biscayne, and Everglades 
National Parks and Big Cypress National Preserve—where low el-
evations and exceedingly flat topography provide an ideal setting 
for encroachment of the sea.

The physical and ecological impacts of sea-level rise on these 
parks will be pronounced, and in some cases, such as the distri-
bution of mangrove forests, change has already been observed 
(Krauss et al. 2011). The natural ecological capacity for adaptation 
and resilience to these changes will be enhanced through the 
timely implementation of the Comprehensive Everglades Resto-
ration Plan (CERP), simultaneously protecting the regional water 
supply for both natural and urban needs (NRC 2014).

Given these current and anticipated changes, it is prudent to 
define expectations for sea-level rise and the associated physical 
responses over the coming decades. This article is intended to 
inform the current state of science regarding these expectations.

Sea-level rise
The Intergovernmental Panel on Climate Change (IPCC) is com-
posed of leading scientists from around the world whose mission 
is to review and assess the most recent scientific, technical, and 

socioeconomic information relevant to the understanding of 
climate change. Its most recent assessment, published in 2013, is 
the Fifth Assessment Report (AR5), which includes projections 
of global sea-level rise based on different representation concen-
tration pathway (RCP) scenarios reflecting possible scenarios for 
future concentrations of greenhouse gases. RCP 8.5 is the highest 
emission and warming scenario under which greenhouse gas 
concentrations continue to rise throughout the 21st century, while 
RCP 6 and RCP 4.5 expect substantial emission declines to begin 
near 2080 and 2040, respectively.

The IPCC sea-level rise scenarios are comprehensive, but do not 
include contributions from a potential collapse of Antarctic ice 
sheets. However, recent evidence suggests that such a collapse 
may be under way (Holland et al. 2015; Wouters et al. 2015). In 
addition, the IPCC projections do not account for local processes 
such as land uplift or subsidence and ocean currents, and do not 
provide precise estimates of the probabilities associated with spe-
cific sea-level rise scenarios, which are a crucial decision support 
metric in the development and assessment of risk.

A contemporary estimate of local effects and comprehensive 
probabilities for the RCP scenarios is provided by Kopp et al. 
(2014). This work is based on a synthesis of tide gauge data, global 
climate models, and expert elicitation, and includes consideration 
of the Greenland ice sheet, West and East Antarctic ice sheets, 

Abstract
National parks in South Florida are intimately connected to the 
sea. As sea levels rise, coastal regions of these parks experience 
both physical and ecological changes. Based on a state-of-the-art 
sea-level rise projection we propose two sea-level rise trajectories 
for South Florida, a low projection for general planning purposes 
and a high projection for risk assessment of sensitive ecological or 
physical systems. Sea-level rise projections only consider long time 
horizons; on shorter time scales the growth of recurrent coastal 
inundation events and storm surges have immediate ecological 
and physical impacts and we provide quantitative assessments of 
these processes.

Key words
inundation, sea-level rise, South Florida
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glaciers, thermal expansion, regional ocean dynamic effects, land 
water storage, and long-term, local, nonclimatic factors such as 
glacial isostatic adjustment, sediment compaction, and tectonics. 
Following a review of scientific literature, we have adopted the 
work of Kopp et al. (2014) as the basis for sea-level rise scenarios 
at the four South Florida national parks.

Datums and mean sea level
A tidal datum provides a geodetic link between ocean water level 
and a land-based elevation reference such as the North American 
Vertical Datum of 1988 (NAVD88). The National Tidal Datum 
Epoch (NTDE) in the United States is a 19-year period over which 
tidal datums specific to each tide gauge are determined. The 
current NTDE for the United States is 1983–2001 and sea-level rise 
projections are referenced to the midpoint of this period (1992), 
consistent with procedures for sea-level rise design determined 
by the U.S. Army Corps of Engineers (USACE) and the National 
Oceanic and Atmospheric Administration’s (NOAA) National 
Climate Assessment (USACE 2014). Common tidal datums in-
clude mean sea level (MSL), mean high-higher water (MHHW), 
and mean low-lower water (MLLW) as defined by NOAA (Center 
for Operational Oceanographic Products and Services 2013). As 
sea level rises, tidal datum elevations also rise, and a new tidal 
datum is established every 20 to 25 years to account for sea-level 
change and vertical adjustment of the local landmass (Center for 
Operational Oceanographic Products and Services 2000).

Kopp et al. (2014) use a local mean sea-level reference starting in 
the year 2000 instead of the NTDE MSL datum centered on 1992. 
To convert these projections to NTDE we estimate mean sea-level 
rise over the 1992 to 2000 period at Vaca Key with a nonlinear 
trend analysis and add the resulting value of 1.4 cm (0.6 in) to 
their projections. All projected water levels are then converted 
to NAVD88 by subtraction of the 25.3 cm (10.0 in) NAVD88 to 
NTDE MSL offset at the Vaca Key tide station.

Projection
Examination of local sea-level rise projections around South 
Florida finds small differences among Naples, Virginia Key, 
Vaca Key, and Key West, which are geographically closest to Big 
Cypress National Preserve, Biscayne National Park, Everglades 
National Park, and Dry Tortugas National Park, respectively. We 
chose the Vaca Key station sea-level data as representative of all 
four natural areas since it best reflects local oceanographic pro-
cesses that influence coastal sea levels around South Florida.

Regarding selection of greenhouse gas emission scenarios, we 
employ RCP 8.5, also known as the “business-as-usual” scenario 
in which greenhouse gas emissions continue to rise. Although sig-
nificant rhetoric is aimed at global emissions reduction, emissions 

continue to escalate and presently there is no clear socioeconom-
ic driver to depart from a carbon-based energy infrastructure. 
More specifically, recent assessments of global energy production 
and population conclude that the RCP 4.5 emission scenario is 
unobtainable, and there is significant uncertainty as to whether 
the RCP 6.0 scenario can be realized (Jones and Warner 2016).

Each emission scenario and geographic location will have a spec-
trum of projections that span the possible ranges of sea-level 
rise, and this range is expressed as a probability of occurrence. A 
probability is commonly understood as the chance or likelihood of 
an event happening out of a large pool of possible events, and in this 
case the probability refers to occurrence of a specific sea-level rise 
curve out of the many possible curves under a particular climate 
scenario. Many different curves are possible for each scenario since 
there are uncertainties in the observable data (e.g., ice sheets and 
thermal expansion) as well as limitations in the models from which 
the projections are derived. The median projection (50th percentile) 
is in the middle of the projections (one-half of the projections are 
lower, one-half are higher) and can be considered a likely scenario 
given the current state of knowledge. A high percentile projection 
such as the 99th percentile is one with only a 1% chance that sea 
levels would exceed it, and is considered a worst-case scenario.

Since this projection is intended to inform authorities of sea-lev-
el rise for adaptation and planning purposes, and in light of the 
significant uncertainties inherent in generation of the projections 
and future dynamics of the climate, it is prudent to consider the 
upper percentile range of projections. In evaluating these factors 
we select the RCP 8.5 median (50th percentile) as the lower 
boundary of the projection, and the 99th percentile as the upper 
boundary. We are therefore conservatively biasing the projections 
to lie between a lower bound of likely sea-level rise and a high 
projection representing an upper limit to be considered in risk 
assessments for highly vulnerable, costly, or risk-averse applica-
tions. We emphasize that the high projection is deemed to have 
only a 1% chance of occurrence under current climate conditions, 
but in the event of Antarctic ice sheet collapse, its projected 
sea-level rise is consistent with estimates that include Antarctic ice 
melt contribution (DeConto and Pollard 2016).

The sea-level rise projection for South Florida referenced to the 
NAVD88 datum for the RCP 8.5 emission scenario and occur-
rence probabilities of 50% and 99% is shown in figure 1, and is 
tabulated in tables 1A and 1B (pages 65–66). These projections 
have been offset to match currently observed mean sea level in 
Florida Bay over the period 2008–2015 shown in figure 2 and  
tabulated in appendix 1 (available online with this article at  
http://www.nps.gov/subjects/ParkScience/ParkScience33-1 
Winter2016-2017.htm). These projections do not include tides 
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Figure 1. South Florida sea-level rise projection in centimeters NAVD 
for the RCP 8.5 greenhouse gas emission scenario. Low projection 
in blue is the median (50th percentile), high projection in red 
(99th percentile). Tides and storm surges are not included in this 
projection. Values are tabulated in tables 1A and 1B.

Figure 2. Thirty-day moving averages of daily mean sea level at 
Murray Key (MK), Peterson Key (PK), and Little Madeira Bay (LM) in 
Florida Bay. The dashed line is the mean of all three data sets.

Table 1A. Sea-level rise projection: NAVD88 (cm)

Year Low High Year Low High Year Low High Year Low High

2015 −14.8 −14.8 2045 6.8 18 2075 35.8 76.6 2105 68.3 159.9

2016 −14.2 −13.8 2046 7.7 19.6 2076 36.9 79 2106 69.5 162.7

2017 −13.6 −12.8 2047 8.6 21.1 2077 38 81.5 2107 70.8 165.4

2018 −12.9 −11.8 2048 9.6 22.8 2078 39.2 84 2108 72 168.3

2019 −12.3 −10.8 2049 10.5 24.4 2079 40.3 86.5 2109 73.2 171.2

2020 −11.6 −9.8 2050 11.4 26.2 2080 41.4 89.2 2110 74.4 174.2

2021 −10.9 −8.9 2051 12.3 27.9 2081 42.6 91.8 2111 75.6 177.2

2022 −10.2 −7.9 2052 13.2 29.7 2082 43.7 94.5 2112 76.7 180.3

2023 −9.5 −6.9 2053 14.1 31.6 2083 44.8 97.2 2113 77.9 183.5

2024 −8.8 −5.9 2054 15 33.5 2084 45.9 100 2114 79 186.8

2025 −8.1 −4.9 2055 15.9 35.4 2085 47.1 102.8 2115 80.1 190.1

2026 −7.4 −3.9 2056 16.8 37.3 2086 48.2 105.6 2116 81.2 193.4

2027 −6.7 −2.9 2057 17.7 39.3 2087 49.3 108.5 2117 82.2 196.8

2028 −6 −1.9 2058 18.6 41.2 2088 50.3 111.3 2118 83.3 200.2

2029 −5.3 −0.9 2059 19.5 43.2 2089 51.4 114.2 2119 84.4 203.7

2030 −4.6 0.2 2060 20.4 45.2 2090 52.4 117.2 2120 85.4 207.2

2031 −3.9 1.2 2061 21.4 47.1 2091 53.4 120.1

2032 −3.2 2.2 2062 22.3 49 2092 54.4 123

2033 −2.6 3.2 2063 23.3 51 2093 55.4 125.9

2034 −1.9 4.3 2064 24.3 52.9 2094 56.3 128.9

2035 −1.2 5.3 2065 25.3 54.9 2095 57.3 131.8

2036 −0.5 6.4 2066 26.3 56.9 2096 58.3 134.7

2037 0.2 7.6 2067 27.3 58.9 2097 59.3 137.6

2038 0.9 8.7 2068 28.3 60.9 2098 60.3 140.5

2039 1.6 9.9 2069 29.4 63 2099 61.3 143.3

2040 2.4 11.2 2070 30.4 65.2 2100 62.4 146.2

2041 3.2 12.4 2071 31.5 67.3 2101 63.5 148.9

2042 4.1 13.8 2072 32.6 69.6 2102 64.7 151.7

2043 5 15.1 2073 33.6 71.8 2103 65.9 154.4

2044 5.9 16.6 2074 34.7 74.2 2104 67.1 157.1

Notes: Sea-level rise in centimeters NAVD88 from Kopp et al. (2014) at Vaca Key, Florida. Values between decades (e.g., 2010, 2020) have been interpolated with a third-order polynomial fit. Low is 
the 50th percentile of the RCP 8.5 projection, high the 99th percentile. An offset of 1.4 cm (0.6 in) has been added to account for sea-level rise from 1992 to 2000 to convert the Kopp projections 
starting in 2000 to the NTDE MSL datum of 1992. The NAVD88 datum is 25.3 cm (10.0 in) above the NTDE MSL so that 25.3 cm has been subtracted to convert NTDE MSL to NAVD88. The projec-
tions have been offset to match observed mean sea level over the period 2008–2015 in Florida Bay of −14.8 cm (−5.8 in) NAVD88 (see appendix 1, online).
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or storm surges. Water levels will be both higher and lower than 
mean sea level depending on the tidal, weather, and storm condi-
tions.

Table 1B. Sea level rise projection: NAVD88 (ft)

Year Low High Year Low High Year Low High Year Low High

2015 −0.49 −0.49 2045 0.22 0.59 2075 1.17 2.51 2105 2.24 5.25

2016 −0.47 −0.45 2046 0.25 0.64 2076 1.21 2.59 2106 2.28 5.34

2017 −0.45 −0.42 2047 0.28 0.69 2077 1.25 2.67 2107 2.32 5.43

2018 −0.42 −0.39 2048 0.31 0.75 2078 1.29 2.76 2108 2.36 5.52

2019 −0.40 −0.35 2049 0.34 0.80 2079 1.32 2.84 2109 2.40 5.62

2020 −0.38 −0.32 2050 0.37 0.86 2080 1.36 2.93 2110 2.44 5.72

2021 −0.36 −0.29 2051 0.40 0.92 2081 1.40 3.01 2111 2.48 5.81

2022 −0.33 −0.26 2052 0.43 0.97 2082 1.43 3.10 2112 2.52 5.92

2023 −0.31 −0.23 2053 0.46 1.04 2083 1.47 3.19 2113 2.56 6.02

2024 −0.29 −0.19 2054 0.49 1.10 2084 1.51 3.28 2114 2.59 6.13

2025 −0.27 −0.16 2055 0.52 1.16 2085 1.55 3.37 2115 2.63 6.24

2026 −0.24 −0.13 2056 0.55 1.22 2086 1.58 3.46 2116 2.66 6.35

2027 −0.22 −0.10 2057 0.58 1.29 2087 1.62 3.56 2117 2.70 6.46

2028 −0.20 −0.06 2058 0.61 1.35 2088 1.65 3.65 2118 2.73 6.57

2029 −0.17 −0.03 2059 0.64 1.42 2089 1.69 3.75 2119 2.77 6.68

2030 −0.15 0.01 2060 0.67 1.48 2090 1.72 3.85 2120 2.80 6.80

2031 −0.13 0.04 2061 0.70 1.55 2091 1.75 3.94

2032 −0.10 0.07 2062 0.73 1.61 2092 1.78 4.04

2033 −0.09 0.10 2063 0.76 1.67 2093 1.82 4.13

2034 −0.06 0.14 2064 0.80 1.74 2094 1.85 4.23

2035 −0.04 0.17 2065 0.83 1.80 2095 1.88 4.32

2036 −0.02 0.21 2066 0.86 1.87 2096 1.91 4.42

2037 0.01 0.25 2067 0.90 1.93 2097 1.95 4.51

2038 0.03 0.29 2068 0.93 2.00 2098 1.98 4.61

2039 0.05 0.32 2069 0.96 2.07 2099 2.01 4.70

2040 0.08 0.37 2070 1.00 2.14 2100 2.05 4.80

2041 0.10 0.41 2071 1.03 2.21 2101 2.08 4.89

2042 0.13 0.45 2072 1.07 2.28 2102 2.12 4.98

2043 0.16 0.50 2073 1.10 2.36 2103 2.16 5.07

2044 0.19 0.54 2074 1.14 2.43 2104 2.20 5.15

Notes: Sea-level rise in feet NAVD88 from Kopp et al. (2014) at Vaca Key, Florida. Values between decades (e.g., 2010, 2020) have been interpolated with a third-order polynomial fit. Low is the 
50th percentile of the RCP 8.5 projection, high the 99th percentile. An offset of 0.55 inch (1.40 cm) has been added to account for sea-level rise from 1992 to 2000 to convert the Kopp projections 
starting in 2000 to the NTDE MSL datum of 1992. The NAVD88 datum is 0.83 feet (0.25 m) above the NTDE MSL so that 0.83 feet has been subtracted to convert NTDE MSL to NAVD88. The pro-
jections have been offset to match observed mean sea level over the period 2008–2015 in Florida Bay of −0.49 feet (−0.15 m) NAVD88 (see appendix 1, online).

Hypsographic maps
The impact of sea-level rise on a landscape is largely controlled 
by topography. In southwestern Florida, Everglades National Park 
contains a broad, flat, freshwater slough (Shark River Slough) 
that connects to the coastal ocean by rivers along the west coast, 
and by small passes through a slightly elevated marl ridge on the 
southern coast. Directly south of this coastal ridge is Florida Bay, 
a basin formed approximately 4,000 years ago as rising sea level 

flooded the region. In southeastern Florida, Biscayne National 
Park contains a mangrove fringe bordered by canals and devel-
oped properties, and islands within the park are typically less 
than 2 m (6.6 ft) above sea level. Not far away are the low-lying is-
lands of Dry Tortugas National Park, located about 113 km (70 mi) 
west of Key West. Each of these areas will be affected by sea-level 
rise in different ways as shown in figures 3 and 4 (pages 67–68), 
which are water-level elevation maps based on the sea-level rise 
projections through 2100 overlaid on a digital elevation model of 
the region (Fennema et al. 2013). These projections do not include 
tides or storm surge and are available online at http://nps.maps 
.arcgis.com (Alarcón 2016).
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As previously noted, the projections are adjusted to match mean 
sea level in Florida Bay over the period 2008–2015 (−14.8 cm 
NAVD88), which is represented in the maps with a white color 
level. This could be misleading since it indicates that southern 
Everglades National Park is currently at mean sea level and 
possibly inundated with seawater. However, these regions are 
freshwater marsh and freshwater to salt-tolerant transition zones. 
It is important to realize there is a dynamic equilibrium between 
freshwater flowing from the Everglades and the sea, and with 
sufficient freshwater elevation the seawater is effectively kept at 
bay. Another important factor is the buttonwood and mangrove 
ridge defining the boundary between Florida Bay and freshwater 
marsh that serves as a hydraulic barrier allowing the freshwater to 
maintain elevations above mean sea level, thus limiting saltwater 
intrusion. This ridge will eventually be permanently inundated, al-
lowing seawater to flow freely inland, but even then as Florida Bay 
expands, freshwater flowing downstream will serve to mitigate the 
extent of saltwater intrusion. As a result, mean sea-level elevations 
on the maps may not correspond to a marine environment. For 
example, figure 5 compares the current and projected sea-level 
elevations at the 50th percentile with an aerial photograph of the 
region near the Ingraham Highway in Everglades National Park. 
Although the current mean sea-level elevation dominates the 
lower portion of the region, this is not a marine environment but 
a transition zone between mangroves and freshwater marsh.

Influences of sea-level rise
Over the next 10 years, represented by the 2025 estimates, dramat-
ic change in sea level is not anticipated. The expected sea-level 
rise is 7 cm (3 in) for the low scenario and 10 cm (4 in) for the 
high projection. These changes will result in more frequent tidal 
inundation along coastal regions; however, the buttonwood ridge 
located along the north shore of Florida Bay will remain above 
sea level. This modest increase is not likely to have an impact 
on the terrestrial portions of Dry Tortugas or Biscayne National 
Parks; however, the increased sea level will likely reduce fresh-
water flow from the Biscayne Bay coastal wetlands into Biscayne 
National Park.

By 2050 sea level is expected to increase between 26 and 41 cm (10 
to 16 in). The effect on Shark Slough is similar for both projections 
with an increase in perennially inundated areas. It is difficult to 
project ecological impacts here since the amount of freshwater 
exerts important influence over the ecological response. Taylor 
Slough appears to experience significant impact under both 
scenarios with increasing pressure from sea level advancing up 
the slough perhaps as far as the Old Ingraham Highway. The east-
ern panhandle of the park is more heavily impacted by the high 
estimate than the low estimate simply because the high estimate 
exceeds the land surface elevation in this area and begins to over-
top the buttonwood ridge.

Figure 4. Mean sea-level 
elevation maps for Dry 
Tortugas National Park showing 
conditions at Loggerhead, 
Garden, Bush, and Long Keys 
for the median (50th) and 
high (99th percentile) RCP 
8.5 projections using current 
topography and NAVD. Tides 
and storm surges are not 
included in this projection.

An important aspect of sea-level rise is that it significantly shortens the expected 
recurrence intervals of storm surge.
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Figure 5. Comparison of sea-level elevations applied to digital 
elevation data (top) with an aerial photograph of the corresponding 
mangrove and marsh transition zone.

9336

By 2075 sea-level elevations are expected to increase by 51 and 91 
cm (20 and 36 in) for the low and high projections, respectively. 
Assuming that the buttonwood ridge does not increase in elevation 
from accretion or deposition, it appears that sometime between 
2050 and 2075 much of the buttonwood ridge will be permanently 
inundated. This could signal an important tipping point in the 
ecological response of freshwater marshes since freshwater basins 
delineated by the ridge will no longer be viable. It appears likely 
that these impacts will extend to the Ingraham Highway.

By 2100 the projected sea-level rise is 77 cm (30 in) for the low 
projection and 161 cm (63 in) for the high scenario. It is likely that 
widespread ecological changes will be evident around the coastal 
Everglades as Florida Bay expands. In the case of the low-lying 
islands of Biscayne and Dry Tortugas National Parks, many of 
these can be expected to become submerged.

One important caveat is that these inundation projections do not 
account for land elevation changes, either positive or negative, as 
may be observed as water level and salinity change over time. It is 

well understood that increased freshwater flow, as expected with 
Everglades restoration efforts, will help to protect against fresh-
water peat collapse by maintaining soil elevation and reducing the 
extent of saltwater intrusion (NRC 2014).

Park infrastructure
In addition to natural system ecological changes as sea level 
rises, visitor facilities and park infrastructure will also accrue 
impacts. For example, figure 6 presents application of the two 
sea-level rise scenarios to the Everglades National Park main 
entrance and Ernest F. Coe Visitor Center. These are compar-
isons of projected mean sea level with the best available land 
elevations surrounding the infrastructure and do not represent 
the actual finished floor elevations of the structures, which 
are likely higher than the surrounding land elevation. It is also 
important to note that mean sea level in Florida Bay fluctuates 
by approximately 30–40 cm in a yearly oceanographic cycle, 
as well as monthly and daily cycles from tides, so that effects 
of tidal inundation will be observed before the projected dates 
when mean sea level reaches a specific land elevation.

While some Everglades infrastructure such as the Ernest F. Coe 
Visitor Center, main park entrance, and Daniel Beard and Rob-
ertson Centers are projected to be unaffected by the low sea-level 
rise scenario out to 2100, all of these locations would be tidally in-
undated under the high sea-level rise projection at horizons from 
2075 to 2100. Everglades central receiving, the Royal Palm Visitor 

Figure 6. Projected mean sea-level elevations at Ernest F. Coe Visitor 
Center, Everglades National Park, and the main park entrance. Under 
the low sea-level rise scenario these buildings will not be perennially 
inundated out to 2100 (lower left). In the high projection (lower 
right), land surrounding the visitor center can be expected to be 
tidally inundated by 2075, while the park entrance will experience 
tidal inundation by 2100.

NPS/EVERGLADES NATIONAL PARK (2) NPS/EVERGLADES NATIONAL PARK
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Long Sound: Mean Water-Level Exceedance
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Center, and the Nike missile silos are expected to be at mean sea 
level by 2100 under the low projection and by 2075 under the high 
scenario. Conditions at Flamingo are mixed, with the low projec-
tion forecasting the housing and visitor center to remain above 
mean sea level out to 2100, but with the boat basin, maintenance 
yard, and water plant reaching mean sea level by 2100. Under the 
high projection the housing area is at mean sea level by 2100, the 
visitor center will be partially inundated by 2050, and the mainte-
nance yard and water plant will be tidally inundated by 2075.

At Dry Tortugas National Park the projections indicate that as 
early as 2075 or as late as 2100 Loggerhead Key will be tidally sub-
merged. At Fort Jefferson the north coal docks and campground 
remain above mean sea level to 2100 while areas around the ferry 
dock and the isthmus to Bush and Long Keys are expected to be 
at mean sea level by 2075 under the low sea-level rise projection. 
Under the high projection much of the north coal dock and 
campground will be at mean sea level by 2075, as will much of 
the land between the ferry dock and moat, although a portion of 
this will be at sea level by 2050. The isthmus to Bush Key will be at 
mean sea level by 2050.

Florida Current
These mean sea-level estimates represent the contemporary state 
of the art in local sea-level rise projection. However, knowledge 
of all processes and feedbacks driving sea levels is limited, and the 
models on which these projections are based are necessarily in-
complete. The models do not have the spatial resolution required 
to resolve significant fine-scale oceanographic processes such as 
variability in the Florida Current. The Florida Current is one of 
the strongest and most climatically important ocean currents and 
forms the headwater of the Gulfstream (Gyory et al. 1992). As the 
Florida Current fluctuates in intensity, sea levels along the Atlantic 
coast of Florida respond by falling when the current increases, 
and rising when current decreases (Montgomery 1938).

The Gulfstream and Florida Current are components of the 
Atlantic meridional overturning circulation (AMOC), a compo-
nent of the global ocean conveyor belt. Climate models agree that 
as the ocean warms and fresh meltwater is added, there will be 
a decline in the strength of the AMOC (Rahmstorf et al. 2015). If 
the Florida Current decreases in strength, then sea levels will rise 
along the Florida east coast and in Florida Bay, which is the south-
ernmost extent of Everglades National Park. The extent of this 
change is difficult to forecast, but recent evidence suggests that a 
10% decline in transport has contributed 60% of the roughly 7 cm 
(2.8 in) increase in sea level at Vaca Key over the last decade (Park 
and Sweet 2015). It is therefore plausible that a drastic slowdown 
of the AMOC and Florida Current could contribute an additional 
10–15 cm (3.9–5.9 in) of sea-level rise to South Florida over this 

century. This potential is not reflected in the sea-level rise projec-
tions, but should be acknowledged by authorities and planners 
who use them.

Inundation and nuisance (recurrent) flooding
Sea-level rise is slow and difficult to discern when compared to 
the dynamic impacts of changing seasons and storms. Though a 
drastic change in sea level requires centuries or millennia, pro-
nounced changes in the frequency and heights of coastal inun-
dation along low-lying coastlines can occur in decades, and such 
changes are now evident around the United States over the last 
few decades as sea levels rise (Sweet and Park 2014). For example, 
the number of daily water-level exceedances per year above the 
1993–2011 mean water level in Long Sound of Florida Bay within 
Everglades National Park is shown in figure 7. The curves show 
best-fit models based on general linear and geometric growth, 
suggesting that in the last decade the frequency of low-level 
inundations has transitioned from a slow, steady increase to one 
of escalating occurrences. These changes are a consequence of 
sea-level rise transitioning high water-level exceedances from low-
chance events to common events, and this change is accelerating.

Infrequent high-impact flooding (storm surge)
Although sea-level rise and the associated increases in recurrent 
flooding are important physical stresses on South Florida natural 
areas, it is the infrequent but high-impact storm surge events that 
drastically change the landscape over the course of a few hours. 
For example, Hurricane Wilma in 2005 had a profound impact 
on the ecology of the Cape Sable region of Everglades National 
Park (Smith et al. 2009; Whelan et al. 2009), producing extensive 
damage at the Flamingo Visitor Center and permanently closing 
the Flamingo Lodge and Buttonwood Cafe.

Figure 7. Daily water-level exceedances above the 1993–2011 mean 
water level in Long Sound of Florida Bay, Everglades National Park.
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Storm surge is highly dependent on the severity and path of the 
storm, as well as the local bathymetric and topographic features 
of the coast, and since it occurs infrequently it is difficult to de-
velop robust predictions of these rare events. A popular approach 
is to fit an extreme-value probability distribution to the highest 
water levels observed at a water-level monitoring gauge. Howev-
er, gauges have short periods of record, typically a few decades 
at most, and they fail or are destroyed during extreme storms 
such that peak water levels are not recorded. A predictive storm 
surge database, SurgeDat, was developed in part to address this 
shortcoming by providing a statistical combination of data from 
multiple events in an area of interest (Needham et al. 2013). Surge-
Dat records storm surge water levels from all available sources, 
often from post-event high-water marks where gauge data are not 
available. SurgeDat then applies a statistical regression to estimate 
storm surge recurrence intervals. A recurrence interval is the 
length of time over which one can expect a storm surge to meet 
or exceed a specific inundation level. A familiar example is the 
100-year flood level, which is really a 100-year recurrence interval 
at the specified flood level. In other words, in any one year there 
is a 1/100 or 1% chance that the flood level will be matched or 
exceeded. An excellent discussion of this can be found at the 
following US Geological Survey webpage: http://water.usgs.gov 
/edu/100yearflood.html.

Relevant to South Florida, a subset of SurgeDat was selected within 
a 40 km (25 mi) radius of 25.2° N, 80.7° as listed in table 2. Based on 
these events, the SurgeDat projection for storm surge recurrence 
intervals shown in figure 8 (page 72) and table 3 suggests that a 180 
cm (6 ft) surge event can be expected every 20 years. This same 
level of sea-level rise is not expected to occur until at least 2100.

Table 2. Hurricane storm surge inundation observations around Florida Bay from the SurgeDat database

Storm  Year  Longitude  Latitude  Surge (m)  Datum  Location
Katrina 2005 −81.0369 25.1294 1.22   Extreme SW Florida

Inez 1966 −80.5297 24.9976 1.10  Above Normal  Plantation Key

Alma 1966 −80.5135 25.0110 0.30  Above Normal  Tavernier

Gordon 1994 −80.5139 25.0108 1.22  Above Sea Level  Upper Florida Keys

Betsy 1965 −80.5148 25.0096 2.35  Mean Low Water  Tavernier

Donna 1960 −80.6353 24.9133 4.11   Upper Matecumbe Key

Andrew 1992 −80.9120 25.1431 1.50   Flamingo

Rita 2005 −80.7200 24.8605 1.22  NGVD 29  Middle and Upper Keys

Unnamed 1929 −80.3885 25.1848 2.68  Mean Sea Level  Key Largo

Wilma 2005 −81.0352 25.3523 2.50   Shark River 3

Gladys 1968 −80.5135 25.0110 0.15  Above Normal  Tavernier

David 1979 −80.6263 24.9231 0.61  Above Normal  Islamorada

Labor Day 1935 −80.7375 24.8516 5.49   Lower Matecumbe, Ferry Slip, Camp 3

Notes: Storm surge heights from these events are fit to a water-level exceedance and recurrence interval model to predict expected storm surge heights near Florida Bay with results shown in figure 
8 and listed in table 3.

Table 3. Storm surge height recurrence intervals

Interval 
(year) Surge (cm)

Interval 
(year) Surge (cm)

10 45 56 388

12 82 58 395

14 112 60 402

16 139 62 408

18 162 64 415

20 183 66 421

22 202 68 427

24 219 70 433

26 235 72 438

28 250 74 444

30 264 76 449

32 277 78 454

34 289 80 459

36 300 82 464

38 311 84 469

40 321 86 473

42 331 88 478

44 340 90 482

46 349 92 487

48 357 94 491

50 365 96 495

52 373 98 499

54 381 100 503

Note: Recurrence interval projection in years shown in figure 8 from the hurricane data in 
table 2. The interval is the expected number of years one would wait for the associated hurri-
cane storm surge to occur at least once. Note that this projection does not take into account 
future sea-level rise.
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Figure 8. Storm surge recurrence intervals from the SurgeDat 
database and return periods predictor for a 25-mile radius centered 
on 25.2° N, 80.7° W.

The recurrence interval projection is by necessity based on a 
sparse data set, and caution should be used in its interpretation. 
As projection intervals become longer, it is more likely that the 
observed data are inadequate to robustly represent all possibil-
ities. Also, these projections do not incorporate changes from 
sea-level rise, or from a changing climate, which can alter the 
strength and frequency of storms. An important aspect of sea- 
level rise is that it significantly shortens the expected recurrence 
intervals of storm surge. For example, under a median sea-level 
rise projection at Key West, Park et al. (2011) find that a 1-in-50-
year storm surge based on historical data in 2010 can be expected 
to occur once every five years by 2060.

Conclusion
Sea-level rise is one of the most robust indicators of climate 
change and a warming planet. The national parks of South Florida 
are intimately tied to the ocean, and are already experiencing 
physical and ecological changes in response to sea-level rise. 
Based on a review of the available science, we have developed a 
projection to inform park interests on sea-level rise and inunda-
tion, trends in the frequency of nuisance flooding, and recur-
rence intervals of storm surge. The sea-level rise projections are 
based on the RCP 8.5 emissions scenario published by the ICPP 
AR5, as this scenario is deemed the most likely given the current 
inability of the global industrial complex to realistically pursue 
emission reductions. Two estimates are provided that bracket the 
expected range of sea-level rise. The low projection is the 50th 
percentile (median) forecast, while the high projection is intended 
for worst-case planning and corresponds to the 99th percentile 
with only a 1% chance of occurring. However, these projections 
do not incorporate contributions from a collapse of Antarctic ice 
sheets, changes in the Florida Current, or inundation due to tides 
or storms. Although the high projection is deemed to have only a 

1% chance of occurrence under current conditions, a collapse of 
the Antarctic ice sheets could render it more plausible. Regardless 
of the specific sea-level rise projection, Everglades restoration 
with increased freshwater flow into the Everglades will serve to 
mitigate the impacts of sea-level rise over the next century.

Management actions in natural coastal systems will necessarily be 
location and project specific. An appropriate planning horizon is 
a crucial component of managerial design since benefits observed 
today may be offset by changing conditions within the planned 
lifespan of the project. Updates to the climate projections pre-
sented here are almost certain to occur and adaptive management 
practices should be incorporated when considering project alter-
natives, and, when appropriate, preference given to solutions that 
are flexible and can be adjusted as our understanding of current 
and expected impacts changes. These practices should be insti-
tutionalized as part of the ongoing monitoring and assessment 
process, incorporated into our education and outreach efforts, 
and used to best manage the influence of climate change on park 
resources.

Acknowledgments
The authors would like to thank Caryl Alarcón for GIS support. 
This work is a product of the South Florida Natural Resources 
Center, which is administered for the National Park Service by 
Everglades National Park.

References
Alarcón, C. 2016. Sea level rise projections for South Florida, 50th and 99th 

percentiles. 99th percentile: http://nps.maps.arcgis.com/home 
/webmap/viewer.html?layers=b61db3e154104ea486528c031390066c; 
50th percentile: http://nps.maps.arcgis.com/home/webmap/viewer 
.html?layers=87e87e094680431eab085a18adb36836.

We are … conservatively biasing the 
projections to lie between a lower 
bound of likely sea-level rise and 
a high projection representing an 
upper limit to be considered in risk 
assessments for highly vulnerable, 
costly, or risk-averse applications.

72 PARK SCIENCE • VOLUME 33 • NUMBER 1 • WINTER 2016–2017

http://nps.maps.arcgis.com/home/webmap/viewer.html?layers=b61db3e154104ea486528c031390066c
http://nps.maps.arcgis.com/home/webmap/viewer.html?layers=b61db3e154104ea486528c031390066c
http://nps.maps.arcgis.com/home/webmap/viewer.html?layers=87e87e094680431eab085a18adb36836
http://nps.maps.arcgis.com/home/webmap/viewer.html?layers=87e87e094680431eab085a18adb36836


Cazenave, A., and G. Le Cozannet. 2014. Sea level rise and its coastal 
impacts. Earth’s Future 2(2):15–34. doi:10.1002/2013EF000188.

Center for Operational Oceanographic Products and Services. 2000. Tidal 
datums and their applications. Special Publication NOS CO-OPS 1. 
National Oceanic and Atmospheric Administration, National Ocean 
Service Center for Operational Oceanographic Products and Services, 
Silver Spring, Maryland, USA. http://tidesandcurrents.noaa.gov 
/publications/tidal_datums_and_their_applications.pdf.

———. 2013. Tidal datums. National Oceanic and Atmospheric 
Administration, National Ocean Service Center for Operational 
Oceanographic Products and Services, Silver Spring, Maryland, USA. 
http://tidesandcurrents.noaa.gov/datum_options.html.

DeConto, R. M., and D. Pollard. 2016. Contribution of Antarctica to past 
and future sea-level rise. Nature 531(7596):591–597. doi:10.1038 
/nature17145.

Fennema, R., L. Pearlstine, and J. Parsons. 2013. EVER Elevation (version 1): 
A multi-sourced digital elevation model for Everglades National Park. 
Report. South Florida Natural Resources Center, Everglades National 
Park, Homestead, Florida, USA.

Gyory, J., E. Rowe, A. Mariano, and E. Ryan. 1992. The Florida Current. Gulf 
of Mexico Research Initiative, Consortium for Advanced Research on 
Transport of Hydrocarbon in the Environment, and Rosenstiel School 
of Marine and Atmospheric Science; University of Miami, Florida, USA. 
http://oceancurrents.rsmas.miami.edu/atlantic/florida.html.

Holland, P. R., A. Brisbourne, H. F. J. Corr, D. McGrath, K. Purdon, J. 
Paden, H. A. Fricker, F. S. Paolo, and A. H. Fleming. 2015. Oceanic and 
atmospheric forcing of Larsen C Ice-Shelf thinning. The Cryosphere 
9:1005–1024. doi:10.5194/tc-9-1005-2015.

Intergovernmental Panel on Climate Change (IPCC). 2013. Climate change 
2013: The physical science basis. Contribution of Working Group I to 
the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. T. F. Stocker, D. Qin, G.-K. Plattner, M. Tignor, S. K. Allen, 
J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. M. Midgley, editors. 
Cambridge University Press, Cambridge, UK, and New York, USA.

Jones, G. A., and K. J. Warner. 2016. The 21st century population-energy-
climate nexus. Energy Policy 93:206–212. doi:10.1016/j.enpol.2016 
.02.044.

Kopp, R. W., R. M. Horton, C. M. Little, J. X. Mitrovica, M. Oppenheimer,  
D. J. Rasmussen, B. H. Strauss, and C. Tebaldi. 2014. Probabilistic 21st 
and 22nd century sea-level projections at a global network of tide 
gauge sites. Earth’s Future 2(8):383–406. doi:10.1002/2014EF000239.

Krauss, K. W., A. S. From, T. W. Doyle, T. J. Doyle, and M. J. Barry. 2011. 
Sea-level rise and landscape change influence mangrove encroachment 
onto marsh in the Ten Thousand Island region of Florida, USA. Journal of 
Coastal Conservation 15(4):629–638. doi:10.1007/s11852-011-0153-4.

Montgomery, R. B. 1938. Fluctuations in monthly sea level on eastern U.S. 
coast as related to dynamics of western north Atlantic Ocean. Journal of 
Marine Research 1:165–185.

National Research Council (NRC). 2014. Progress toward restoring 
the Everglades: The fifth biennial review—2014. Committee on 
Independent Scientific Review of Everglades Restoration Progress, 
Water Science and Technology Board, Board on Environmental Studies 
and Toxicology; Division on Earth and Life Studies; National Research 
Council, Washington, DC, USA. doi:10.17226/18809.

Needham, H. F., B. D. Keim, D. Sathiaraj, and M. Shafer. 2013. A global 
database of tropical storm surges. EOS Transactions American 
Geophysical Union. 94(24):213–214. doi:10.1002/2013EO240001.

Park, J., J. Obeysekera, M. Irizarry, J. Barnes, P. Trimble, and W. Park-Said. 
2011. Storm surge projections and implications for water management 
in South Florida. Climatic Change 107(1) (Special Issue: Sea level rise in 
Florida: An emerging ecological and social crisis):109–128. doi:10.1007/
s10584-011-0079-8.

Park, J., and W. Sweet. 2015. Accelerated sea level rise and Florida Current 
transport. Ocean Science 11:607–615. doi:10.5194/os-11-607-2015. 

Rahmstorf, S., J. E. Box, G. Feulner, M. E. Mann, A. Robinson, S. Rutherford, 
and E. J. Schaffernicht. 2015. Exceptional twentieth-century slowdown 
in Atlantic Ocean overturning circulation. Nature Climate Change 
5:475–480. doi:10.1038/nclimate2554.

Smith, T. J., G. H. Anderson, K. Balentine, G. Tiling, G. A. Ward, and K. R. T. 
Whelan. 2009. Cumulative impacts of hurricanes on Florida mangrove 
ecosystems: Sediment deposition, storm surges, and vegetation. 
Wetlands 29(1):24–34. doi:10.1672/08-40.1.

Steffen, W., W. Broadgate, L. Deutsch, O. Gaffney, and C. Ludwig. 2015. 
The trajectory of the Anthropocene: The Great Acceleration. The 
Anthropocene Review 2(1):81–98. doi:10.1177/2053019614564785.

Sweet, W. V., and J. Park. 2014. From the extreme to the mean: 
Acceleration and tipping points of coastal inundation from sea level rise. 
Earth’s Future 2(12):579–600. doi:10.1002/2014EF000272.

US Army Corps of Engineers (USACE). 2014. Procedures to evaluate sea 
level change: Impacts, responses, and adaptation. U.S. Army Corps of 
Engineers, Washington, DC, USA. Technical Letter No. 1100-2-1, 30 
June 2014. http://www.publications.usace.army.mil/Portals/76 
/Publications/EngineerTechnicalLetters/ETL_1100-2-1.pdf.

Whelan, K. R. T., T. J. Smith III, G. H. Anderson, and M. L. Ouellette. 2009. 
Hurricane Wilma’s impact on overall soil elevation and zones within the soil 
profile in a mangrove forest. Wetlands 29(1):16–23. doi:10.1672/08-125.1.

Wouters, B., A. Martin-Español, V. Helm, T. Flament, J. M. van Wessem, 
S. R. M. Ligtenberg, M. R. van den Broeke, and J. L. Bamber. 2015. 
Dynamic thinning of glaciers on the Southern Antarctic Peninsula. 
Science 348(6237):899–903. doi:10.1126/science.aaa5727.

About the authors
Joseph Park is a physical scientist, Erik Stabenau (erik 
_stabenau@nps.gov) is an oceanographer and coastal ocean 
modeler, and Kevin Kotun is a hydrologist. All are with the 
South Florida Natural Resources Center in Everglades  
National Park, Homestead, Florida.

73STATE OF THE SCIENCE

http://dx.doi.org/10.1002/2013EF000188
http://tidesandcurrents.noaa.gov/publications/tidal_datums_and_their_applications.pdf
http://tidesandcurrents.noaa.gov/publications/tidal_datums_and_their_applications.pdf
http://tidesandcurrents.noaa.gov/datum_options.html
http://dx.doi.org/10.1038/nature17145
http://dx.doi.org/10.1038/nature17145
http://oceancurrents.rsmas.miami.edu/atlantic/florida.html
http://dx.doi.org/10.5194/tc-9-1005-2015
http://dx.doi.org/10.1016/j.enpol.2016.02.044
http://dx.doi.org/10.1016/j.enpol.2016.02.044
http://dx.doi.org/10.1002/2014EF000239
http://dx.doi.org/10.1007/s11852-011-0153-4
http://dx.doi.org/10.17226/18809
http://dx.doi.org/10.1002/2013EO240001
http://dx.doi.org/10.1007/s10584-011-0079-8
http://dx.doi.org/10.1007/s10584-011-0079-8
http://dx.doi.org/10.5194/os-11-607-2015
http://dx.doi.org/10.1038/nclimate2554
http://dx.doi.org/10.1672/08-40.1
http://dx.doi.org/10.1177/2053019614564785
http://dx.doi.org/10.1002/2014EF000272
http://www.publications.usace.army.mil/Portals/76/Publications/EngineerTechnicalLetters/ETL_1100-2-1
http://www.publications.usace.army.mil/Portals/76/Publications/EngineerTechnicalLetters/ETL_1100-2-1
http://dx.doi.org/10.1672/08-125.1
http://dx.doi.org/10.1126/science.aaa5727
mailto:erik_stabenau%20%40nps.gov?subject=Email%20the%20second%20author
mailto:erik_stabenau%20%40nps.gov?subject=Email%20the%20second%20author


In Focus

Grand Canyon’s corridor trail system: 
Linking the past, present, and future
By Elyssa Shalla
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Figure 1. View of the 
upper Bright Angel Trail 
from Hermit Road on 
the South Rim of Grand 
Canyon.

NPS/MICHAEL QUINN

Abstract
Grand Canyon National Park is in the final 
stages of a multiyear process to revise the 
park’s 1988 backcountry management plan. This 
article provides an overview of the early use, 
development, and management of the park’s 
corridor trail system, as a means for understanding 
some of the current recreational trends that 
challenge park managers.

Key words
corridor, cultural history, Grand Canyon National 
Park, recreation
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THE CORRIDOR TRAIL SYSTEM OF GRAND 
Canyon National Park (Arizona) is one of 
the most popular and heavily visited back-

country destinations in the National Park System 
today (fig. 1, pages 74–75, and fig. 2) (USDI 2012). 
This backcountry area has a complex cultural 
history spanning thousands of years, serving as a 
homeland and transportation, utility, and recre-
ation corridor for inhabitants, park managers, 
and visitors alike. Over the past several decades 
visitation to the park and recreational use of the 
corridor trail system have grown tremendously. 
Grand Canyon National Park is in the process of 
updating its backcountry management plan to 
address issues of visitor access, visitor experience, 
resource management, and resource protection 
in the corridor. As the first revision of this plan 
since 1988, it is coordinated with several manage-
ment studies and program reviews. Public scoping 
for the revised plan began in spring 2011, and the 
park is now reviewing comments on the recently 
released draft environmental impact statement. 
A final decision is expected in the next year. This 
article outlines the history of the corridor trail sys-
tem and is intended to “set the stage” for the three 
companion articles that follow, each of which 
highlights a related management program or study: 
visitor experience research on trail capacities, the 
canyoneering monitoring program, and the pre-
ventive search-and-rescue program.

Background

Grand Canyon National Park’s corridor primar-
ily consists of the Bright Angel, South Kaibab, 
and North Kaibab trails (fig. 2). Descending at 
least 4,000 ft (1,219 m), each trail plunges off of 
forested rims and then switchbacks its way down 
into the lower Sonoran Desert life zone (see fig. 
1). These 30.5 miles (49 km) of trail function as 
the main arteries for inner canyon travel and are 
linked at the heart of the canyon by two sus-
pension bridges and the Colorado River Trail. 
A cultural and historic landscape distinct from 
the more than 1.1 million acres (445,000 ha) of 
proposed wilderness that surround it (fig. 3, page 
78), the corridor reflects how human use and 
recreation have evolved in the park’s backcountry 
over time.

Early use of the Bright 
Angel Fault

Native uses
Grand Canyon has lured people to venture 
into its depths for thousands of years. Bisecting 
the canyon and contorting its most formidable 
geologic layers into penetrable terrain, the Bright 
Angel Fault has served as a natural means of ac-
cess to the inner canyon since prehistoric times. 
At numerous sites along the fault, archaeologists 
have documented structures and artifacts created 
by Archaic, ancestral Puebloan, Cohonina, and 
protohistoric American Indians (Milner 2005). 
The availability of water and warmer tempera-
tures likely inspired early travel and human occu-
pation of the area.

Mining
At the turn of the 20th century, prospectors (and 
their mules) came in search of mineral wealth 
(Berkowitz and Thybony 2004). From 1890 to 1891, 
Pete Berry, along with brothers Niles and Ralph 
Cameron, widened what is now the Bright Angel 
Trail as far down as Indian Garden in hopes of 
exploiting nearby mineral deposits. However, it 
did not take them long to realize that “the real 
riches lay in tourism and not in ore” (Berkowitz 
and Thybony 2004). Much to the ire of the Santa 
Fe Railroad, whose tracks had reached the South 
Rim in 1901, Ralph Cameron filed mining claims at 
strategic points along the trail. He also charged a $1 
toll for use of the trail (fig. 4, page 79) and profit-
ed from overnight guests at his newly established 
Indian Garden Camp (Berkowitz and Thybony 
2004).

Tourism
Also hoping to profit from the burgeoning popu-
larity of inner canyon tourism was E. D. Woolley, 
a Utah businessman. In 1903, Woolley established 
the Grand Canyon Transportation Company with 
his son-in-law, David Rust, a local schoolteacher 
(Swanson 2007). Rust would go on to develop a 
trail on the north side of Bright Angel Fault that 
had originated with Francois Matthes of the US 
Geological Survey. This trail, the predecessor to 
the modern North Kaibab Trail, led to a camp 
that Rust also developed, situated near the mouth 
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Figure 2. The popular 
corridor trail system at 
Grand Canyon National 
Park connects the North 
and South Rims by way 
of the North and South 
Kaibab Trails and the 
Bright Angel Trail over 
a total distance of 30.5 
miles (49 km).
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of Bright Angel Creek (Berkowitz and Thybony 
2005). By 1907, outfitting services were offered 
from Kanab, Utah, to Rust’s Camp, and Rust had 
erected a cable tramway over the Colorado River 
(fig. 5), linking trails on both sides of Bright Angel 
Fault (Anderson 2000). At this time, the majority 
of visitors to Grand Canyon’s backcountry were 
visiting these remote locales via guided mule trips.

Developing the corridor 
trail system

South Kaibab Trail and Phantom Ranch
Coconino County took control of the Bright Angel 
Trail in 1912 when Cameron’s legal right to operate 
the trail as a toll road expired (USDI 2006). The 
National Park Service (NPS) assumed manage-

ment of lands adjacent to the Bright Angel Trail as 
a national park in 1919. The Park Service made im-
provements to the area around this time, including 
the construction of a swinging wooden suspension 
bridge that would mitigate safety concerns with 
Rust’s old cable tramway (USDI 2012). Howev-
er, sustained legal struggles between the county 
and the National Park Service over control of the 
Bright Angel Trail soon led to the construction of 
the South Kaibab Trail.

In 1924, two crews began constructing this trail 
between the west side of Yaki Point and the Colo-
rado River. Completed in 1925, the South Kaibab 
Trail provided visitors with spectacular views and 
toll-free access to Phantom Ranch (fig. 6), a resort 
at the bottom of the canyon operated by the Fred 
Harvey company, a park concessioner, and the 
Santa Fe Railroad (Anderson 2000).

Figure 3. Multiple 
jurisdictions and various 
land uses surround the 
national park in the 
Grand Canyon region. 
Within the national 
park the corridor trail 
system is a designated 
cultural and historic 
landscape among the 
more than 1.1 million 
acres (445,000 ha) of 
proposed wilderness.
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Situated near the site of Rust’s Camp, and de-
signed to resemble a rustic ranch in the desert, 
Phantom Ranch, designed by Santa Fe Railroad 
architect Mary Elizabeth Jane Colter, quickly 
became a popular hideaway for stylish celebrities 
of the era (Thybony 2001). The resort expanded, 
and by 1930, it consisted of many cabins, tents, a 
recreation hall, a bathhouse, and a canteen. The 
rapidly increasing visitation led to construction 
of the park’s first corridor sewage system in 1936 
(USDI 2012).

The North Rim
Improving recreational access to Phantom Ranch 
from the North Rim was a priority for the Na-
tional Park Service from 1926 to 1928. During this 
time, the Park Service constructed the North Kai-
bab Trail. This new trail followed Rust’s trail at its 
lower elevations but deviated from it nearer the 

top, passing through Roaring Springs Canyon and 
directly linking to the North Rim Entrance Road, 
currently known as Highway 67. In the lower 
trail segment, 94 crossings of Bright Angel Creek 
were reduced to a mere seven with the construc-
tion of steel and concrete bridges spanning the 
creek (Anderson 2000). Upon completion of this 
work, the North Kaibab Trail was connected to 
the South Kaibab Trail with a new, rigid, steel 
suspension bridge called the Black Bridge (fig. 7, 
next page).

Bright Angel Trail
Black Bridge was nearing completion in 1928 
when Coconino County ceded the Bright Angel 
Trail to the National Park Service. Park adminis-
trators, confronted with the prospect of main-
taining two rim-to-river trails on the south side 
of the canyon, considered abandoning the Bright 

Figure 4. Riders pay a 
toll at Cameron’s Bright 
Angel Trailhead, around 
1910.
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Figure 5. Visitors enjoy the convenience of David 
Rust’s aerial tramway crossing the Colorado River, 
around 1908.

Figure 6. Three visitors sit outside the original lodge at 
Phantom Ranch, around 1925.
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Angel Trail altogether, but ultimately recognized 
its value as an additional path to the river. The 
trail also provided access to perennial Garden 
Creek, the source of water for the first pipeline 
to the South Rim (Anderson 2000). Over the next 
decade, the National Park Service reconstruct-
ed and realigned the entire length of the Bright 
Angel Trail and created a new trail linking it to 
the South Kaibab Trail. This 1.5-mile (2.4 km) 
link, now known as the Colorado River Trail, 
was built by Civilian Conservation Corps Com-
pany 818—with the assistance of approximately 
40,000 pounds (18,144 kg) of explosive powder 
(fig. 8) (Purvis 2002). At the close of the 1930s, the 
corridor trail system was complete. The system’s 
infrastructure would see few major changes in the 
decades to come, but its dusty tread would soon 
capture more than just mule tracks.

Crowds in the corridor

Hiking and backpacking
Mule rides remained the primary form of recre-
ation below the canyon’s rims until the end of 
World War II, when “young men, conditioned to 
long walks with heavy packs,” began embarking 
upon day hikes and overnight stays in the canyon 
(Anderson 2000). By 1946, registers at the South 
Kaibab and Bright Angel trailheads indicated that 
the number of hikers equaled or surpassed the 
nearly 10,000 annual mule riders descending into 
the canyon. As a result, the corridor soon became 
so congested that in 1947, mule parties departing 
Phantom Ranch were sent up the South Kaibab 
Trail in order to avoid the throngs of hikers on 
the more popular Bright Angel Trail (Anderson 
2000).

Increased recreational use in the corridor reflected 
an overall boom in visitation that was occurring 
on the rim (fig. 9). With visitation to the park 
rising from 665,000 in 1950 to 1,168,000 in 1960, 
the pipeline from Indian Garden to the South Rim 
struggled to meet the demand for water (Anderson 
2000). By the early 1960s, a critical water shortage 
developed, and construction began on a transcan-
yon pipeline that would supply water to the South 
Rim developed area from Roaring Springs, located 
nearly 5 miles (8 km) down the North Kaibab Trail. 
As it neared completion in 1966, a major flood 
destroyed the transcanyon pipeline. Reconstruc-
tion began the following year and by 1970, Roaring 
Springs water was being pumped to storage tanks 
on both rims (Hughes 1978). The transcanyon 
pipeline was the most significant addition to 
corridor infrastructure since the 1930s. It provided 
treated water to recreational visitors at various 
locations along the North Kaibab and Bright Angel 
Trails, and also resulted in the construction of 
another suspension bridge about one-half mile 
(0.8 km) downstream from Black Bridge. The new 
Silver Bridge, built to suspend the pipeline over the 
Colorado River, would also benefit an increasing 
demographic of hikers and backpackers. Mule 
traffic remained on Black Bridge, however, because 

Figure 7. Early corridor 
trail users benefited 
from the 1921 swinging 
bridge (lower of the two) 
and the 1928 Kaibab 
suspension bridge over 
the Colorado River 
in 1928. The Kaibab 
suspension bridge, 
also known as “Black 
Bridge,” is still used 
today by hikers and for 
all mule crossings.

NPS/GRAND CANYON NATIONAL PARK MUSEUM COLLECTION

Figure 8. Workers with 
Civilian Conservation 
Corps Company 818 
construct the River Trail, 
around 1935.

NPS/GRAND CANYON NATIONAL PARK MUSEUM COLLECTION
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it was a more stable walking surface for pack 
animals.

By the 1970s, backpacking had exploded at Grand 
Canyon and established trails and campgrounds 
were overcrowded. According to Hughes (1978), 
“On some summer nights at Phantom Ranch, 800 
to 1,000 campers occupied a campground that 
could comfortably accommodate 75 at most.” The 
increase in recreational use was so dramatic that 
in 1974 a backcountry office, a reservation system, 
and the park’s first backcountry management plan 
were created (Anderson 2000).

The rise of adventure and endurance sports
Backpacking remains popular in the corridor (fig. 
10, next page), but in recent years, the number of 
people participating in activities such as can-
yoneering, trail running, and endurance hiking at 
Grand Canyon has increased from a mere hand-
ful of individuals into distinct user groups. For 
canyoneers, slot canyons and waterfalls located 
near the corridor provide opportunities to hike, 
climb, rappel, and swim (Martin 2011). Canyoneers 
use the corridor to access nearby routes such as 
Pipe Creek, Garden Creek, Phantom Creek, and 
Ribbon Falls. For endurance athletes, the corridor 
is a venue to execute laps, test one’s stamina, and 
race against a stopwatch. Groups surpassing 300 
people strain the water spigots, toilets, emergency 
telephones, and backcountry rangers along the 
route.

As occurred during the previous periods of 
recreational growth, corridor infrastructure is 
again struggling to meet the demands of emerging 
recreational uses with mass appeal. The transcan-
yon pipeline has exceeded its 30- to 40-year life 
expectancy and is prone to multiple breaks annu-
ally (Lowe 2013). Jerome Chavez, Grand Canyon 
National Park’s Phantom Ranch sewage treatment 
plant operator, stated in an e-mail message dated 
4 February 2014, “The treatment plant exceeds 
its daily capacity by 10:00 am on Saturdays during 
spring and autumn.” Although rim-to-rim run-
ning and canyoneering both have their roots in 
the 1960s, it is in the 2010s that the National Park 
Service is grappling with how to best accommo-
date the number of people participating in these 
activities (Strout 2013).

Figure 9. Annual recreation visitation at Grand Canyon National Park, 1919–2015 
(NPS 2016). (The data are available in a linked file online.)

NPS/NATURAL RESOURCE STEWARDSHIP AND SCIENCE

At the close of the 1930s, the corridor trail system was complete. The system’s 
infrastructure would see few major changes in the decades to come, but its dusty 
tread would soon capture more than just mule tracks.
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Conclusion

Park managers are in the final stages of a multi-
year process to revise the park’s 1988 backcountry 
management plan. Through this process, park 
managers are striving to understand how all of 
the corridor’s recreational activities influence and 
affect the experience of different user groups, as 
well as the natural and cultural resources protect-
ed there (Strout 2013). Special-use permits have 
been tested for endurance sports over the past 
couple of years, adaptive management techniques 

are being adopted to handle emerging uses such as 
canyoneering, and modifications to staffing levels 
are being implemented to mitigate the strain of 
current recreational trends on emergency services 
personnel. The following three articles examine 
how the increased popularity of endurance sports 
has impacted visitor experience, how a canyoneer-
ing monitoring program has documented impacts 
to technical routes within the corridor, and how 
the implementation of a preventive search-and-
rescue program has increased visitor safety.

Figure 10. A backpacking 
party passes the 
Cottonwood Camp
ground restrooms on 
the North Kaibab Trail. 
Cottonwood is a small 
campground located 6.8 
miles (11 km) below the 
North Rim.

NPS/MICHAEL QUINN
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roots in the 1960s, it is in the 2010s that the National Park Service 
is grappling with how to best accommodate the number of people 
participating in these activities.
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Understanding extended day use of 
corridor trails
By Peter Pettengill

Abstract
Studies conducted over nearly 40 years 
illustrate that solitude is important to visitors 
in the backcountry of Grand Canyon National 
Park. However, with the increasing popularity 
of endurance day hiking and trail running, 
opportunities for visitors to experience solitude 
along the park’s classic rim-to-rim trails are 
becoming scarcer. This study used a questionnaire 
to assess visitor perceptions of what travel 
conditions along the trails should be and 
compared them with what conditions actually 
are as estimated by automated traffic counters, 
systematic staff observations, and hikers’ 
perceptions of the number of encounters with 
others. Results from the normative and objective 
approaches demonstrate how often visitors 
may be experiencing unacceptable conditions. 
The survey also measured visitor perceptions of 
various management interventions that could be 
considered to increase opportunities for solitude.

Key words
day hiking, Grand Canyon National Park, 
trail running, visitor experience, visitor use 
management, visitor use planning

THE GROWING USE OF BACKCOUNTRY 
trails at Grand Canyon National Park, 
Arizona, is a concern among trail users and 

managers alike (fig. 1). Observations by NPS staff 
and public comments on the park’s 2011 scoping 
process for the park’s backcountry management 
plan revision reveal this trend. Increasing use of 
corridor trails has led to user conflict, increased 
litter, abandoned gear, improper disposal of 
human waste, crowding at restrooms and attrac-
tion sites, an overburdened wastewater treatment 
plant, vehicle congestion and crowding at trail-
heads, and general concerns over trail courtesy 
among visitors. Furthermore, park rangers have 
reported increases in unprepared and injured rim-
to-rim hikers and runners resulting in additional 
search-and-rescue responses. Increases in use lev-
els and commensurate impacts are exacerbated by 
publicity through social and other popular media 
outlets. Hiking and running rim to rim, particular-
ly, has been reported on by a number of popular 
magazines and numerous Facebook sites, which 
promote the traverse as a day trip.

Grand Canyon’s 1988 Backcountry Management 
Plan provides guiding policy for corridor and other 
trails in the park’s more remote reaches (NPS 1988; 
see also the map on page 77). For example, over-
night use limits for backpacking were established by 
the plan. Furthermore, it clearly notes that the num-
ber of daytime contacts a backcountry user has with 
other people is an important indicator of quality for 
visitor experience. While limits for overnight parties 
were implemented by the 1988 plan, day-use levels 
were not explicitly addressed. Still, use levels in the 
corridor have remained an issue in recent decades. 
Grand Canyon’s 1995 General Management Plan 
noted overcrowding on corridor trails as a planning 
issue (NPS 1995) and the park’s 2010 Foundation 
Statement referred to the 1988 Backcountry Man-
agement Plan as outdated and in need of review 
(NPS 2010).

Given that decades of research reveal that soli-
tude is an important motivation among visitors 
to Grand Canyon’s backcountry (Towler 1977; 
Underhill et al. 1986; Stewart 1997; Backlund et al. 
2006), and that the park’s 1988 backcountry man-
agement plan emphasizes limited daytime contacts 
among backcountry users as integral to the visitor 
experience, in 2013 park planners chose to reassess 
use levels and related visitor perceptions along 
corridor trails.

The study

This study was designed by park staff to address 
three questions. First, it would estimate what use 
levels along corridor trails actually are. Second, 
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Grand Canyon NP Visitor Use Monitoring Form
Return completed cards to Peter Pettengill—SRM

Date: Start Time
(military):

End Time
(military):

Trail Segment Hiked:
Check only one

Direction Hiked
Check only one

# of People
Encountered:

Personnel
(your name):

SKT = South Kaibab Trail from Black Bridge to Tipoff
BAT = Bright Angel Trail from Silver Bridge to Indian Garden
NKT = North Kaibab Trail from Clear Creek junction to Roaring 

Springs residence

BAT NKT IN OUTSKT

it would consider visitor perceptions of what use 
levels along corridor trails should be. Third, it 
would focus on a further understanding of issues 
along corridor trails and visitor perceptions of 
management interventions that could be used to 
address them.

We concentrated on inner canyon trail segments 
of the Bright Angel and South and North Kaibab 
Trails. Specifically, we studied the Bright Angel 
Trail from Indian Garden to Silver Bridge; the 
South Kaibab Trail from Tipoff to Black Bridge; 
and the North Kaibab Trail from Manzanita Rest 
Area to Clear Creek Junction (see map on page 77). 
Each of these trail segments begins approximately 
5 miles (8 km) into the canyon and ends outside 
of Phantom Ranch. We chose inner canyon trail 
segments based on a reasonable expectation for 
relative solitude given distance from trailheads, 
and excluded the Phantom Ranch area based on 
its design as a place for people to gather, relax, and 
spend time.

Methods

We applied two separate methods to estimate use 
levels along corridor trails. The first employed au-
tomated visitor counters to approximate trail use 
volumes. Counters were established approximately 
5 miles (8 km) into the canyon along each trail to 
coincide with the study area. Each counter consist-
ed of an infrared sensor linked to a small memory 
unit that stored count data. The unit registered a 
count each time the sensor detected an infrared 
signature of a warm moving object. Count data 
were collected from 9 May to 5 July 2013. 

The second approach involved park staff and 
volunteers collecting descriptive data regarding 
use levels along inner canyon trail segments. Staff 
and volunteers systematically counted the number 
of people they encountered while walking along 
inner canyon trail segments. They used hand 
counters and monitoring forms to record their 
observations. This form included such attributes 
as the date, start and end times of their hike, and 
the trail segment and direction hiked (fig. 2). Given 
limited resources for the study, we employed an 
opportunistic sampling plan in which staff and vol-

Figure 1. Use of the three 
main trails of the Grand 
Canyon corridor is on 
the rise with an increase 
in endurance day hiking 
and trail running and 
consequences for the 
visitor experience.

NPS/PETER PETTENGILL

Figure 2. The study involved a questionnaire to be completed by a member of a 
trail user group and a monitoring form, shown here, to be filled out by park staff 
and volunteers.
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unteers participated as their duties and free time 
allowed. While some bias may be acknowledged 
here, it was important to park researchers that 
sampling not be encouraged during the heat of 
the day. Exposure to extreme heat is a safety issue, 
and we thought that trail users would have also 
been less active during these time periods anyway. 
Monitoring forms were made available beginning 
15 April and collected on 1 June 2013. An additional 
16 forms were collected on this trail segment in 
spring 2014, and 14 more in fall of the same year. 
(The final study report at https://www.nps.gov 
/grca/learn/management/upload/Grand-Canyons 
-Corridor-Trails-Report-July2016.pdf details all 
data collection along all trail segments.)

We also designed an evaluative visitor survey to 
measure perceptions of what use levels along these 
trails should be and what management interven-
tions should be used to address them. Approval 
to administer the survey was received in advance 
from the Office of Management and Budget. We 
administered the normative survey to a representa-
tive sample of hikers at Manzanita Rest Area along 
the North Kaibab Trail, at Indian Garden along the 
Bright Angel Trail, and at Phantom Ranch along 
the South Kaibab Trail (see map, page 77). Surveys 
were administered on weekdays and weekends 
between 27 April and 27 May 2013. We chose sam-

Figure 3. Visitor use 
counts from automated 
counters along the inner 
corridor trail system at 
Grand Canyon National 
Park, 9 May to 5 July 
2013. (Data are available 
in a linked table online.)

pling locations strategically in order to facilitate 
sampling visitors shortly after they had traveled a 
segment of inner canyon trails.

At the start of each sampling day, surveyors 
stationed at each sampling location approached 
the first visitor group to arrive and asked a mem-
ber of their group if he or she would be willing to 
participate in the survey. Visitors who agreed were 
given the survey instrument and provided verbal 
instructions about how to complete the ques-
tionnaire. Those who were unwilling or unable to 
participate were thanked for their consideration. 
After finishing a contact with a visitor group, the 
surveyor completed an entry on a survey response 
log and then asked the next visitor group to par-
ticipate. This process continued throughout each 
sampling day. Of 573 people asked to participate 
in the study, 477 agreed. The overall response rate 
for the survey was 83%. We note that a full report 
of this research includes more comprehensive in-
formation on methods and results (Pettengill 2015) 
and that these sections have been condensed here 
for the purpose of this article.

Results

Total daily use was variable over the course of the 
study period, as estimated from data recorded 
by the automated counters (fig. 3). Use peaked 
on 18 May, the first Saturday after the North Rim 
opened for the season, and was highest during 
weekends in the month of May. Overall, use 
began to taper off after Memorial Day weekend 
and during the warmer months of June and July. 
Though the counter does not discern among 
user types or specify the exact number of people 
on inner canyon trails each day, it does provide 
general estimates of total use along corridor trails 
and valuable information regarding overall use 
patterns and trends. The automated counter data 
are corroborated by visitor encounter surveys 
that also revealed more visitors on weekend days 
(Friday through Sunday) than on weekdays (Mon-
day through Thursday; table 1). All counts are for 
all trail users, including day hikers, trail runners, 
backpackers, Phantom Ranch guests, mule trips, 
river exchanges, and administrative staff.
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Results from the survey highlight visitor assess-
ments of potential problems along corridor trails, 
including encounters among visitors, attitudes 
toward access, and perceptions of a range of possi-
ble management interventions aimed at preserving 
high-quality visitor experiences. For example, 
respondents were asked whether or not there were 
“too many other visitors” on inner canyon trail 
segments, if other visitors were “rude and incon-

Figure 4. Acceptability of trail user encounter rates 
along South Kaibab Trail between Tipoff and Black 
Bridge as measured by surveys administered at end of 
South Kaibab Trail segment from 27 April to 27 May 
2013. The point at which the curve crosses the zero 
line denotes the point at which conditions become 
unacceptable and indicates the trade-off between use 
levels and acceptability.

Table 1. Encounters among users of the South Kaibab Trail between Tipoff and Black Bridge, 15 
April to 1 June 2013 (n = 44)

Minimum Maximum

Average Observations

Monday to Thursday Friday to Sunday >45 <15

0 143 12 38 7 24

siderate,” and if there were “unacceptable impacts 
to park resources.” They were also asked to rate 
how much of a problem each of these was on a 
scale ranging from “not a problem” to a “big prob-
lem.” Results are summarized in table 2 and reveal 
that more than half of respondents did not think 
that any of these issues was a problem. However, 
38% of visitors, the most for any issue, identified 
that “Too many other visitors” is either a small or 
big problem.

Table 2. Degree of problems along inner canyon trail segments as evaluated by survey respondents 
(n = 448)

Type of Problem Not a Problem Small Problem Big Problem Don’t Know

Too many other visitors 55% 35% 3% 6%

Rude and inconsiderate visitors 65% 18% 12% 5%

Unacceptable impacts to park resource 57% 23% 13% 7%

In order to evaluate the number of trail encounters 
among visitors and how this relates to perceptions 
of crowding we relied on two components of the 
questionnaire. First we asked respondents to rate 
how acceptable a range of descriptive simulated 
crowding scenarios would be if these conditions 
were experienced while hiking inner canyon 
trails. Each scenario described different numbers 
of visitors encountered, and respondents rated 
the acceptability of each on a scale ranging from 
3 (very acceptable) to −3 (very unacceptable). 
We calculated average acceptability ratings for 
each scenario and plotted them on a social norm 
curve. As illustrated in figure 4, conditions along 
the South Kaibab Trail become unacceptable as 
hikers encounter approximately 45 or more other 
visitors between Tipoff and Black Bridge. More-
over, visitors prefer to experience around 15 such 
encounters.
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The second evaluative component related to crowd-
ing involved asking respondents to “estimate the 
number of other visitors you saw” between Tipoff 
and Phantom Ranch. Approximately 25% of respon-
dents reported observing fewer than 15 other visitors 
while around 28% reported seeing 46 or more; 12% 
reported not being able to remember (table 3).

Table 3. Number of visitors seen by survey respondents between Tipoff and Phantom Ranch along 
the South Kaibab Trail (n = 135)

Number of Visitors Reported Seen by Percentage

0–15 16–30 31–45 46–60 61–100 >100 Can’t remember

26% 27% 7% 12% 12% 4% 12%

Note: Not all survey respondents traveled along the South Kaibab Trail during their trip.

We asked a battery of questions regarding visitor at-
titudes toward backcountry management priorities, 
particularly backcountry access. On a scale rang-
ing from “strongly agree” to “strongly disagree,” 
respondents recorded their feelings related to the 
following statements: “If people feel crowded, ac-
cess should be reduced,” “If visitor-caused resource 
impacts are high, access should be reduced,” “If 
solitude is lost, access should be reduced,” and “Ac-
cess should never be reduced, even if use is high.” 
Results are synthesized in table 4. Responses related 

to crowding and solitude lacked agreement. Where-
as visitor-caused impacts had the highest level of 
agreement (73% agreed or strongly agreed), 61% of 
respondents disagreed or strongly disagreed with 
the statement that “access should never be reduced, 
even if use is high.”

Table 4. Survey respondents’ level of agreement with access-related statements

Statements n
Strongly 
Agree Agree Neutral Disagree

Strongly 
Disagree

Don’t 
Know

If people feel crowded, access 
should be reduced

448 9% 28% 27% 24% 10% 2%

If visitor-caused resource impacts are 
high, access should be reduced

441 25% 48% 15% 6% 4% 1%

If solitude is lost, access should be 
reduced

437 7% 25% 31% 25% 11% 1%

Access should never be reduced, 
even if use is high

438 6% 11% 20% 39% 22% 1%

Another series of questions measured the level 
of visitor support for various backcountry man-
agement options. Respondents indicated on a 
scale ranging from “strongly support” to “strongly 
oppose” the extent to which they support “more 
education regarding trail etiquette/appropriate 
behavior,” limiting “group sizes for day use to 11 
people or less,” and requiring “permits … for day 
use (limits and no fees).” Results from these ques-
tions are synthesized in table 5. The group size limit 
intervention lacked general support or opposition. 
Education intervention had the highest level of 

Table 5. Extent of support of survey respondents for a range of possible management interventions

Management Intervention n
Strongly 
Support Support Neither Oppose

Strongly 
Oppose

Don’t 
Know

More education regarding trail eti-
quette/appropriate behavior

451 34% 42% 19% 3% 1% 1%

Limit group sizes for day use to 11 
people or less

447 10% 26% 23% 21% 16% 4%

Permits required for day use (limits 
and no fees)

444 4% 19% 19% 31% 24% 3%
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support at 76% (“support” or “strongly support”), 
while permit intervention had the most opposition 
with 55% “opposed” or “strongly opposed.”

Figure 5. Example of an educational message distributed seasonally through social 
media and on the park’s trail courtesy practices website (https://www.nps.gov/grca 
/planyourvisit/courtesy.htm).

NPS/VICTORIA ALLEN AND MICHAEL QUINN

We chose inner canyon trail 
segments based on a reasonable 
expectation for relative solitude 
given distance from trailheads.

Discussion

This study developed an increased understanding 
of issues related to backcountry trail management 
at Grand Canyon. For example, each component 
of the study contributed to a greater understanding 
of the scope of problems related to use levels and 
crowding. Results from the evaluative survey reveal 
increasing trail use levels may become unacceptable 
to visitors. In the case of the South Kaibab Trail, 
encounters of more than approximately 45 visitors 
per individual between Tipoff and Black Bridge 
help define this threshold. Results from descriptive 
encounter rate data reveal that visitors can, and do, 
experience unacceptable conditions while traveling 
along backcountry trails and that the extent of this 
issue can be considerable. The maximum number 
of encounters observed was 143 over the course of 
approximately one hour; however, the frequency 
with which thresholds are exceeded is relatively 
limited. For example, 45 or more visitors were 
encountered along the South Kaibab Trail only 16% 
of the time. Furthermore, preferred conditions (15 
or fewer encounters) were observed approximately 
57% of the time. Unacceptable conditions tended to 
occur more on weekends than weekdays during the 
study period, and this likelihood is corroborated by 
results from automated counters.

In addition to expanding understanding of visitor 
use, this study shed light on visitor perceptions of 
potential management interventions. For example, 
it is clear that visitors more strongly support indi-
rect management interventions than direct actions. 
The strong level of support for more education 
regarding trail etiquette and appropriate behavior 
led park staff to develop an electronic media and 
sign campaign called “Trail Courtesy Practices That 
Leave No Trace” in 2014.1 These practices were 
described in partnership with the Leave No Trace 
Center for Outdoor Ethics, and have been incorpo-
rated into outreach that includes both traditional 
and electronic media. Signs describing trail courtesy 
practices, for example, have been posted at trail-
heads and on park shuttle buses. A park website 
was developed to disseminate the information, and 
social media, including Grand Canyon’s Facebook 
page and Twitter feed, have allowed park staff to 
emphasize educational messages electronically 
during the busiest times of year (fig. 5). Direct 
management interventions, including group size 
limits, day-use permits, and limiting access, clearly 
received less support from visitors. However, these 
tactics would likely be the most effective in main-
taining acceptable social conditions along park 
trails. Further consideration of direct management 
actions may necessitate greater public input through 
the formalized National Environmental Policy Act 
(NEPA) process.

1 See the website at https://www.nps.gov/grca/planyourvisit/courtesy.htm.
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Conclusion

Visitor use studies provide park managers with an 
opportunity to further understand issues related to 
park resources and visitor experience. The benefits 
from this study involve being able to compare actual 
conditions, visitor perceptions of those conditions, 
and visitor perceptions of management options 
for selected segments of the popular corridor trail 
system at Grand Canyon National Park. However, 
the real strength of visitor use studies remains in 
continued research and monitoring. For instance, 
will the extent and frequency of high-use periods 
increase over time? Will park visitors experience 
unacceptable conditions along backcountry trails 
more often in the future? Will public support for 
limiting access change? The answers to these ques-
tions will help park managers protect park resourc-
es and provide for enjoyable visitor experiences, 
but they will not be possible without an ongoing 
program of visitor use research.

Each of the articles in this “In Focus” section 
demonstrates how research may help inform 
broader discussions of management reform and 
lead to greater awareness and education through 
public outreach. Furthermore, the frameworks and 
methods described suggest a means for monitoring 
impacts on park resources and visitor experience 
in the future. As noted in the introduction to this 
set of articles, recreational use of the corridor has 
changed over time and park officials are now re-
viewing comments on a draft environmental impact 
statement to help adapt to this change. Ultimately, 
sound management judgment by park officials 
will be needed to directly prescribe policy. A final 
decision regarding the draft environmental impact 
statement is expected in the next year. 
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Canyoneering at Grand Canyon National Park: 
Monitoring pockets of wilderness in the 
canyon corridor

By Matt Jenkins

Abstract
With the growth in popularity of outdoor 
adventure sports and the publication of a 
comprehensive Grand Canyon canyoneering 
guidebook, technical canyoneering at Grand 
Canyon National Park, Arizona, has surged in 
popularity. Because of this rapid expansion in 
use and the outdated management framework 
in place at the park, park managers are adopting 
new tools to protect park resources and visitor 
experiences. In this article, I describe a case study 
of fixed anchor placement in Garden Creek, which 
exemplifies one of the challenges of managing 
park resources and visitor experiences within the 
corridor of Grand Canyon National Park.

Key words
adventure sports, canyoneering, corridor, fixed 
anchor, Grand Canyon National Park, wilderness

VISITORS TO GRAND CANYON NATION-
al Park (Grand Canyon) associate the area 
with breathtaking vistas and the 277-mile 

(446 km) stretch of the Colorado River that flows 
within the boundaries of the park. However, tucked 
deep below the canyon’s north and south rims is an 
extensive network of rugged gorges and slot canyons 
replete with vast natural beauty and cultural resourc-
es and the potential for a lifetime of adventure for 
intrepid explorers. In particular, four spectacular 
side canyons, Garden Creek, Pipe Creek, Phantom 
Creek, and Ribbon Falls, are mostly “hidden” in 
plain view of three of the most popular hiking trails 
in the National Park System (see map on page 77). 
These pockets of scenic wilderness require technical 
canyoneering skills to reach, and have remained rela-
tively untouched until recently (fig. 1). In this article I 
outline the growth of canyoneering at Grand Canyon 
and current management frameworks used to study 

Figure 1. Phantom Creek, 
a popular canyoneer
ing route, is located 
approximately 1 mile (1.6 
km) north of Phantom 
Ranch off the North 
Kaibab Trail and is in the 
corridor use zone.
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the related impacts. I also present a case study that 
characterizes challenges related to visitor experience 
and resource protection.

The rise of canyoneering at 
Grand Canyon

Outdoor activities with elements of risk and chal-
lenge have been growing in popularity nationwide, 
and they are anticipated to continue to expand 
(Access Fund 2008; Cordell 2012; White et al. 2014). 
This growth can be attributed to a variety of factors, 
including newer, safer, and more easily available 
equipment; an increase in college and university 
outdoor programs that offer adventure recreation 
curricula; new instructional texts and videos; the 
growth of commercial guide and instructional 
programs; and the widespread availability of infor-
mation on recreation areas through guidebooks and 
the Internet (Access Fund 2008). This rise in adven-
ture recreation is mirrored by the increasing pop-
ularity of canyoneering at Grand Canyon, which 
has been documented by park rangers, reported 
in backcountry use statistics, and evidenced by 
the increasing number of social media–related trip 
accounts posted on the Internet by park visitors.

Canyoneering is a multidisciplinary activity that 
emerged in the 1960s as distinct from mountaineer-
ing and rock climbing, although it has similarities 
to both, particularly with regard to the use of ropes 
and anchors to facilitate rappelling and provide 
protection from falls. It developed primarily in 
southern Utah in areas near Zion Canyon, the 
Escalante River, and the San Rafael Swell but has 
now spread to Grand Canyon where participants 
explore, traverse, and descend the park’s remote 
canyon tributaries (fig. 2).

In 2011 Todd Martin published Grand Canyoneering: 
Exploring the rugged gorges and secret slots of the 
Grand Canyon, the first guidebook to feature techni-
cal canyoneering routes in the park. The influential 
guide documents 105 canyoneering routes within 
park boundaries of which 68 require rappelling, 63 
necessitate swimming or wading, and 78 usually take 
more than one day to complete. Many of the routes 
also require the use of pack rafts—small, lightweight, 

inflatable boats—to navigate the Colorado River in 
order to facilitate a return back to one of the canyon 
rims. In addition to the routes described in Grand 
Canyoneering, I have concluded from analysis of oth-
er publications, NPS GIS data, and informal personal 
communications that approximately 200 more routes 
could exist in the park.

These routes vary in popularity likely because of 
length, type, approach, difficulty, crowding, quality, 
scenic value, distance from urban population 
centers, area ethics, regulations, and need for spe-
cialized gear (Access Fund 2008). Studies of rock 
climbers, for example, revealed that the two most 
important factors affecting their choice of a climb 
are quality and difficulty of the route. Murdock 
(2010, p. 117) determined that “climbers are seeking 
a high return, or a high quality climbing experience 
that also matches difficulty requirements, for their 
hiking investment in wilderness.” In that study of 
climbers at Joshua Tree National Park, all selected 
routes ranked at least 2 on a 0−5 quality scale, and 
the great majority were only moderately difficult 
(Yosemite Decimal System 5.7–5.9).

Figure 2. Backcountry ranger and article author Matt 
Jenkins descends Garden Creek during a winter 
monitoring patrol.
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At Grand Canyon National Park, backcountry 
patrols have documented increasing canyoneer-
ing activity over the past several years. The most 
popular routes are scenic, accessible, moderately 
difficult, and can be completed in a day with gear 
that most canyoneers already own. These routes 
are within a one-day drive of popular tourist hubs 
such as Phoenix, Flagstaff, and Las Vegas, and are 
located in popular backcountry use areas with large 
campgrounds. Thus canyoneering has become a 
priority for park management because of the need 
to balance recreational use opportunities with ade-
quate resource and visitor experience protections. 

Management context

More than 1.1 million acres (94% or 0.4 million ha) 
of Grand Canyon National Park qualify for wilder-
ness designation, and are managed as “proposed 
wilderness” to protect the character and suitability 
of these lands for possible inclusion in the Nation-
al Wilderness Preservation System (USDI 1995; 
US Wilderness Act 1964). Although none of the 
side canyons discussed in this article are located 

in designated or proposed wilderness, they are 
nonetheless untrammeled and undeveloped, with a 
primeval character that park policy protects.

This setting contrasts with much of the corridor 
trail system where bridges, buildings, utilities, and 
other improvements mark the landscape. Mur-
dock’s (2010) conclusions about climbers’ route 
selection and observations by Grand Canyon back-
country rangers suggest that the side canyons asso-
ciated with the corridor trail system present several 
canyoneering routes that entice those who have not 
learned low-impact ethics specific to technical can-
yoneering. This is important because inexperienced 
canyoneers may go on to alter the character of other 
routes located throughout the proposed wilderness 
of Grand Canyon (Miller et al. 2001).

Grand Canyon National Park’s 1988 Backcountry 
Management Plan outlines three long-range goals 
that apply generally to canyoneering: (1) maintain 
and perpetuate natural ecosystem processes, (2) 
protect and preserve historical and prehistoric cul-
tural resources, and (3) provide and promote a vari-
ety of backcountry recreational opportunities that 
are compatible with resource protection and visitor 
safety (USDI 1988, p. 4). In 1995 the park’s General 
Management Plan added five objectives to help 
meet these goals for the management of undevel-
oped areas. First, visitor use and park resources are 
to be monitored and managed to protect resources, 
ecosystem processes, and wilderness experiences, 
and a primitive experience should be preserved in 
areas that are not proposed wilderness. Second, in-
dicators are established so that management actions 
can be initiated as resource conditions fall below a 
certain threshold. Third, opportunities for primitive 
types of recreation are provided, consistent with 
NPS policy. Fourth, administrative activities such as 
search and rescue are conducted as needed. Fifth, 
user conflicts are minimized (USDI 1995).

Limits of Acceptable 
Change (LAC)

LAC is a wilderness planning framework (fig. 3) that 
is suitable for management of conflicting goals and 
concerns about change in resources, social condi-

Figure 3. The ninestep 
Limits of Acceptable 
Change process (Lime 
and Stankey 1971) is 
helping managers at 
Grand Canyon evaluate 
resource and social 
impacts from the recent 
rise in popularity of 
canyoneering. The first 
four steps have been 
completed at the park.

ILLUSTRATION ADAPTED FROM LIME AND STANKEY (1971) BY NPS/MATT JENKINS
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tions, or management. It is fundamentally similar 
to the Visitor Experience and Resource Protection 
(VERP) framework, and both work well in situa-
tions where recreation conflicts with resource pres-
ervation, as is the case with canyoneering (Dawson 
and Hendee 2009; Lime and Stankey 1971; Hof and 
Lime 1997).

In 2012, park managers completed the first and third 
steps in the LAC process (fig. 3), identifying issues 
and concerns related to canyoneering, and selecting 
indicators of resource and social conditions. Step 
2, which defines an area’s “opportunity class,” or 
management zone, is addressed in the backcountry 
and general management plans. Grand Canyon Na-
tional Park has four opportunity classes: corridor, 
threshold, primitive, and wild. The corridor zone is 
characterized by structures, maintained trails, and 
the availability of potable water, whereas the wild 
zone lacks routes and reliable water sources. The 
threshold and primitive zones are the middle two 
opportunity classes and vary by the degree to which 
routes and water sources exist or are difficult to 
locate (i.e., more difficult in the primitive zone).

These opportunity classes were designed with 
traditional backcountry uses, such as day hiking, 
backpacking, and stock use, in mind and they do 
not translate directly to canyoneering. All of the 
side canyons are rugged, pristine, and inaccessible 
even though they may be located in any of the four 
opportunity class zones. Moreover, at present, reg-
ulations and permitting are the same for canyoneer-
ing routes regardless of opportunity class.

By going through the process to analyze limits 
of acceptable change and in consideration of 
management objectives, the backcountry rangers 
implemented a canyoneering monitoring program 
in 2012. This program serves as the foundation of 
a revised management strategy for addressing the 
rising popularity of canyoneering. Program staff 
completed an initial survey of 36 canyoneering 
routes from March 2012 to January 2013 and iden-
tified indicators of resource and social conditions. 
Since then, we have formally monitored numerous 
other canyoneering routes as part of LAC step 4. 
We gathered data on route characteristics such as 
use levels; social impacts on the route, approach, 
and exit (table 1); natural resource features such 
as soil, springs, and wildlife; and cultural resource 
conditions.

Table 1. Social impacts monitored as part of the canyoneering monitoring protocol

Impact Detail How Measured/Documented

Rope Number of abandoned ropes, excluding hand lines, on route

Hand line Number of abandoned hand lines on route

Anchor Unnecessary Number of unnecessary anchors on route

Removed Yes/No (Monitor removes unnecessary webbing and rope)

Notes Narrative provided by monitor about abandoned technical gear encountered

Social trails A, B, or C, as follows: A = none, B = 1–5 visible social trails, C = more than 5

Cairns A, B, or C, as follows: A = none, B = 1–5 cairns, C = more than 5

Graffiti Yes/No

Litter Nonorganic Yes/No (Includes tape, adhesive bandages, plastic bags, and similar items)

Organic Yes/No (Includes banana peels, apple cores, and similar items)

Human waste Yes/No (Monitor notes improper disposal of human waste in canyon)

Through continued monitoring managers hope 
to answer questions of how canyoneering affects 
wildlife habitat (particularly bighorn sheep), how to 
minimize the unnecessary placement of fixed an-
chors, and what the best strategies are for avoiding 
conflicts between user groups. Although recreation-
al climbing has been managed for many decades at 
many levels of government throughout the coun-
try, few precedents exist for the management of 
technical canyoneering and its broader implications 
for wilderness character. The following case study 
illustrates a primary concern related to canyoneer-
ing at Grand Canyon National Park.
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Case study:  
Proliferation of fixed  
anchors in the corridor

In 2011 Todd Martin, author of Grand Canyoneer-
ing, described Garden Creek as “a hidden gem 
located in close proximity to the most popular trail 
in Grand Canyon National Park.” He also indicated 
surprise that “more people hadn’t discovered the 
canyon.” Still a gem, it has since been discovered.

Initially descended in the 1990s, the Garden Creek 
canyoneering route remained relatively dormant 
because of high-volume waterfalls, challenging 
down-climbs, and a lack of publicly available infor-
mation. In approximately 2010, canyoneers installed 
a single rappel anchor, a bolt (fig. 4), midway down 
the largest waterfall. Before the addition of this bolt, 
at least 700 feet (213 m) of rope was needed to de-
scend Garden Creek because of a 350- to 400-foot 
(107−122 m) rappel halfway through the canyon. 
The addition of the bolt divided the rappel into two 
shorter sections and diminished the amount of rope 
necessary for the rappel to 400 feet (122 m), a more 
affordable and common length of rope.

Next, Grand Canyoneering was published in 2011. 
This widely distributed book describes every avail-
able rappel anchor on the 105 documented routes, 
including the aforementioned bolt. In a matter of 
months, the simple combination of a more con-
venient rappel point and publicity of the route 
made Garden Creek one of the most popular and 
sought-after canyoneering routes in the park.

Figure 4. A bolted rappel 
anchor consisting of 
two bolts, two hangers, 
a rappel ring, and a 
chain are shown with a 
canyoneering rope and 
carabiner in Garden Creek 
in 2013. This Specific fixed 
anchor configuration 
was placed at numerous 
locations in 2013.

NPS/MATT JENKINS NPS/DEBBIE BRENCHLEY

Rappel anchors are given substantial scrutiny by re-
source managers compared with other social impacts 
of wilderness adventure sports. Some of the most 
popular hiking and climbing routes in the National 
Park System, such as the famous Cable Route hike 
on Half Dome and the Nose climb on El Capitan 
in Yosemite National Park, depend on fixed anchor 
placements. However, controversy revolves around 
them because fixed anchors remain in place, often 
for long periods, and are considered installations or 
improvements (American Safe Climbing Association 
2001). This has ramifications for areas managed as 
wilderness or for retention of primitive recreational 
values because fixed anchors can either be permitted 
as a minimum tool or prohibited as an installation 
(Murdock 2010). Table 2 (next page) outlines dif-
ferent fixed anchor management policies in various 
units of the National Park System. At Grand Canyon, 
the guidelines in Director’s Order 41, Section 7.2, are 
followed with respect to fixed anchors (USDI 2013).

An alternative to a fixed anchor is a small loop of 
removable nylon webbing slung around a natural 
feature (fig. 5), and this is the most common form 
of anchor found in Grand Canyon. Bolts, pitons, 
and other metal hardware are used less frequent-
ly because of the need for special equipment, the 
expenditure of time, and the physical effort required 
for their placement (Access Fund 2008). Most uses 
of removable nylon webbing are considered “clean” 
anchors, while hardware such as bolts and pitons are 
considered “fixed.” Table 3 (next page) shares the 
total number of anchors per canyoneering route in 
Grand Canyon, and table 4 (next page) illustrates the 
different types of anchors.

Figure 5 (far right). A 
clean rappel anchor in 
Garden Creek in 2012.
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Table 2. Fixed anchor management strategies at various units of the National Park System

Activity and 
Wilderness 
Setting

Park

Arches 
National 
Park

Black 
Canyon of 
the 
Gunnison 
National 
Park

Devils 
Tower 
National 
Monument

Grand 
Canyon 
National 
Park

Joshua Tree 
National 
Park

Rocky 
Mountain 
National 
Park

Yosemite 
National 
Park

Zion 
National 
Park

Climbing Yes Yes Yes Yes Yes Yes Yes Yes

Canyoneering Yes No No Yes Limited Limited Limited Yes

Wilderness status Proposed Yes No Proposed Yes Yes Yes Yes

Motorized drilling Proposed wil
derness: no 
motorized drills. 
Nonwilderness: 
Special use per
mit required

No No No Permit required No No No

Bolting Permit for new 
bolts; oneto
one replace
ment of old 
bolts

Permit for new 
bolts; oneto
one replace
ment of old 
bolts with hand 
drill

No new bolts. 
Permit required 
for onetoone 
replacement of 
old bolts with a 
hand drill

Permit for new 
bolts.   
Authorization 
for the replace
ment or remov
al of existing 
fixed anchors. 
See USDI 2013.

Nonwilderness: 
No permit for 
hand drilling.
Wilderness: 
Onetoone 
replacement of 
old bolts; per
mit for new 
bolts.

Clean anchor 
ethic whenever 
possible

Hand drill for all 
new and old 
bolts

Hand drill for all 
new and old 
bolts

Table 3. Anchors per canyoneering route, 
Grand Canyon National Park

Number of Anchors
Corresponding 
Number of Routes

0 31

1 6

2 18

3 5

4 14

5 9

6 5

7 7

8 6

9 1

10 1

11 1

12 0

13 1

Note: Data are from Grand Canyoneering (Martin 2011).

Table 4. Clean vs. fixed anchors

Type Number
Percentage of 
Total Anchors

Clean

Pinch point 95 29%

Rock chock 55 17%

Boulder 38 12%

Tree 36 11%

Rock bollard 21 6%

Knot chock 15 5%

Rock horn 13 4%

Natural arch 12 4%

Deadman 0 0%

Shrub 0 0%

 Total 285 88%*

Fixed

Bolt (single) 23 7%

Bolt (multiple, with chain) 15 5%

Piton (single) 2 1%

Other 2 1%

 Total 42 14%*

*Totals do not equal 100% because of rounding.

Notes: Data are for 105 canyoneering routes described in Grand 
Canyoneering (Martin 2011). Most uses of removable nylon webbing are 
considered clean, while hardware such as bolts and pitons is considered 
fixed.
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In 2012, a second bolt was installed next to the 
preexisting bolt in Garden Creek (fig. 4). Then, in 
spring 2013, visitors reported numerous additional 
bolts and a follow-up monitoring trip documented 
12 new bolts installed along the route. Not only 
had the previously installed clean anchors been re-
placed by bolts, but also multiple pour-offs that had 
not had any kind of anchor were now bolted.

My analysis of rappel anchor data throughout the 
park reveals one significant finding regarding bolts 
and other fixed hardware placements in Grand 
Canyon. Once an initial piece of fixed gear has been 
installed along a route, more fixed gear placements 
are likely to follow. Several canyons, including Gar-
den Creek, exemplify this trend.

National Park Service policy recognizes canyoneer-
ing as a legitimate and appropriate use of back-
country and wilderness (USDI 2013). Fixed anchors 
such as those found throughout Garden Creek 
should be used only rarely and they should serve as 
a “minimum tool” when the terrain or features limit 
the possibility of clean anchor use. The initial bolt 
placed in Garden Creek arguably was not neces-
sary since the first party to descend the canyon did 
not put it there, and certainly the installation of 12 
additional bolts was unnecessary and a degradation 
of park resources.

Conclusion

According to the American Canyoneering Academy 
(2002, p. 13), “Part of the attraction of canyoneer-
ing is the sense of discovery and adventure [can-
yoneers] feel as [they] descend each canyon for the 
first time. This sensation is heightened when [the 
canyons are] in their natural state, showing mini-

mal evidence of previous visitors.” Despite Garden 
Creek being located in one of the busiest backcoun-
try areas in the National Park System, it remained 
relatively pristine until recently. The type and rate of 
impacts documented in this canyon raise concerns 
that are being addressed by park staff in the revision 
of the park’s backcountry management plan. Alter-
natives being considered are day-use permits, group 
size limits, revised fixed anchor policies, and the 
requirement for human waste to be packed out of 
narrow canyons.

Park resources, visitor experiences, and wilderness 
values could be jeopardized if the trends continue. 
Dawson and Hendee (2009, p. 490) believe that 
“recreational use will continue to grow; and there 
will be more demand for day use and easy access; 
more demand for information; more demand for 
challenge, adventure, and risk-taking activities; and, 
a greater diversity of users.”

Staff at Grand Canyon National Park recognizes 
that the bureau must balance resource preserva-
tion with visitor use and enjoyment. In addition to 
supporting long-term park planning such as the 
revision of the backcountry management plan, 
the canyoneering monitoring program is being 
used to increase educational and public outreach 
efforts. First, canyoneering-specific Leave No Trace 
information is distributed to all visitors who identify 
themselves as canyoneers during the backcountry 
permitting process. The data and photography 
collected by park employees while on monitoring 
patrols are being used to develop a canyoneering- 
specific addition to the park website. And the Na-
tional Park Service has partnered with the Coalition 
of American Canyoneers, a nonprofit organization, 
on restoration and cleanup projects such as bolt and 
trash removal at Grand Canyon.

Garden Creek is an icon of the corridor trail system 
and may be a looking glass for long-term trends 
in resource conditions in the remote, wilderness 
side canyons of Grand Canyon National Park. It 
demonstrates that resource and social conditions 
can degrade quickly through the careless acts of one 
group or the cumulative effects of many well-inten-
tioned groups. Implementation of new management 
strategies, including the canyoneering monitoring 
program, revision of the backcountry management 

Fixed anchors can either be permitted as a 
minimum tool or prohibited as an installation.
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plan, and increased education and outreach, will 
help ensure that the National Park Service’s mission 
of resource preservation and visitor enjoyment will 
be maintained in Grand Canyon’s tributaries, such 
as those in the corridor.
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Preventive success!  
Grand Canyon’s response to search- 
and-rescue overload

By C. J. Malcolm and Hannah Heinrich
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THERE WAS NO DOUBT IN ANYONE’S 
mind that search-and-rescue events (SARs) 
were skyrocketing in the 1990s at Grand 

Canyon National Park (fig. 1). In a 13-year span from 
1983 to 1996, SARs doubled. The critical tipping 
point for this dangerous trend occurred in summer 
1996. That year, the park set records for search 
and rescues that remain in place to this day. Five 
heat-related deaths, 300 heat-related search-and-
rescue incidents, and 482 total SARs devastated 
families and stressed responding rangers to their 
limits. On average, SARs during the late 1990s at 
Grand Canyon National Park cost taxpayers $1 
million per year (Malcolm and Heinrich 2012). 
Something needed to change.

Ken Phillips, retired branch chief of Search and 
Rescue for the National Park Service and chief of 
Emergency Services at Grand Canyon National 
Park, recounts the experiences of a Grand Canyon 
ranger during these challenging years.

In the summer months, the hottest months, we 
were totally in a reactionary mode and everything 
was based off the South Rim—unless a call was 
close to Indian Garden or Phantom Ranch. As 
soon as SAR Shift or back then, “SAR On-Call,” … 
would receive a hiker-in-distress call, they would 
start looking around for someone to send down 
the trail. This happened every day, day in and day 
out; and if you have a couple of those calls a day, 
which we did, you start burning people out. You’re 
just running out of resources to do that. For our re-
sponding rescuers the cumulative fatigue factor was 
insane because you have got to rush down there; 
these were vague reports, “Somebody collapsed on 
the trail …” Well is that a cardiac arrest or is that 
somebody just sitting in the shade? We didn’t know. 
But you can’t delay your response. Oftentimes it 
involved running down the trail. So imagine how 
fast you’d chew up responders running down the 
trail at the hottest time of the year. You get down 
there and you’re sweating all over the patient, 
you’re tied up on this call, and you’re spent for the 
rest of the day. That’s how the normal process went 
down before we were able to pre-deploy, before 
PSAR … This took an unbelievable toll on the staff.

After a decade of reactionary responses and the 
exigent year of 1996, rangers were exhausted and 
disheartened. The constant summertime requests 
for assistance created an environment of rescuer 
fatigue, burnout, and a deadened sense of situa-
tional awareness. Hazardous work conditions were 
accepted and managed. As a result, park leadership 
commissioned a planning group of 10 rangers with 
the goal of improving visitor safety on Grand Can-
yon’s many hiking trails and backcountry terrain. 
Their recommendation and call to action created 
the Preventive Search and Rescue (PSAR) team.

Figure 1. The graph 
details the number of 
search and rescues at 
Grand Canyon National 
Park from 1983 to 
2014. Trends diverge 
after 1996, the year the 
park implemented the 
Preventive Search and 
Rescue Program.
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Evolution of PSAR: Best 
practices

Preventive search and rescue is a movement that 
promotes safety in arduous environments. For ex-
ample, Yosemite National Park (California) focuses 
on educating visitors to use backcountry common 
sense, swift water safety, and public enjoyment of 
waterfalls from a distance. Yosemite implemented 
a permit system for climbing the popular Cable 
Route up Half Dome in summer 2010 in response 
to multiple fatalities from overcrowding. Delaware 
Water Gap National Recreation Area (Pennsylvania 
and New Jersey) uses PSAR to address water safety 
and proper use of personal flotation devices in an 
attempt to reduce the number of drownings. At 
Grand Canyon, PSAR was established in 1997 with 
the mission of reducing visitor injury, illness, and 
death during the hottest summer months.

The original PSAR crew consisted of four rangers 
who patrolled the Bright Angel and South Kaibab 
Trails. It is unclear how much time they dedicated 
to patrolling these trails, but according to origi-
nal reports and corroborating interviews, PSAR 

rangers were either on the trail, interviewing hikers 
at trailheads, or staging at the Ranger Operations 
building. A strong volunteer force was also orga-
nized to augment the seasonal rangers for both trail 
patrols and rescue response.

In addition to the newly established staff of PSAR 
rangers, the park launched a media campaign with 
a “STOP, Heat Kills” message (fig. 2). Rangers 
posted signs along the corridor trails and distrib-
uted pamphlets, flyers, and general information to 
the visitor centers, backcountry office, and other 
informational areas throughout the park. Addition-
ally, managers decided to close the South Kaibab 
trailhead to visitor parking, requiring the use of the 
Grand Canyon shuttle bus to access the popular 
trail. The lack of water availability in combination 
with this trail’s precipitous gradient and extreme 
sun exposure generated frequent rescues before 
creation of the PSAR program.

Bill Vandergraff, longtime backcountry ranger and 
SAR expert, said the closing of the South Kaibab 
trailhead to private vehicle traffic was instrumental 
in reducing the number of unprepared hikers from 
reaching this more problematic and challenging 
trail. “Prior to this closure,” Ranger Vandergraff 
stated, “people would drive in there, walk to the 
edge, look down, and get sucked right in. With the 
closure in place there is effort required to get out to 
the South Kaibab Trail; the road is closed and you 
need to take the shuttle bus. This has significantly 
reduced distress calls on the South Kaibab Trail.”

Nineteen years later, the PSAR team has evolved 
into a close-knit group of rangers who are dedi-
cated to inner canyon public safety through the 
application of emergency response skills and 
science-based planning. Over the last two decades, 
advances in technology, improved hiking gear, and 

Figure 2. Used in the 
late 1990s, the original 
PSAR sign delivered the 
message, “STOP, Heat 
Kills.”

Preventive search and rescue was established … with the mission of 
reducing visitor injury, illness, and death during the hottest summer 
months.
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increased availability of backcountry information 
have shaped the playing field on which PSAR oper-
ates. Today, preventive search and rescue has adopt-
ed the team mentality and consists of seven seasonal 
rangers and one full-time supervisor. In addition to 
paid rangers, the program staffs 60 trained volun-
teers who supplement and amplify outreach efforts. 
Volunteers attend a two-day training at the end of 
April followed by two to three days of shadowing 
rangers on trails, for a total of 30–40 hours of prepa-
ration for the busy time of year.

The PSAR season runs from April through October, 
with the bulk of trail patrols occurring from May 
to mid-September. The team now regularly patrols 
the Bright Angel, South Kaibab, North Kaibab, and 
Hermit Trails. Every day during the season, several 
rangers and volunteers deploy onto corridor trails 
and slowly patrol down into the canyon. They take 
positions at natural bottlenecks on the trails close to 
common rest areas; their goal is to educate visitors 
descending farther into the canyon on topics such 
as personal preparedness and safe hiking practices. 
Many hikers have well-planned trips and many do 
not. Over the years, the original message of “STOP, 
Heat Kills” has evolved into “Hike Smart,” a more 
personalized and positive messaging campaign 
(fig. 3). Prevention is achieved through signage in 
conjunction with face-to-face encounters as rangers 
and volunteers patrol the corridor trails.

“Prevention through education” is PSAR’s pri-
mary mission, although responding to down-trail 
medicals and SARs is just as important. When the 
program was first established, PSAR rangers typi-
cally practiced at the first responder level. Today, all 
PSAR rangers are trained and certified to operate as 
EMTs or paramedics in the backcountry, developed 
area or “front country” ambulance settings, and 
helicopter medevac environments. Rangers are also 

trained in search and rescue, technical rescue, and 
many other emergency response skills (figs. 4 and 
5, next page). The combination of patrolling Grand 
Canyon’s trails one day and staffing the ambulance 
the next generates a rich blend of experience, 
judgment, and skill. PSAR rangers need to be 
self-sufficient, educated, and prepared to lead or 
guide those who are in harm’s way. Ranger Vander-
graff commented on the progression of PSAR over 
the past decade: “The level of professionalism by 
setting standards based on certifications, a ranger’s 
training, and in-service group trainings has greatly 
improved our professional response—an important 
component of public safety.”

Search and rescue: A  
discretionary function

What is a SAR? While there are many definitions, 
search and rescue is the search for and provision 
of aid to people who are in distress or imminent 
danger. A SAR may be as simple as assisting an 
individual with a sprained ankle to return safely 
to a trailhead, as perilous as rescuing an injured 
climber on Rocky Mountain National Park’s “Di-
amond” traditional climbing route, or as involved 
as multiday searches for individuals lost at sea or in 
wilderness settings. Saving lives is the ultimate goal 
of all search-and-rescue personnel.

The National Park Service further delineates SARs 
as major or minor, distinguished only by cost: 
major SARs accrue costs greater than $500 while 
minor SARs are less costly. Furthermore, expenses 
associated with major SARs are recoverable through 
annual reimbursement by Congress. Staff hours, 
equipment replacement, and helicopter medevacs 
are typical items that can rapidly inflate the expense 

Figure 3. Signs and 
media were updated 
between 2000 and 2010 
with more realistic and 
tangible messaging. The 
“STOP, Heat Kills” sign 
was replaced by one that 
relays the more positive 
yet cautionary message 
to “Hike Smart.”
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of a rescue. The Park Service spends nearly $5 mil-
lion annually rescuing visitors.

Is a park obligated to provide search and rescue? In 
a 1992 landmark decision, the 10th Circuit Court of 
Appeals ruled in Johnson v. US Department of the 
Interior that  search and rescue is a “discretionary 
function” of government that is protected under 
general rules of exception of the Federal Tort 
Claims Act at 28 U.S.C. § 2680(a). Mr. Johnson, 
described as an inexperienced mountain climber, 
fell to his death on Buck Mountain in Grand Teton 
National Park. His family subsequently sued the 
Department of Interior claiming the park failed to 
properly warn him of the dangers of climbing and 
failed to initiate a rescue attempt within reasonable 
time. The 10th Circuit legally affirmed NPS testimo-
ny that “(1) the inherent dangers of mountain climb-
ing are patently obvious; (2) both manpower and 
economic resources should be conserved … during 
emergency situations; (3) it would be impractical if 
not impossible to test competency, monitor equip-
ment use, or ‘clear’ the mountain given limited 
available manpower and economic resources; and 
(4) many park visitors value backcountry climbing 
as one of the few experiences free from government 
regulation or interference.” The 10th Circuit Court 
of Appeals ruling further clarified a search-and-res-
cue team’s duty to respond, as follows: 

No statute imposes a duty to rescue, nor are there 
regulations or formal Park Service policies which 
prescribe a specific course of conduct for search 
and rescue efforts. Instead, the decision if, when, 
or how is left to the discretion of the SAR team. 
Therefore, the rangers must act without reliance 
upon fixed or readily ascertainable standards when 
making a search and rescue decision in the field.

This judgment reaffirms that backcountry dangers 
are “patently obvious” and safety of an individ-
ual is a personal responsibility. Nevertheless, the 
National Park Service ardently strives to educate 
the public about wilderness dangers through solid 
preventive messaging.

Incorporating science

In 2011 a movement was initiated in preventive 
search and rescue to expand the team’s awareness 
and understanding of Grand Canyon hikers. We 
began to capture specific weather indicators and 
trail data to serve as benchmarking tools for year-
to-year PSAR analyses and accountability. Rangers 

Figure 4. Helicopter medevac rangers wheel a litter up the Bright Angel Trail for a 
major medical evacuation.

NPS/C. J. MALCOLM NPS/C. J. MALCOLM

Figure 5. PSAR rangers and helitack staff rescue a 
hiker on the Bright Angel Trail. This individual tripped, 
breaking his leg, and was litter-carried to an awaiting 
helicopter.
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 PSAR Patrol Log ID#:

Date:  Name: 

Patrol Start Time:  Patrol End Time: 

Trail: 

Figure 6. Daily patrol 
logs are filled out by 
PSAR staff following 
their patrols and 
provide information for 
evaluating and refining 
strategies designed to 
prevent trail mishaps.

Contacts

Type Description Number

General Face to face with pub-
lic. Everyone you speak 
with is counted.

Count every face-to-face contact!

Preventive Action Visitor contact for 
unprepared/unsafe itin-
erary. Advice is given. 
Corrective action is 
advised.

Any form of advice, education, or redirec-
tion given is counted. Visitor does not have 
to show compliance to be counted. Every 
member of hiking group is counted! Be 
sure to include these numbers in the 
“General Contact” section also!

Hiker Assist Any time a visitor 
needs some sort of 
physical, psychological, 
or medical intervention: 
food, water, cooling 
measures, repairs (duct 
tape), minor first aid, 
hike assist to rim, etc.

Fill out a Hiker Assist form for any of these 
actions and for each hiker.
Each person in a hiking group who needs 
assistance is counted as a hiker assist, but 
only one Hiker Assist form needs to be 
filled out per group.

Major Medical Any hiker assist that 
turns into a general 
SAR: ambulance trans-
port, helicopter 
medevac, or patient 
refusal of treatment. 
EMS chart is filled out.

Count any of these events!
Include SAR #:

Notes:  
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and volunteers now complete daily patrol logs 
documenting key data components: trail hours, 
patrol times, trails patrolled, general contacts, pre-
ventive actions, hiker assists, and major medicals 
(fig. 6, previous page).

During patrols, members of the PSAR team record 
the number of hikers they interact with on the 
trail. This is called a “general contact.” A “pre-
ventive action” is recorded each time a ranger 
determines the need to further educate a visitor, 
offering some form of corrective advice based on 
poor personal preparedness: hiking beyond one’s 
abilities, inadequate food and water, improper 
clothing or gear, or lack of area knowledge and 
plan. When a preventive action is recorded, a 
general contact is counted as well (see fig. 6). The 
ratio of general contacts to preventive actions 
highlights two indicators: PSAR outreach and the 
level of preparedness among those hiking in the 
canyon. A “hiker assist” documents each time a 
visitor requires physical, medical, or psycholog-
ical intervention by PSAR rangers or volunteers. 
Last, a “major medical” involves paramedic-level 
interventions that often require a litter-carry or 
helicopter medevac (see figs. 4 and 5).

Statistics on Grand Canyon’s annual SARs and 
hiker assists are kept as separate figures; for exam-
ple, an average of 300 SARs and an additional 530 
hiker assists occur per year. Hiker assists charac-
teristically are similar in scope to minor SARs, but 
are separated demographically to hikers in distress 
on corridor trails. However, when combined with 
Grand Canyon’s annual SARs, they demonstrate 

the overwhelming response of park personnel to 
backcountry travelers in need.

Throughout summer 2015 the PSAR team con-
tacted 117,267 people hiking down Grand Canyon 
corridor trails (table 1).1 Of these, 28,478 (24%) 
required some form of directive advice in the 
delivery of a preventive message and safe hiking 
education. Three hundred fifty of those general 
contacts required assistance hiking out of the can-
yon, a “hiker assist.” This type of assistance ranges 
from simple equipment repairs (e.g., shoes falling 
apart) to major heat illness interventions, such 
as rapid cooling, hydrating, and other advanced 
life support measures. PSAR rangers record hiker 
assists in more detail on a separate form. A number 
of demographics and variables are gathered, such 
as age, gender, location, need for assistance, and 
treatment or care rendered. Ranger hours spent 
patrolling trails are also trended and compared to 
annual park visitation, general contacts, and other 
indexes (table 2).2

1 Table 1 reveals a decrease in hiker assists in 2014—a trend that continued 
into the early 2015 hiking season. One possible explanation for the decline 
is that the PSAR training in 2014 was greatly enhanced, improving the skills 
and confidence of the patrol rangers and trail volunteers.

2 Table 2 reveals a decrease in patrol hours in 2014. In particular, afternoon 
patrols were reduced along the Bright Angel Trail following installation of the 
new Indian Garden weather station, which allowed adjustments to be based 
on temperature. Along the North Kaibab Trail, patrol reductions were related 
to staffing and hiring problems during the first half of the year.

Table 1. Contacts between PSAR staff and hikers along Grand Canyon corridor trails

Year General Contacts* Preventive Actions Hiker Assists Major Medical Assists

2015 117,267 28,478 350 11

2014 97,654 25,420 383 26

2013 92,044 29,831 617 24

2012 72,461 27,717 621 19

2011 80,083 33,992 685 16

 Total 459,509 145,438 2,656 96

*Includes preventive actions.

Notes: Data reflect trail activity from 1 May to mid-September. PSAR rangers and volunteers carry hand counters and patrol logs to tally and report daily statistics.
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In 2012, we began a comprehensive data analysis 
with the goal of identifying trends and validat-
ing long-standing assumptions. For example, we 
hypothesized that a physiological environmental 
temperature threshold exists in hikers who call for 
assistance; furthermore, at a specific temperature 
the PSAR team will experience a marked increase 
in down-trail distress calls. We then collected 
weather data from Indian Garden Ranger Station, 
a middle point in the canyon that most accurately 
reflects weather models along the South Kaibab 
and Bright Angel Trails. We compared maximum 
daytime highs to heat-related hiker assists along 
both of these trails. Subsequently, we discovered 
a strong relationship between heat-related hiker 
assists and maximum daytime temperatures.

From 2011 to 2013 a consistent pattern reveals a 
physiological temperature threshold spiking at 
95°F (35°C) and hotter (fig. 7). Hiker assists at 
temperatures below this threshold occurred at a 
rate of 6.1 heat-related assists per 1,000 general 
contacts, whereas at temperatures at or above the 
threshold, heat-related hiker assists increased to 
an average of 10.4 per 1,000 general contacts, a 71% 
increase in distress calls. Historical weather data 
reveal that 1996 had the most days above 95°F of 
any year in the previous 25; that year holds the rec-
ord for SARs (482), heat-related fatalities (5), and 
days above 95°F (65 days) (fig. 8, next page).

This dramatic increase in hiker assists on days 
above the temperature threshold has the potential 
to tax ranger resources to the limit. Rescuer fatigue 
and resource depletion are serious concerns that 
compound the possibility of rescuer injury or 
illness. As Chief Phillips acknowledged, one call 
and “you’re spent for the rest of the day.” Howev-
er, with advanced warning—days predicted at or 
above 95°F—both PSAR staff and the visiting pub-
lic can profit from improved safety and hiker assist 
outcomes afforded by better information gathering 
and planning.

A big help to the enhancement of trail safety was 
the 2014 installation of a new weather station at 
Indian Garden (EW5243) and the 2015 Phantom 
Ranch weather station (EW9070) replacement 
of outdated equipment of the National Ocean-
ic and Atmospheric Administration (NOAA) 
(fig. 9, next page). These modern systems allow us 
to monitor real-time trail conditions with added 
meteorological values being measured to further 
refine physiological distress in relationship to envi-

Figure 7. At 95°F 
(35°C) and hotter, a 
71% increase in hiker 
assistance activity 
occurs. This is termed a 
heat threshold among 
Grand Canyon’s hiker 
population. (p < 0.001).

SOURCE: INDIAN GARDEN WEATHER STATION

Table 2. Patrol hours along Grand Canyon corridor trails as part of PSAR

Year

Trail

Total

GRCA Park 
Recreation 
VisitsBright Angel South Kaibab Hermit North Kaibab Other

2015 1,785 1,217 272 407 76 3,756 5,520,736

2014 1,663 1,135 236 289 295 3,618 4,756,771

2013 1,894 1,193 253 1,133 135 4,478 4,564,840

2012 1,540 973 292 739 121 3,587 4,421,352

2011 1,373 756 70 615 36 2,851 4,298,178

 Total 8,225 5,274 1,123 3,183 663 18,290 23,561,877
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ronmental conditions: solar radiation (also called 
solar power density), which is far more important 
than temperature alone in order to describe the 
physiological burden for hikers); UV index; baro-
metric pressure; wind speed and direction; dew 
point; and precipitation. Both of these weather 
stations are connected via a newly installed dish 
uplink system linked to ranger facilities on the 
canyon rim and ultimately to NOAA, MesoWest, 
and PSAR databases. This network is capable of 
hosting a multitude of future safety-related voice 
and data services in this remote and austere envi-
ronment.

This innovative Canyon Emergency Information 
System (CEIS) was designed, built, and installed 
by Dr. Hannah Heinrich, longtime Grand Canyon 
volunteer and chief scientific PSAR advisor. CEIS 
is in its second year of interruption-free opera-
tion with future plans of linking weather data and 
other visitor safety–related messages to real-time 
displays at trailheads, inner canyon ranger sta-

tions, visitor centers, and backcountry permitting 
offices. CEIS can also provide a publicly accessible 
Internet presence on the corridor trails. This is a 
tremendous step toward providing real-time infor-
mation for the five million annual park visitors.

As data analysis continues, the PSAR team will 
shape its upcoming staffing based on updated 
study results: trail patrols and hiker education 
will be reinforced on days above the tempera-
ture threshold. During summer 2015 (Norwil et 
al. 2015), the PSAR team conducted the OMB 
approved Hiker Hydration Study evaluating the 
drinking habits of hikers entering Grand Canyon. 
More than 1,000 hikers filled out questionnaires 
over three weekends with an outstanding 75% 
response rate. These data are now under analysis 
and in draft form.

The goal remains the same: we will continue to 
learn and anticipate Grand Canyon hiker habits 
and trends to reduce visitor injury and death, and 

Figure 9. PSAR rangers install a Davis weather station 
at Indian Garden Ranger Station in 2014. The device 
records added meteorological values such as solar 
radiation and provides valuable microclimate data.

NPS/C. J. MALCOLM
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Figure 8. In 1996, Grand Canyon experienced the most days above the 95°F 
(35°C) heat threshold in a 25-year period and conducted a record-setting 482 
search and rescues. The Preventive Search and Rescue program was established 
the following year.
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we will use our workforce as efficiently as possible 
to promote rescuer safety and optimal response to 
calls for assistance.

Remaining accountable to 
the public

Everyday PSAR operates a step behind the public. 
Some visitors make dangerous plans and casually 
descend into the canyon with unrealistic goals 
in mind. Out of the more than 117,000 people 
our staff encountered during summer 2015, more 
than 28,000 required persuasion to adopt differ-
ent plans. Attempting to influence individuals to 
change their behavior while they are happily hiking 
into Arizona’s great chasm takes more than talent. 
Strong salesmanship, customer service skills, and 
knowledge of human behavior are cornerstone 
arts that PSAR rangers must master. Improved 
training, knowledge of the customer—the hiking 
public—and centering preventive strategies on 
scientific data remain PSAR’s guiding objectives. 
The more we learn about the motivational values 
of those who descend into the canyon, the more 
proactive PSAR can become in developing tech-
niques for educating hikers on improved personal 
preparedness. Science in concert with a learning 
organization approach makes this task easier.

Sources

All information in this article is derived from SAR 
and dispatch logs at Grand Canyon National Park, 
interviews with the aforementioned rangers, and 
findings from original studies designed by the 
PSAR team. Additionally the Preventive Search 
and Rescue Impact Report (cited below) contains 

much of the material for this article. PSAR rangers 
Emily Pearce and Joelle Baird contributed to this 
article. Special thanks go to Ken Phillips and Bill 
Vandergraff.
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Rangers and volunteers … educate visitors descending 
farther into the canyon on topics such as personal 
preparedness and safe hiking practices.
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