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A B S T R A C T

Trail networks are common infrastructure in protected areas for visitors to exercise, connect with nature, and
learn about natural and cultural resources. However, there are concerns that the presence and construction of
trails affect the quality of wildlife habitats, extending human disturbance into secluded areas. In this study, we
developed a before-after control-impact experimental design to investigate the impacts of new trail construction
on six terrestrial vertebrate species in an Appalachian protected area in the U.S. Using camera traps, we mon-
itored animal use of the study area before, during, and after construction, on the trail, near the trail, and at a
control site. Our results indicate statistically significant impacts of trail building and presence on four common
species. During trail construction, white-tailed deer (Odocoileus virginianus) and coyotes (Canis latrans) decreased
their activity on and/or near the trail, while raccoons (Procyon lotor) increased activity on the trail. These three
species returned to the area at pre-building levels once trail construction was complete. After trail building, east-
ern gray squirrel (Sciurus carolinensis) showed decreased use of the trail area. We also observed altered timing of
daily activity patterns for squirrels and deer, both diurnal species. Deer activity became more spread through-
out the day within the near-trail zone during construction. After the trail was complete, squirrels shifted activity
to earlier in the day, after sunrise and prior to the peak of recreational activity. We conclude that while trail
building may alter habitat quality for some species, this mostly occurred during the construction phase, and was
fairly minor for our study species. To minimize impacts, we suggest that trail building be restricted to a short
time period during a season when species of concern are least sensitive. Our use of control sites allowed us to
distinguish experimental effects from natural population fluctuations, and should serve as a foundation for future
work investigating the effects of trails and other linear human disturbances on wildlife communities, especially
in sensitive habitats and ecosystems.

1. Introduction

Protected areas are set aside from development to conserve natural
ecosystems for ecological and social benefits. Most of these areas allow
public access and provide recreation opportunities. While recreation in
natural settings is an important cultural ecosystem service of many pro-
tected areas, human activities can alter ecosystems (Knight & Cole,
1991; Liddle, 1997). Trails are a key infrastructure for recreation and
nature-based tourism, both providing access to natural areas and con-
centrating recreational activity to a small footprint of disturbance (Le-
ung & Marion, 1999). Nearly every protected area has trails; even
those classified as “Strict Nature Reserves” by the International Union
for Conservation of Nature contain this infrastructure (Dudley, 2008

). The percentage of visitors to protected areas that use trails is high
worldwide (60%–87%), and vary with trail quality (Blotkamp, Mel-
drum, Morse, & Hollenhorst, 2010; Department for Environment
& Heritage, 2008; Reed et al., 2008). Recreation trails continue to
be built, maintained, and re-routed in nature conservation areas world-
wide. For example, trail mileage in U.S. state and federal lands increased
by 43 % between 1965 and 2015, a total increase of over 214,500 km of
trails (American Hiking Society, 2015).

Recreational trails can alter landscapes in ways that affect local
wildlife species. For example, trails create edge habitats, can aid the
spread of invasive plant species (Hammitt, Cole, & Monz, 2015),
change hydrological patterns (Sutherland, Bussen, Plondke, Evans,
& Ziegler, 2001), alter the composition and structure of soil and vege
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tation communities (Ballantyne & Pickering, 2015), and lead to habi-
tat fragmentation (Marion, Leung, Eagleston, & Burroughs, 2016).
Shifts in physical, vegetative, and microfauna community structures
contribute towards habitat alteration and might be exhibited in the
terrestrial vertebrate community on a local scale. For example, small
mammals that prefer dense understory, such as some voles, shrews,
and squirrels, may be locally displaced by trail construction if vegeta-
tive cover removed provided quality habitat or predator shelter (Negro,
Isaia, Palestrini, & Rolando, 2009; Rolando, Caprio, & Negro,
2013; Tounzen, Epperson, & Taulman, 2012). Specifically, eastern
gray squirrels (Sciurus carolinensis) are widely known to prefer areas
with abundant understory vegetation (Tounzen et al., 2012), such as
that removed along a new trail corridor. Trail construction may also at-
tract species whose food source is enhanced by aspects of the construc-
tion process, such as raccoons (Procyon lotor) feeding on invertebrates
and mast (Owen, Berl, Edwards, Ford, & Wood, 2015), made read-
ily available in freshly upturned soils. Raccoons are also known to be
attracted to forest edge habitats (Barding & Nelson, 2008), and may
thus be attracted to trails that have edge habitat qualities. Because trail
work, like recreation activities, typically occurs during daylight hours,
we expect diurnal species sensitive to human presence to be more af-
fected than nocturnal species during trail construction.

Past research has shown species-specific effects of the trail struc-
ture on terrestrial wildlife, with some species preferring to use human
trails while others avoid them. Large predators such as felids, canids,
and sometimes ungulates, are sometimes found to prefer using trails
(Coppes, Burghardt, Hagen, Suchant, & Braunisch, 2017; Cusack
et al., 2015; Harmsen, Foster, Silver, Ostro, & Doncaster, 2010;
Karanth & Nichols, 1998). However, some of these same species are
found to alter daily activity patterns in areas with recreation, avoiding
humans in real time (e.g., coyotes, gray foxes, mule deer, white-tailed
deer, elk, and wolves: Barrueto, Fort, & Clevenger, 2014; Nix, How-
ell, Hall, & McMillan, 2018; Reilly, Tobler, Sonderegger, & Beier,
2017; Rogala et al., 2011). Prey species are sometimes attracted to
busier trails, such as ungulates in the Rocky Mountains (Muhly, Seme-
niuk, Massolo, Hickman, & Musiani, 2011) while the same species
can be displaced by recreational activity in other cases, such as elk
in eastern Oregon (Wisdom et al., 2018). In the eastern U.S., the
largest-scale empirical study to date on mammalian activity in relation
to human-made trails found that most species studied did not avoid
trails, and predator species positively selected them, specifically at night
(Kays et al., 2016). A trail structure could lead to long-term changes
in predator-prey dynamics, even if human use is minimal (Berger,
2007; , J.R. Miller and Hobbs, 2000; Muhly et al., 2011; Shan-
non, Cordes, Hardy, Angeloni, & Crooks, 2014). Such alterations
to wildlife behavior corresponding to nature-based recreation can have
cascading effects in the greater ecosystem at larger spatial scales. With
the continued increase in recreation demand overlapping with conserva-
tion efforts in protected areas, it is critical to take the next step in de-
termining the causality of recreation-related human activity such as trail
building on wildlife activity.

Due to the difficulty of implementing manipulative experiments in
natural settings, most ecology and wildlife studies rely on correlational
designs to test hypotheses, and thus have limited ability to infer cau-
sation. However, the construction of new infrastructure in protected
areas offers an opportunity to evaluate the impact of human distur-
bance on wildlife within an experimental framework. For example, a
suite of studies examined the impact of construction of a new paved
path in Grand Teton National Park. American black bears (Ursus amer-
icanus) altered their activity patterns to avoid zones and time periods
of high human use after the construction of the paved path (Costello,

Cain, Nielson, Servheen, & Schwartz, 2013), while ungulate species
reduced their anti-predator behavior near the paved path, effectively
using human presence as a shelter from predators (Shannon et al.,
2014). Two species of breeding sparrows, which nest on the ground or
in low shrubs in this sagebrush ecosystem, also avoided the new path
area, while nests remaining near the path had increased success rates
(Chalfoun, 2011). Together, these findings provide strong evidence for
the human shield hypothesis (Berger, 2007; Muhly et al., 2011), with
both predator and prey changing habitat use after the construction of a
recreation trail as compared with the period prior to construction. By us-
ing a before-after control-impact (BACI) experimental design, these stud-
ies were able to draw stronger conclusions about the cause and effect of
relationships they discovered.

Despite the constant creation and maintenance of trails in protected
areas globally, few studies have investigated the impacts of trail con-
struction on wildlife, and even fewer have used an experimental de-
sign towards these aims. In this study, we developed a method that
can be used to fill these two gaps in the research, and present results
from a case study in the Appalachian Mountains that test two hypothe-
ses regarding how trail building and trail presence would affect the Ap-
palachian study species. We predict that effects would be strongest along
the trail during construction, diminishing somewhat with distance from
the trail. We also hypothesized that the activity level and presence of
species sensitive to human activity would remain reduced during the
first few months that the trail was open to recreation, and that species
that showed significantly altered activity levels and presence would also
have significantly altered daily activity patterns in the treatment zones.
Based on the results of our case study, we identified patterns in six com-
mon species’ responses to trail construction and the recreational trail
structure, to inform future trail construction and improvement projects
in forested regions. While our before-after control-impact (BACI) study
had measurements from 7045 camera nights across 301 camera deploy-
ments at 63 camera sites, these were used to evaluate only a single treat-
ment, one newly built trail (Hurlbert, 1984). This lack of treatment
replication is typical for landscape-scale experiments in which replica-
tion is often difficult, impossible, or impractical (Colegrave & Rux-
ton, 2018; Davies & Gray, 2015; Oksanen, 2001). While more repli-
cates would help establish the generality of our results, we believe that
our use of BACI comparisons provides a useful measure of the response
of our study species to the treatment of mechanized trail building, and
hope this will encourage others to extend this work with additional ex-
periments.

2. Methods

In this study we designed and implemented a BACI experiment to
address our research question regarding the local effects of motorized
trail building and the presence of a new unpaved recreational trail on
common terrestrial vertebrates. To address our research question and
hypotheses, we modeled occupancy to represent presence, and detection
frequency to represent activity level of six study species to compare their
spatial distribution and intensity of habitat use before, during, and after
trail building. We also analyzed the daily activity patterns of our study
species during and after trail building, comparing treatment zones to the
control zone. The study species we selected were those most frequently
observed in the study site, and which had enough detections to converge
with the occupancy and detection rate models. The study species we in-
vestigated included five mammals and one large ground-dwelling bird:
white-tailed deer (Odocoileus virginianus), eastern gray squirrel (S. caroli-
nensis), northern raccoon (P. lotor), coyote (Canis latrans), Virginia opos-
sum (Didelphis virginiana), and wild turkey (Meleagris gallopavo), hence-
forth referred to as deer, squirrel, raccoon, coyote, opossum, and turkey.
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2.1. Study area

This study took place in Stone Mountain State Park, located in the
foothills of the Appalachian Mountains in North Carolina, southeastern
USA. This 57-km2 protected area was in a rural area and contained oc-
cupied homesteads until the late 1960s, when it was designated as a
protected area. The 2.6-km study trail was a 2-m wide equestrian trail
built using motorized machinery from February 6th through June 5th,
2015, and opened to recreational use on June 6th, 2015. The study trail
was located at a minimum distance of 275 m from existing trails and
460 m from existing roads or other park infrastructure. The trail zone
was located at elevations ranging from 463 to 578 m above sea level (NC
OneMap, 2014). The control zone was located in an area with a simi-
lar ecosystem, at least 575 m from existing trails and roads, and eleva-
tions ranging from 454 to 628 m above sea level. Both trail and control
zones were within Eastern North American Cool Temperate Forest, dom-
inated by Southern and Central Appalachian Oak Forest (USGS, 2014).
No hunting was permitted within the protected area. Both the trail and
control zones were 2.6 km long, surrounded by a 50 m expected zone of
influence, making each site 13 ha. The location of the trail and control
zones are shown in Fig. 1.

Trail building took place during daylight hours (see Fig. 2). Trail
design and building were carried out in accordance with the Inter-
national Mountain Biking Association (IMBA) sustainable trail build-
ing guidelines (Felton, 2004), which are widely used in the sustain-
able design of a variety of recreational trail types. Trail construction
required removal of understory and some small trees along the 2-m
wide path. Motorized equipment was used to build the trail, includ-
ing chain saws, leaf blowers, all-terrain vehicles, excavators, and com-
pactors. In one area, rocks were removed using explosives. To minimize
erosion, leaf blowers were used to cover exposed soils on the downhill

slope along the trail with leaves as the trail was built, as required by the
North Carolina Department of Environmental Quality. Gravel was used
on the path in some zones particularly susceptible to erosion.

2.2. Study design

Data were collected during three phases: before trail building (Au-
gust 30th, 2014 – February 5th, 2015), during trail building (February
6th – June 5th, 2015), and after the trail was completed and open to
recreational use (June 6th – September 12th, 2015). Sixty-three sam-
pling points were located across three zones, with each zone containing
21 sampling points: (1) along the study trail, (2) in a near-trail corridor
located 25−50 m on either side of the study trail, and (3) in a control
zone. The near-trail corridor zone was determined from results in simi-
lar ecosystems showing some effect of trail-based recreational activity at
a distance of 50 m from the trail, while no effect on wildlife occupancy
or visit frequency was found at a distance of 200 m from the trail (Kays
et al., 2016). To conduct occupancy analysis, this number of sampling
points is recommended by some wildlife researchers (Kays et al., 2016;
Si, Kays, & Ding, 2014) but is fewer than the number recommended
by others (Rovero, Zimmermann, Berzi, & Meek, 2013). As this is
a relatively small study zone, we defend the use of this number of sam-
pling points as representative of the study area.

On-trail sampling points were randomly selected and established at
an interval of 125 m along a 2600-m section of the proposed trail, which
was previously delineated by park staff with markers at the site and
mapped using a Global Positioning System (GPS) unit. Near-trail sam-
ple points were determined by drawing a line perpendicular to the trail
at each on-trail point, then placing a point on a randomly selected
side and distance from the trail within the 25−50 m near-trail zone.
Slight alterations were made to this randomization process to ensure
that each point was located at an appropriate slope and minimum dis

Fig. 1. Map of the study site in the southern portion of Stone Mountain State Park. Sampling point locations are marked in insets: control zone (left) and treatment zone (right). Location
of the protected area within the USA is indicated with the red point in the inset in the top right corner (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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Fig. 2. Daily timing of human on-trail activity during and after trail building. During trail building, nearly all pedestrian activity was the trail construction crew. Before trail building, only
five pedestrians were detected during the six-month period.

tance of 25 m from all sections of the trail, specifically in sections where
the trail contains multiple switchbacks.

The control zone was selected using topographic, geologic (NC
OneMap, 2014), vegetation (USGS, 2014), and park infrastructure
and boundary maps (unpublished data provided by the North Carolina
Department of Parks and Recreation) using ArcMap 10.1, and located at
a distance of approximately 2.5 km from the study trail. In the control
zone a 2.6-km line was drawn to correspond with the slope and eleva-
tion range of the 2.6-km study trail. Control zone sampling points were
determined along this line using the same method as the on-trail sam-
pling points (Fig. 1).

2.3. Data collection

All field data were collected using motion-triggered field cameras,
henceforth referred to as camera traps, a widely used and relatively
non-invasive method in wildlife studies (Kays et al., 2011; McCallum,
2013; Rovero et al., 2013). Cameras used in the study were Bush-
nell TrophyCam HD, a camera with a rapid trigger that is often used in
wildlife monitoring, with an infrared flash for recording photos at night
with minimal disturbance to wildlife (Rovero et al., 2013). At each
sampling point, a camera was attached to the nearest tree of appropri-
ate size at knee-height from the ground (approximately 0.5 m). Cameras
were oriented towards an open area with a relatively flat slope, with
lenses angled parallel to the slope of the ground. In rare occurrences,
nearby vegetation or underbrush was cleared to improve camera per-
formance. On-trail cameras were oriented along the trail to maximize
the trail-based activity detected (Miller, Leung, & Kays, 2017). These
procedures are typical for studies using camera traps for wildlife data
collection (Erb, McShea, & Guralnick, 2012; Meek et al., 2014;
Rowcliffe, Carbone, Jansen, Kays, & Kranstauber, 2011; TEAM
Network, 2011). In the 20 m by 20 m area surrounding each data col-
lection point, we recorded the vegetation species present, openness of
landscape, elevation, and relative slope of the area. Representation of
these microhabitat characteristics were consistent across all zones, leav-
ing no reason to believe that differences in wildlife activity between
zones might be due to microhabitat effects.

We deployed seven cameras in each study zone for a period of three
weeks, placing a camera at every third established sampling point. Thus,
the points being sampled at any one time were spaced at approxi-
mately 375 m along the trail. After typically three weeks (range: 19–38
days, mean: 23.5 days), we exchanged memory cards and batteries

and moved each camera to the next sampling point sequentially, allow-
ing all 21 points in each zone to be sampled in a total of nine weeks.

Trail building start and end dates were used to define the phase for
all cameras, regardless of their position along the trail. This was done
because the initial building-related disturbance of trail clearing, involv-
ing several crew members and motorized equipment such as chain saws
occurred within the first few days of this phase along the entire length
of the trail.

We programmed cameras to take three photographs per trigger with
a delay of one second between trigger events and no delay between
retriggering. Photos were aggregated into sequences separated by at
least one minute between camera triggers to minimize repeated obser-
vations of the same individual while maximizing observations of inde-
pendent events of species appearances (Yasuda, 2004). We recorded
presence and detection rate (number of detections per day) for each an-
imal species. We also recorded human activity on cameras. We attained
approval from the Institutional Review Board, and maintained privacy
by not identifying individuals in photos, and not circulating photos of
people outside of the research group. In most photos, individuals were
not identifiable due to the low location of the cameras and the low
resolution of the photos (Miller et al., 2017). We used the eMam-
mal photo management system (McShea, Forrester, Costello, He, &
Kays, 2016) and archived all pictures and data at eMammal.org.

2.4. Data analysis

We performed descriptive analyses to determine the number of pho-
tos, sequences, effort, species observed, and type of human activity ob-
served (trail crew on motorized vehicle, trail crew on foot, or recreation-
ist). For human activity, we plotted the type of activity and time of day
at which it occurred, on average, during and after trail construction. We
quantified sampling effort as the number of camera trap days: number of
camera traps deployed times the number of days deployed. The relative
number of species detected was quantified by multiplying the number
of species observed in each zone and phase by the effort in that zone
and phase, then dividing by the average effort across all zone and phase
combinations.

To address our research question and hypotheses, we analyzed three
dependent variables: (1) occupancy probability, (2) detection rate, and
(3) daily activity patterns for each of the treatment phases and both
treatment zones. Occupancy probability measures the probability that
a site (camera location in this case) is occupied by a given species.
This analysis is based on binary detection/non-detection data, incorpo
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rates probabilities of false-negative detections, and accounts for imper-
fect detection through a hierarchical model framework (MacKenzie et
al., 2006). Occupancy probability is represented by the Psi coefficient,
which ranges from 0 to 1. Detection rate is a measure of the frequency
with which each zone is visited by a species, based on rate of observa-
tion by the cameras. These two measures are complementary, with oc-
cupancy quantifying the spatial distribution of a species while detection
rate describes habitat preference in the study area (Kays et al., 2016).

For occupancy and detection rate we performed contrasts, a method
common in BACI studies, to answer the research questions regarding the
effect of trail building and trail presence on terrestrial wildlife species in
on-trail and near-trail zones, and tested for significance at α = 0.05. For
both analyses, a survey consisted of one camera trap day, with sampling
occurring continuously throughout the 24 -h period starting and end-
ing at midnight. To determine if sampling points were independent, we
tested for spatial autocorrelation with Moran’s I, using the ‘ape’ package
in R (Paradis, Claude, & Strimmer, 2004). Using this test, a p-value
smaller than 0.05 indicates spatial clustering of the data.

The effect of trail-building and trail presence on the occupancy prob-
ability for each study species was determined using single-species, sin-
gle-season occupancy analysis run in Program MARK (MacKenzie et
al., 2006; White & Burnham, 1999) through the ‘RMark’ package in
R (Laake, 2013). We considered zone and phase as grouping variables
and occupancy covariates, and detection distance and season as detec-
tion covariates. Detection distance was measured each time a camera
was set, by measuring the distance from the camera at which movement
of one researcher was detected, in meters (mean=15.4 m); all animals
observed are assumed to be within this distance from the camera. Sea-
son was defined as a categorical variable corresponding to the season
(spring, summer, fall, or winter) in which the sampling period began.
For each study species, we assessed the significance of the zone*phase
interaction term in the occupancy model to determine if the change in
a species’ occupancy probability between pre-building and treatment
phases (during and after trail building) were significantly different in
the treatment zones (on-trail and near-trail) as compared with the same
period in the control zone. We also calculated the odds ratio and 95 %
confidence intervals to compare the change in occupancy odds between
phases by site.

We determined the effect of trail building and trail presence on the
detection rate for each study species using a zero-inflated Poisson re-
gression on the count of detections for each species per survey, due to
the dispersion and high proportion of zero values in our data. We tested
for goodness of fit using the Vuong test to determine which species fit
the zero-inflated Poisson regression analysis (Vuong, 1989). This test
showed that the zero-inflated Poisson regression model fit five of the
six study species significantly better than did the ordinary Poisson re-
gression model. We thus proceeded with analysis of these five species:
deer, squirrel, raccoon, coyote, and turkey. We used the same covari-
ates in this analysis as in the occupancy model (detection distance, sea-
son and a zone-phase term for both “count” and “zero” portions of the
model). Analyses were conducted in R, using the ‘pscl’ package for
zero-inflated Poisson regression (Jackman, 2015; Zeileis et al., 2008),
and ‘lsmeans’ package (Lenth, 2015) to calculate least square means,
combining “count” and “zero” model coefficients. Significance testing
was performed using the contrast of least square means to answer our
research questions regarding the effect of trail building and trail pres-
ence on the detection rate in on-trail and near-trail zones.

We also compared the daily activity patterns of each study species
across zones and phases. After first converting all observation times to
the time relative to sunrise and sunset (see Nouvellet, Rasmussen,
Macdonald, & Courchamp, 2012 for methods), we used bootstrap-
ping (10,000 samples) to calculate the difference between the treat-
ment and control zone for each study species in relation to time,

within the phases during and after trail building. For those species that
had significantly different level of activity in the treatment zone com-
pared with the control zone (based on a Wald test), we estimated the
percent of overlap between control and treatment zones, using a ran-
domization test of the probability that two sets of circular observations
come from the same distribution (Ridout & Linkie, 2009). This analy-
sis was performed in R, using packages ‘activity’ (Rowcliffe, 2019) and
‘overlap’ (Ridout & Linkie, 2009).

3. Results

We quantified the number of species observed, occupancy probabil-
ity, and detection rate from 289,594 photographs containing 17 native
mammal species and one large terrestrial bird species across all three
zones (Table 1). In total our data consisted of 8730 discrete wildlife de-
tections at 301 sampling deployments (deployment refers to a camera
set for a 3-week period), with a total of 7045 camera trap days of survey
effort across all zones.

Human use of the trail was exclusively diurnal, and consisted pri-
marily of construction workers and their vehicles during the trail build-
ing phase, and equestrian recreation after construction was complete
(Fig. 2). In the on-trail zone during trail construction, there were an
average of 16 passes per day by trail crew members on motorized ve-
hicles (e.g. ATV, excavator) and 19 passes per day by trail crew mem-
bers on foot. Once construction was complete, the trail had an average

Table 1
Full list of species observed in the study, camera detections in each of the three zones of
the project per unit of effort (i.e. camera trap day), and total number of detections for each
species. The table is organized in order from most to least total detections per species.

Detections per camera trap
day, by zone

Camera
Detections

Common
Name Scientific Name Control

On-
Trail

Off-
Trail

Total
detections

White-tailed
Deer

Odocoileus
virginianus

1.0216 0.6330 0.9266 5872

Eastern Gray
Squirrel

Sciurus
carolinensis

0.1293 0.1189 0.2393 1121

Northern
Raccoon

Procyon lotor 0.0624 0.1095 0.1449 755

Coyote Canis latrans 0.0579 0.0288 0.0284 260
Wild Turkey Meleagris

gallopavo
0.0377 0.0236 0.0225 192

Virginia
Opossum

Didelphis
virginiana

0.0322 0.0136 0.0248 157

Unknown
Mouse or Rat

NA 0.0332 0.0024 0.0138 103

American
Black Bear

Ursus
americanus

0.0221 0.0045 0.0110 81

Striped Skunk Mephitis
mephitis

0.0267 0.0024 0.0064 74

Bobcat Lynx rufus 0.0111 0.0049 0.0055 48
Eastern
Cottontail

Sylvilagus
floridanus

0.0146 0.0000 0.0005 30

Southern
Flying Squirrel

Glaucomys
volans

0.0045 0.0014 0.0018 17

Grey Fox Urocyon
cinereoargenteus

0.0030 0.0014 0.0009 12

Red Fox Vulpes vulpes 0.0010 0.0000 0.0005 3
Eastern
Spotted Skunk

Spilogale
putorius

0.0000 0.0003 0.0005 2

Eastern Fox
Squirrel

Sciurus niger 0.0000 0.0003 0.0000 1

Long-tailed
Weasel

Mustela frenata 0.0000 0.0000 0.0005 1

Woodchuck Marmota monax 0.0000 0.0003 0.0000 1
Grand Total 1.4575 0.9454 1.4278 8730
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of 1.4 visitors passing per day; this number indicates low use of the trail,
perhaps because it was not widely known to the public. In near-trail and
control zones, nearly zero human activity occurred during the project.

3.1. Variation in the control zone

Before describing the results for each species, it is important to note
that variation existed across all zones, including the control zone, across
the three phases of the project (i.e. before, during, and after trail build-
ing). This variation is likely due to seasonal changes in the study species’
activity levels. The ‘before’ phase occurred over late summer, fall and
early winter, the ‘during’ phase spanned late winter and spring, and the
‘after’ phase included late spring and summer (see Section 2.2 for ex-
act dates of each phase). Investigating the data from our control zone
shows that turkeys were most active in the ‘before’ phase (i.e., fall and
winter months), deer and coyotes were most active in the ‘during’ phase
(i.e., late winter and spring months), and squirrels, raccoons, and opos-
sums were most active in the ‘after’ phase (i.e., late spring and sum-
mer months). These peak activity periods generally correspond with sea-
sons during which each species has young with which females forage for
food, which likely explains the higher levels of occupancy and detection
rates found in the control zone.

These control zone data are critical in separating the effects of trail
building from seasonal effects. We continue by reporting the results
of occupancy, detection rate, and daily activity pattern of each study
species in relation to the data from the control zone. We conducted oc-
cupancy analyses for the five species that had adequate detections for
model convergence: squirrel, raccoon, coyote, turkey, and opossum. For
these five species, we analyzed the effect of trail building (i.e. the ‘dur-
ing’ phase) and trail presence (i.e. the ‘after’ phase) in each treatment
zone (i.e. on-trail and near-trail zones) in relation to the control zone
(Fig. 3). Next, we analyzed the detection rate for five species that had
adequate detections for convergence with the zero-inflated Poisson re-
gression model: deer, squirrel, raccoon, coyote, and turkey. For these
species, we analyzed the effects of trail building and trail presence in
both on-trail and near-trail zones using contrast equations on the least
square means of detection rate resulting from these species’ regression
models (Fig. 4). Finally, we analyzed the daily activity patterns of each
of the six study species, looking for significant differences between each
treatment zone and the control zone, both during and after trail building
(Fig. 5). For each of the six species, results are summarized below and
in Table 2. For each species, we present all results on the effects of trail
building, followed by all results on the effects of trail presence.

3.2. White-tailed deer

Deer occupancy was equal to one in several zone-phase data sets,
making it impossible to answer our research questions using occupancy
analysis due to lack of variation (Welsh, Lindenmayer, & Donnelly,
2013). However, the data supported significant effects of trail building
on deer in the near-trail zone (Table 2). Deer detection rate decreased
by 41 % during trail building in the near-trail zone, compared with the
control zone (P ≤ 0.001) (Fig. 4; Table A2, Appendix A). Deer daily ac-
tivity patterns in the on-trail zone did not differ significantly from those
in the control zone. However, daily activity patterns during trail build-
ing in the near-trail zone were significantly different from those in the
control zone (P < 0.05, difference of 27 %). In the near-trail zone, deer
had reduced activity density peaks around dusk and dawn, accompa-
nied by a smaller activity peak around noon in the near-trail zone as
compared with the control zone (Fig. 5a). Corresponding human activ-
ity patterns are shown in Fig. 5d for comparison. We found no signifi

cant effect of trail presence on deer detection rate or daily activity pat-
terns.

3.3. Eastern gray squirrel

We found no significant effects of trail building on squirrels (Fig. 3;
Fig. 4; Tables A1 and A2, in Appendix A). However, the data sup-
ported significant effects of trail presence on squirrels in the on-trail
zone (Table 2; Table A2 in Appendix A), with squirrel detection rate
decreasing by 93 % in the on-trail zone after trail building, compared
with the control zone (Fig. 4). After trail building was complete, squir-
rel daily activity patterns in both on-trail and near-trail zones were sig-
nificantly different from those in the control zone (difference from the
control zone of 13 % and 17 %, respectively) (P < 0.05) (Fig. 5). Squir-
rels had larger activity peaks just after dawn in both treatment zones as
compared with the control zone (Fig. 5b and c). Fig. 5d shows human
activity patterns for comparison.

3.4. Northern raccoon

Trail building corresponded with a significant increase in raccoon oc-
cupancy and detection rate in the on-trail zone (Table 2). In the control
zone, raccoon occupancy was 0.609 before trail building and dropped
to 0.283 during trail building, with a decrease in the occupancy odds
(odds ratio: 0.254, 95 % CI: 0.085, 0.758). Meanwhile, in the on-trail
zone raccoon occupancy increased from 0.772 to 0.922, with an increase
in the occupancy odds (odds ratio: 3.507, 95 % CI: 0.514, 23.916) (Fig.
3; Table A1, Appendix A). This difference was reflected in the interac-
tion term for zone and phase, which was significantly different from zero
(2.63, 95 % CI: 0.429, 4.822, P ≤ 0.001). During trail building, the oc-
cupancy odds ratio increased enormously in the on-trail zone, reaching
1,382 % (95 % CI: 153.6 %, 1,242.5 %) of the occupancy odds ratio for
the control zone. The raccoon detection rate also supported significant
effects of trail building for raccoons along the trail (Fig. 4; Table A2
in Appendix A). In the on-trail zone, raccoon detection rate increased
by 17 % during trail building (P ≤ 0.001) compared with the control
zone. Raccoons did not demonstrate significant differences in daily ac-
tivity patterns between the control and treatment zones. In our study
site, raccoons were active almost exclusively at night, when there was
no human activity at the site. We found no significant effect of trail pres-
ence on raccoon occupancy, detection rate, or daily activity patterns.

We recognize that spatial autocorrelation exists within the occu-
pancy results for raccoon. Spatial autocorrelation, which indicates a lack
of independence between sampling points, can lead to an overestimated
precision in occupancy estimates (Legendre, 1993) and increase the
risk of Type I error, but is often not considered (Poley et al., 2014).
Additionally, the agreement between the occupancy and detection rate
results supports the significant effect of trail building on raccoons in the
on-trail zone.

3.5. Coyote

Our results suggest that trail building resulted in a small but signif-
icant decrease in coyote occupancy and detection rate in the near-trail
zone (Table 2). In the control zone, coyote occupancy was 0.612 be-
fore and rose to 0.671 during trail building, resulting in a slight in-
crease in the occupancy odds (odds ratio: 1.293, 95 % CI: 0.361, 4.641).
Meanwhile, in the near-trail zone, coyote occupancy decreased from
0.551 to 0.117, resulting in a substantial decline in the occupancy odds
(odds ratio: 0.108, 95 % CI: 0.024, 0.445) (Fig. 3; Table A1, Ap-
pendix A). The interaction term for zone and phase was significantly
different from zero (−2.48, 95 % CI: −4.390, −0.576, P ≤ 0.001).
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Fig. 3. Occupancy probability (Psi) model estimates for each zone-phase combination for each of five study species. Error bars show standard error; points for which error bars do not
overlap are statistically different, at the alpha = 0.05 level. Significant relationships include: Raccoon occupancy increased along the trail during trail building and Coyote occupancy
decreased near the trail during trail building.

The occupancy odds ratio declined slightly in the near-trail zone to 8%
(95 % CI: 1.2 %, 56.0 %) of the occupancy odds ratio for the control
zone.

Our detection rate analysis also supported significant effects of trail
building for coyotes both along the trail and in the near-trail zone (Fig.
4; Table A2 in Appendix A). During trail building, coyote detection rate
decreased by 6 % on-trail and 7 % in the near-trail zone, compared with
the control zone (P ≤ 0.05). Coyotes did not demonstrate significant dif-
ferences in daily activity patterns between the control and treatment
zones. In our study site, coyotes were active almost exclusively at night,
with the exception of a small activity peak around noon in the control
zone that was absent in both treatment zones, after trail building was
complete. We found no significant effect of trail presence on coyote oc-
cupancy, detection rate, or daily activity patterns.

3.6. Wild turkey

The data did not support significant effects of trail building or trail
presence in either treatment zone for turkeys, including all three analy-
ses (Table 2; Tables A1 and A2, Appendix A). This species did not
appear frequently enough to allow statistical analysis regarding daily ac-
tivity patterns. However, turkeys are diurnal and thus might have unde-
tected responses to trail building or presence.

3.7. Virginia opossum

The data did not support significant effects on of trail building or
trail presence in either treatment zone for opossums occupancy, de-
tection rate, or daily activity patterns (Table 2; Tables A1 and A2,
Appendix A). In our study site, opossums were active almost exclu
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Fig. 4. Detection rate for each zone-phase combination for each of five study species. Least square means (y-axis) is calculated from the “count” and “zero” portions of the zero-inflated
poisson regression model. Error bars show standard error; points for which error bars do not overlap are statistically different at the alpha = 0.05 level. Significant relationships include:
Deer detection rate decreased in the near-trail zone during trail building, squirrel detection rate decreased along the trail after trail building, raccoon detection rate increased along the
trail during trail building, and coyote detection rate decreased along and near the trail during trail building.

sively at night, when the trail construction crew and recreationists were
absent.

4. Discussion

Trails are an important recreational infrastructure common to nearly
every protected area. Because trails occur within spaces designated to
conserve and protect wildlife species, understanding their effects on
wildlife is important in the goal of wildlife conservation. Although trail
construction and maintenance occur frequently within protected ar-
eas, the effects of these practices on wildlife are not well understood.
This study establishes a method to evaluate the impacts of trail con-
struction and trail presence on common wildlife species, using cam-
era traps as part of a BACI experiment. Our results are supported
by previous studies investigating the effects of trail presence and a
range of human recreational activities on common species across

larger spatial scales, focusing here on the effects of trail building. Our
findings that four of the six species studied demonstrated changes in ac-
tivity during and/or immediately after trail construction underscores the
importance of considering the extent and timing of trail building pro-
jects to minimize negative impacts on local animal populations.

Our results indicate that effects on the study species were strongest
during trail building but such effects dissipated once trail building was
complete. Through analysis of detection rate, we found that trail con-
struction corresponded with raccoons increasing their use of the on-trail
zone, deer using the near-trail area less frequently, and coyotes slightly
decreasing their use of both on-trail and near-trail areas. These results
suggest that raccoons are attracted to the disturbance of the trail con-
struction zone while deer and coyotes avoid the immediate area, with
the zone of influence reaching at least 50 m from the trail for deer
and coyotes. Only one species, squirrel, showed significant response
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Fig. 5. Daily activity patterns for deer, squirrel, and humans, represented through the density of observations over time, relative to sunrise (i.e SunTime). For deer and squirrels, activity
patterns are shown during the periods when their activity was significantly different from the control zone. Human activity patterns include the trail building crew and recreationists.
Researchers’ activity is excluded from the presentation of human activity as it is constant in all zones and phases.
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Table 2
Summary of the results of our three statistical analyses: occupancy, detection rate, and activity pattern. All significant results are described with the direction of the result; “X” indicates
no significant differences from the control zone.

Analysis Species Results, percent difference from control site

During Trail Building After Trail Building

On-Trail Near-Trail On-Trail Near-Trail

Occupancy,% difference in occupancy odds ratio from control zone Deer X X X X
Squirrel X X X X
Raccoon Increase,

1382 %
X X X

Coyote X Decrease,
8 %

X X

Turkey X X X X
Opossum X X X X

Detection Rate, % change from control zone Deer X Decrease,
41 %

X X

Squirrel X X Decrease,
93 %

X

Raccoon Increase,
17 %

X X X

Coyote Decrease,
6 %

Decrease,
7 %

X X

Turkey X X X X
Opossum X X X X

Daily Activity Pattern, % overlap with control zone Deer X Spread
throughout
day, 27 %

X X

Squirrel X X Avoid
recreational
activity, 13
%

Avoid
recreational
activity, 17
%

Raccoon X X X X
Coyote X X X X
Turkey X X X X
Opossum X X X X

to trail presence after construction, decreasing use along the trail itself
by 93 % according to detection rate by our cameras.

Effects of trail construction on species occupancy paralleled the re-
sults of the detection rate analysis, but were less profound. This indi-
cates that the study species’ responses to trail building were more sub-
stantial at the level of habitat use intensity than that of geographic dis-
tribution. Raccoons and coyotes had significant changes in occupancy
during trail building compared with our control zone and measurements
of the same site before construction. These observations were consistent
with changes in these species’ detection rates, and suggest a pattern of
displacement (coyote) and habitat expansion (raccoon) resulting from
trail building. However, these effects were temporary, with occupancy
returning to levels similar to those in the control zone after trail build-
ing was complete. If prolonged, this type of response could lead to hu-
man-mediated predator shelter or attractive sinks, as found in previous
studies (Hebblewhite & Merrill, 2007; Muhly et al., 2011; Roever,
Boyce, & Stenhouse, 2008; Shannon et al., 2014). It is important
to note, however, that our study trail received relatively low use once it
was open to the public, with an average of only 1.4 visitors passing per
day; our results might not be indicative of trails with higher use levels.

Analysis of the daily activity patterns of our study species suggest
that deer and squirrels avoided human activity in real time. Both of
these species are active during daytime hours, when human activity is
highest. In the study area, deer typically had crepuscular and diurnal
activity, while squirrels were primarily diurnal. Both species’ activity
patterns shifted to avoid peak times of human activity, as discussed in
further detail below. Raccoons, coyotes, and opossums, which are all
primarily nocturnal within our study site, did not show significantly al

tered daily activity patterns in the treatment zones. Although turkeys
had too few detections to analyze statistically, it is worth noting that
this primarily diurnal species appeared only three times along the trail
during trail building – once each at dawn, noon, and dusk. These re-
sults suggest that species which are primarily diurnal are more highly af-
fected by daytime trail-based human activity. Altered daily activity pat-
terns in response to human activities is well documented in mammals,
including coyotes, gray foxes, mule deer, (Nix et al., 2018; Reilly et
al., 2017), black bear, white tailed deer, elk, and wolves (Barrueto et
al., 2014; Rogala et al., 2011), most of which are primarily or par-
tially diurnal species.

4.1. Population-level implications by species

Raccoons were the only species to increase their use of either treat-
ment zone during trail building, having increased detection rate in the
on-trail zone by 17 %. Primarily nocturnal, raccoons were temporally
separated from daytime human activity during trail building. Raccoons
are known to be attracted to point sources of human disturbance and
often use edge habitat (Barding & Nelson, 2008), and were likely at-
tracted to loosened soil for forage, as well as novel objects or food scraps
left along the trail overnight. These two factors explain why the rac-
coon detection rate increased along the trail during construction. Our
results showed that the raccoon detection rate returned to levels similar
to those observed in the control zone after trail building was completed.
This observation indicates that raccoons do not disproportionately use
trails, consistent with previous findings (Gompper et al., 2006; , J.R.
Miller and Hobbs, 2000; Kays et al., 2016).
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The coyote detection rate decreased slightly both along the trail
and in the near-trail zone during trail building (5.5 % and 7.4 %,
respectively). These results suggest that coyotes avoided the on-trail
and near-trail zones during high-intensity trail building activity. Coy-
otes have been observed to be leery of human presence and novel ob-
jects (Young, Mahe, & Breck, 2015), typical of the trail construction
zone. White-tailed deer, a main source of food for coyotes (Crimmins,
Edwards, & Houben, 2012), also showed decreased activity in the
on-trail zone during trail building, which could have resulted in less mo-
tivation for the coyotes to visit the trail area during this project phase.
Coyotes are also widely known to inhabit human-influenced spaces such
as suburban areas (Way, Ortega, & Strauss, 2004; Weckel, Mack,
Nagy, Christie, & Wincorn, 2010), consistent with our observation
that coyote activity returned to levels similar to those observed in the
control zone after trail building was complete.

Deer were by far the most common species captured by cameras in
this project. Deer occupancy was equal to one in several zone-phase data
sets, making it impossible to answer our research questions using occu-
pancy analysis due to lack of variation (Welsh et al., 2013). Our de-
tection rate data showed that deer used the near-trail zone 41 % less
frequently during trail building, the period in which near-trail human
activity was most frequent. This decrease is further explained through
altered daily activity patterns, which suggested that deer avoided peri-
ods of peak human activity. This result is consistent with previous find-
ings that near-trail activity resulted in greater impacts on deer than did
more predictable on-trail activity (Miller, Knight, & Miller, 2001).
Furthermore, deer activity in the near-trail zone was spread more evenly
throughout the daylight hours during trail building than it was at the
same time in the control zone. Deer in this previously undisturbed area
might be confused by the sudden occurrence of human activity, chang-
ing their daily activity patterns and shifting their use of habitat. How-
ever, deer are very common in this area and their conservation is not a
concern at this time.

Squirrels were the only species that showed a significant effect from
trail presence after construction, with its detection rate decreasing by
93 % on the trail once trail building was complete. A diurnal species,
squirrel daily activity patterns shifted away from peak periods of hu-
man activity along the trail. We suggest that this decrease could be due
to (1) avoidance of humans and/or (2) increased perceived predation
risk. Squirrels with less exposure to humans have been found to flee hu-
man approach from further distances (Engelhardt & Weladji, 2011).
In our study site, squirrels had very low exposure to humans prior to
trail building. If human avoidance is the driving factor, squirrel use of
the trail might increase over time as the species becomes habituated to
humans (see Kays et al., 2016). However, decreased use of the trail
zone by squirrels may also be due to an increased perceived predation
risk in this open area. If predation risk is driving the decrease in squirrel
activity, we expect that squirrels will be displaced from the trail zone in
the long-term.

We found no significant changes in the occupancy, detection rate,
or daily activity patterns for wild turkeys. This species is a habitat gen-
eralist and has been found to benefit from a heterogeneous landscape
structure (Rioux, Bélisle, & Giroux, 2009). Most previous studies
have associated recreational activities with negative impacts on birds
(Steven, Pickering, & Guy Castley, 2011), including reduced inten-
sity of habitat use for grouse (Rösner, Mussard-Forster, Lorenc, &
Müller, 2013). If similar effects are present in our study site, they were
not detected using our methods.

Virginia opossums also did not show significant effects on occu-
pancy, detection rate, or daily activity patterns related to trail build-
ing or trail presence. Previous research on opossums found no sig-
nificant impacts of anthropogenic influences such as trail use in the
Appalachian ecosystem (Erb et al., 2012) and negative association

with areas of bare earth in an urban setting (Sinclair, Hess, Moorman,
& Mason, 2005). The trail in our study is unpaved, and would be con-
sidered bare earth during and in the first few months after construction.
We did not detect these possible changes in opossum detection rate, sug-
gesting that if present, these effects are too small to be detectable using
our methods.

4.2. Community-level implications

Our results are consistent with those of a study in an overlapping re-
gion, in which recreational trail use was not a consistently significant
predictor of any of twelve species’ use across all sites (Kays et al.,
2016). This study found patterns suggesting a human-mediated preda-
tor shelter effect of highly used trails, with raccoons, bears, turkeys, and
bobcats avoiding heavily used trails (>100 people/day), while red foxes
and gray squirrels used such trails more frequently than trails with lower
human use levels. This pattern was also found for bears and red foxes
in another Appalachian study (Erb et al., 2012). If human use of our
study trail increases, similar patterns of human-mediated predator shel-
ter might emerge in our study site, with a decreased presence of large
predators such as coyotes and bobcats coinciding with increased pres-
ence of mesopredators (e.g. foxes) and prey species (e.g. squirrels and
deer). However, it is also possible that prey species such as squirrels may
continue to have decreased activity levels and altered daily activity pat-
terns along the trail corridor, as seen during the first few months after
trail construction in our study. Further data collection is needed to de-
termine long-term effects of trail construction at both the population and
community level.

Our analysis extended into the first three months after trail construc-
tion was complete, during which very few recreationists used the new
trail, allowing us to investigate the effect of the trail structure on the lo-
cal wildlife community. Our results indicate that impacts on the study
species were almost entirely restricted to the trail building phase. Pre-
vious studies in the area have found non-motorized trail-based human
recreation to have limited effects on wildlife (Kays et al., 2016). The
present study expands on such research, as we collected data on wildlife
activity before the trail was present in the landscape. The lack of im-
pacts detected after trail building was complete is likely influenced by
the low level of recreational activity on the trail. Future work investi-
gating similar impacts on a higher use trail are recommended to further
explore the effects of trail use on wildlife, a unique opportunity given
the availability of data both before and after the trail was in place. Fur-
thermore, such data can reveal if trail presence affects the species stud-
ied here in the long term, such as large predator species using the trail
for movement during periods of low human trail-based activity, shifting
the predator-prey balance, as seen in previous studies (Cusack et al.,
2015; Harmsen et al., 2010; Karanth & Nichols, 1998).

The trail constructed during this project used a motorized approach,
with equipment such as excavators, all-terrain vehicles, chain saws, leaf
blowers, and motorized trail compactors. In our study, an average of 16
passes by motorized vehicle and 19 passes by trail crew members on foot
occurred along the trail per day during construction. Previous research
found that non-motorized recreation resulted in greater impacts to sev-
eral wildlife species than did motorized recreation (Harris, Nielson, &
Rinaldi, 2013; Kucera, 1976). However, a review found motorized
recreation to displace a larger number of species over longer distances
than did non-motorized recreation (Gaines, Singleton, & Ross, 2002).
Future research regarding the difference between impacts of mecha-
nized and manual trail construction would be an important contribution
to management in designated Wilderness areas, where the use of motor-
ized equipment is highly restricted.
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4.3. Limitations

Although we detected a total of 17 mammalian species and at least
four bird species, our analysis was limited to the six most common
species in the study area, which were detected with enough frequency
to fit the occupancy and/or detection rate analyses. However, rarer
species detected less frequently might also respond to trail building and/
or trail presence. Future research using different methods might reveal
responses of certain sensitive species to trail building and presence. The
context of our study is also important to keep in mind, in that the study
area is not pristine. Existing recreational trails lie within 275 m of the
trail site, and other park infrastructure such as roads lie within 460 m.
Recreational activity was present along a logging road in the treatment
area until 2008. Species with large home ranges or with a life span
greater than 7 years may have already been habituated to human use.
The results presented here are restricted to the study site and year. How-
ever, as most protected areas in which trails are built have nearby hu-
man activity, we believe that our study area is appropriate for the re-
search questions, and that our results can inform future research and
management.

Our study is restricted to short-term effects, with results indicating
habitat reduction and expansion for two species during trail building,
attraction and avoidance for three species during trail building, and
avoidance for one species after the trail is open. To draw conclusions
regarding habituation of species to the trail, longer-term monitoring
data would be required. Additionally, our data span an entire year but
has a relatively short period of overlap of only 14 days between years.
Our results would be strengthened by having a longer overlap between
pre-trail building and post-trail building data.

BACI designs are powerful in their inference but difficult to deploy
with replication to study landscape ecology. In our case, we took advan-
tage of an opportunity to use this gold standard scientific design to eval-
uate the effects of a single trail construction project. Our results are thus
robust for this specific Appalachian application, but might be limited in
their generality. However, given how our results fit within the growing
literature on trail effects, we argue that our results are generally rele-
vant and indicative of the impacts of trail building on wildlife species
characteristic of the region. As the first study in a forested habitat inves-
tigating the effects of trail building on wildlife activity using an experi-
mental design, we believe the method developed here will be instrumen-
tal in future studies investigating the impacts of building and presence
of trails and other human-made linear corridors on wildlife in a range
of ecosystems, as a pilot study or as a part of a meta-analysis. We en-
courage researchers to collaborate with protected area agencies to form
natural BACI experiments such as the one presented here. Implementing
this method along trail building projects in other locations would build
a global array of studies, bringing to light both common and unique ef-
fects of trail building on a large variety of species. We also encourage
researchers to use citizen science methods to implement larger scale ver-
sions of the work presented here, ideally continuing the work for several
years after new trails are built. Such studies are important in protected
areas where an expansion of human recreation is planned, or where the
landscape is heavily fragmented by recreation, and will contribute crit-
ical knowledge regarding the effect of new trail construction on local
wildlife. Additionally, in areas where endangered species and recreation
overlap, a study modeled after ours could indicate whether recreation
trails correspond with change in these protected species’ behavior.

5. Management implications and conclusions

Trail construction affected four species in the on-trail zone, with
two species showing responses up to at least 50 m from the trail. Al-
though all of the species studied here were common in the study

area, four of the six species studied were affected, suggesting that
other species in other global locations are also likely to be affected by
trail construction activities. In areas where conservation of endangered
species is a concern, impacts of trail building could be reduced if man-
agers restrict construction to a short time period and consider the life cy-
cle of endangered species potentially affected by trail construction when
determining the season in which construction will occur. Taking an ex-
ample of one of our study species, coyotes den during the spring and
are known to move den sites following human disturbance (Harrison &
Gilbert, 1985). Trail building during the denning season could thus im-
ply additional energy requirements from adults and make coyote pups
more vulnerable to predation if den sites are moved. Furthermore, if en-
dangered species are displaced during trail building, poorly timed con-
struction could further threaten the species’ local population.

Wildlife protection is an important part of protected area goals to
conserve natural ecosystems while providing quality nature-based recre-
ation opportunities. In this study, we presented our results of a natural
experiment in the form of both general trends and inferential statistics.
Such statistical results are scarce in natural and landscape-scale exper-
iments, in which replication is often difficult, impossible, or impracti-
cal, yet recent discussion has led to more widespread support of such
methods for the advancement of science (Colegrave & Ruxton, 2018;
Davies & Gray, 2015; Oksanen, 2001). The research presented here,
in combination with many previous studies investigating interactions of
humans and wildlife in a rural setting, can inform science-based pro-
tected area management to minimize the negative impacts of recreation
and associated infrastructure development. In our analysis we found that
impacts of a new low-use trail, if any, are likely restricted to the imme-
diate trail zone and limited to one of our study species, the Eastern gray
squirrel. Highlighting the importance of minimizing trail construction
impacts, our study supports the coexistence of wildlife and low-intensity
recreation in southern Appalachian forests.
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Appendix A. Further detail on occupancy and regression results

Table A1
Occupancy probability (Psi) for each study species in each treatment phase and zone. Psi coefficients are those of the zone*phase occupancy probability interaction term for each contrast
equation, with corresponding standard error and p-value. The occupancy model contains p~Detection Distance + Season; Psi~Zone*Phase; group = Zone, Phase. Each contrast is per-
formed only on data for the specific zones and phases required. Cells with “NA” indicate that the model did not fit the dataset for the site and zone for the corresponding species.

During, on-trail During, near-trail After, on-trail After, near-trail

Species Psi SE P Psi SE P Psi SE P Psi SE P

Squirrel −0.41 0.78 0.61 −0.09 0.76 0.91 −0.34 0.93 0.73 −1.06 0.75 0.16
Raccoon 2.63 1.12 ≤0.001 0.30 0.83 0.73 NA NA NA NA NA NA
Coyote −0.90 1.02 0.39 −2.48 0.97 ≤0.001 0.56 1.09 0.62 −0.65 0.97 0.51
Turkey −3.33 3.15 0.30 −1.41 3.11 0.66 NA NA NA NA NA NA
Opossum 1.42 2.55 0.59 0.03 1.64 0.99 0.34 1.41 0.82 −0.15 1.17 0.91

Table A2
Change in detection rate for the 5 study species during and after trail building in on-trail and near-trail zones, compared with the same change in the control zone, with model coefficient,
standard error, and p-value. Detection rate equations included Zone-Phase + Detection Distance + Season covariates for both “count” and “zero” portions of the zero-inflated Poisson
regression model.

During, on-trail During, near-trail After, on-trail After, near-trail

Species Coeff. SE P Coeff. SE P Coeff. SE P Coeff. SE P

Deer −0.16 0.12 0.18 −0.41 0.12 ≤0.001 0.15 0.08 0.07 0.05 0.08 0.53
Squirrel −0.03 0.05 0.50 0.00 0.03 0.93 −0.20 0.04 ≤0.001 −0.03 0.05 0.50
Raccoon 0.17 0.05 ≤0.001 −0.01 0.03 0.62 0.00 0.03 0.89 −0.01 0.03 0.65
Coyote −0.06 0.02 ≤0.05 −0.07 0.02 ≤0.001 0.00 0.02 0.98 −0.01 0.01 0.64
Turkey −0.02 0.03 0.45 0.02 0.03 0.53 0.03 0.04 0.48 0.06 0.05 0.17

13



UN
CO

RR
EC

TE
D

PR
OO

F

A.B. Miller et al. Journal for Nature Conservation xxx (xxxx) xxx-xxx

References

American Hiking Society (2015). Hiking trails in America: Pathways to prosperity. MD:
Silver Spring.

Ballantyne, M, & Pickering, C M (2015). The impacts of trail infrastructure on vegetation
and soils: Current literature and future directions. Journal of Environmental
Management, 164, 53–64. doi:10.1016/j.jenvman.2015.08.032.

Barding, E E, & Nelson, T A (2008). Raccoons use habitat edges in Northern Illinois.
The American Midland Naturalist, 159(2), 394–402. doi:10.1674/
0003-0031(2008)159[394:RUHEIN]2.0.CO;2.

Barrueto, M, Fort, A T, & Clevenger, A P (2014). Anthropogenic effects on activity patterns
of wildlife at crossing structures. Ecosphere, 5(3), 1–19.

Berger, J (2007). Fear, human shields and the redistribution of prey and predators in
protected areas. Biology Letters, 3(6), 620–623. doi:10.1098/rsbl.2007.0415.

Blotkamp, A, Meldrum, B, Morse, W, & Hollenhorst, S J (2010). Yosemite national park
visitor study. Moscow, ID: Park Studies Unit, Visitor Services Project.

Chalfoun, A (2011). Effects of pathways within Grand Teton National Park on avian
diversity, abundance, distribution, nesting productivity, and breeding behaviors.
Laramie, WY: USGS Wyoming Cooperative Fish & Wildlife Research Unit, Department
of Zoology and Physiology, University of Wyoming.

Colegrave, N, & Ruxton, G D (2018). Using biological insight and pragmatism when
thinking about pseudoreplication. Trends in Ecology & Evolution, 33(1), 28–35.
doi:10.1016/j.tree.2017.10.007.

Coppes, J, Burghardt, F, Hagen, R, Suchant, R, & Braunisch, V (2017). Human recreation
affects spatio-temporal habitat use patterns in red deer (Cervus elaphus). PloS One,
12(5), 1–19. doi:10.1371/journal.pone.0175134.

Costello, C M, Cain, S I, Nielson, R M, Servheen, C, & Schwartz, C C (2013). Response
of American black bears to the non-motorized expansion of a road corridor in Grand
Teton National Park. Ursus, 24(1), 54–69. doi:10.2192/URSUS-D-11-00027.1.

Crimmins, S M, Edwards, J W, & Houben, J M (2012). Canis latrans (Coyote) habitat use
and feeding habits in Central West Virginia. Northeastern Naturalist, 19(3), 411–420.
doi:10.1656/045.019.0304.

Cusack, J J, Dickman, A J, Rowcliffe, J M, Carbone, C, Macdonald, D W, & Coulson,
T (2015). Random versus game trail-based camera trap placement strategy for
monitoring terrestrial mammal communities. PloS One, 10(5), e0126373.
doi:10.1371/journal.pone.0126373.

Davies, G M, & Gray, A (2015). Don’t let spurious accusations of pseudoreplication limit
our ability to learn from natural experiments (and other messy kinds of ecological
monitoring). Ecology and Evolution, 5(22), 5295–5304. doi:10.1002/ece3.1782.

Department for Environment and Heritage (2008). Linking with nature: A trails strategy
for South Australia’s protected areas 2008–2012. Adelaide, SA: Government of South
Australia.

Dudley, N (Ed.). (2008). Guidelines for applying protected Area management categories.
Gland, Switzerland: IUCN. x + 86pp. WITH Stolton, S., P. Shadie and N. Dudley
(2013). IUCN Best Practice Guidance on Recognising Protected Areas and Assigning
Manamgent Categories and Governance Types (Vol. 3). Best Practice Protected Area
Guidelines Series No. 21, Gland, Switzerland: IUCN. Retrieved from https://
portals.iucn.org/library/node/30018. .

Engelhardt, S C, & Weladji, R B (2011). Effects of levels of human exposure on flight
initiation distance and distance to refuge in foraging eastern gray squirrels (Sciurus
carolinensis). Canadian Journal of Zoology, 89(9), 823–830. doi:10.1139/z11-054.

Erb, P L, McShea, W J, & Guralnick, R P (2012). Anthropogenic influences on macro-level
mammal occupancy in the Appalachian Trail corridor. PloS One, 7(8), e42574.
doi:10.1371/journal.pone.0042574.

Felton, V (2004). Trail Solutions: IMBA’s guide to building sweet singletrack. Boulder, CO:
International Mountain Bicycling Association.

Gaines, W L, Singleton, P H, & Ross, R C (2002). Assessing the cumulative effects
of linear recreation routes on wildlife habitats on the Okanogan and Wenatchee
national forests. Portland, OR: U.S. Department of Agriculture, Forest Service, Pacific
Northwest Research Station.

Gompper, M E, Kays, R W, Ray, J C, Lapont, S D, Bogan, D A, & Cryan, J R (2006).
A comparison of noninvasive techniques to survey carnivore communities in
northeastern North America. Wildlife Society Bulletin, 34(4), 1142–1151.

Hammitt, W E, Cole, D N, & Monz, C A (2015). Wildland recreation: Ecology and
management (Third edition). Oxford, U.K.: John Wiley & Sons, Inc..

Harmsen, B J, Foster, R J, Silver, S, Ostro, L, & Doncaster, C P (2010). Differential use of
trails by forest mammals and the implications for camera-trap studies: A case study
from Belize. Biotropica, 42(1), 126–133.

Harris, G, Nielson, R M, & Rinaldi, T (2013). Effects of winter recreation on northern
ungulates with focus on moose (Alces alces) and snowmobiles. European Journal of
Wildlife Research, 60, 45–58. doi:10.1007/s10344-013-0749-0.

Harrison, D J, & Gilbert, J R (1985). Denning ecology and movements of coyotes in Maine
during pup rearing. Journal of Mammalogy, 66(4), 712–719.

Hebblewhite, M, & Merrill, E (2007). Modelling wildlife-human relationships for social
species with mixed-effects resource selection models. The Journal of Applied Ecology,
45(3), 834–844. doi:10.1111/j.1365-2664.2008.01466.x.

Hurlbert (1984). Pseudoreplication and the design of ecological field experiments.
Ecological Monographs, 54(2), 187–211. doi:10.2307/1942661.

Miller, J R, & Hobbs, N T (2000). Recreational trails, human activity, and nest predation in
lowland riparian areas. Landscape and Urban Planning, 50(4), 227–236. doi:10.1016/
S0169-2046(00)00091-8.

S. Jackman Pscl: Classes and methods for r developed in the political science computa-
tional laboratoryRetrieved fromStanford UniversityStanford, CAhttp://pscl.stanford.
edu/2015

Karanth, K U, & Nichols, J D (1998). Estimation of tiger densities in India using
photographic captures and recaptures. Ecology, 79(8), 2852–2862.

Kays, R, Parsons, A W, Baker, M C, Kalies, E L, Forrester, T, Costello, R, … Mcshea, W
J (2016). Does hunting or hiking affect wildlife communities in protected areas? The
Journal of Applied Ecology. doi:10.1111/1365-2664.12700.

Kays, R, Tilak, S, Kranstauber, B, Jansen, P A, Carbone, C, Rowcliffe, M, … He, Z (2011).
Camera traps as sensor networks for monitoring animal communities. International
Journal of Research and Reviews in Wireless Sensor Networks, 1(2), 19–29.

Knight, R L, & Cole, D N (1991). Effects of recreational activity on wildlife in wildlands.
56th Transactions of the North American Wildlife and Natural Resources Conference
(pp. 238–247).

Kucera, E (1976). Deer flushing distance as related to observer’s mode of travel. Wildlife
Society Bulletin, 4(3), 128–129.

Laake, J L (2013). RMark: An R interface for analysis of capture-recapture data with
MARK. Seattle, WA: Alaska Fisheries Science Center, NOAA, National Marine Fisheries
Service.

Legendre, P (1993). Spatial autocorrelation: trouble or new paradigm? Ecology, 74(6),
1659–1673.

Lenth, R (2015). Lsmeans: Least-square means R package version 2.20-27.
Leung, Y-F, & Marion, J L (1999). Assessing trail conditions in protected areas: application

of a problem-assessment method in Great Smoky Mountains National Park, USA.
Environmental Conservation, 26(4), 270–279.

Liddle, M J (1997). Recreation ecology: The ecological impact of outdoor recreation and
ecotourism (1st ed.). London: Chapman & Hall.

MacKenzie, D I, Nichols, J D, Royle, J A, Pollock, K H, Bailey, L L, & Hines, J E (2006).
Occupancy estimation and modeling: Inferring patterns and dynamics of species
occurrence. New York, NY: Academic Press.

Marion, J L, Leung, Y, Eagleston, H, & Burroughs, K (2016). Ecology research findings on
visitor impacts to wilderness and protected natural areas: 114 (pp. 352–362). May.

McCallum, J (2013). Changing use of camera traps in mammalian field research: Habitats,
taxa and study types. Mammal Review, 43(3), 196–206. doi:10.1111/
j.1365-2907.2012.00216.x.

McShea, W J, Forrester, T, Costello, R, He, Z, & Kays, R (2016). Volunteer-run cameras as
distributed sensors for macrosystem mammal research. Landscape Ecology, 31(1), 55.
doi:10.1007/s10980-015-0262-9.

Meek, P D, Ballard, G, Claridge, A, Kays, R, Moseby, K, O’Brien, T, … Townsend, S
(2014). Recommended guiding principles for reporting on camera trapping research.
Biodiversity and Conservation, 23, 2321–2343. doi:10.1007/s10531-014-0712-8.

Miller, A B, Leung, Y-F, & Kays, R W (2017). Coupling visitor and wildlife monitoring in
protected areas using camera traps. Journal of Outdoor Recreation and Tourism, 17,
44–53. doi:10.1016/j.jort.2016.09.007.

Miller, S G, Knight, R L, & Miller, C K (2001). Wildlife responses to pedestrians and dogs.
Wildlife Society Bulletin, 29(1), 124–132.

Muhly, T B, Semeniuk, C, Massolo, A, Hickman, L, & Musiani, M (2011). Human activity
helps prey win the predator-prey space race. PloS One, 6(3), 1–8. doi:10.1371/
journal.pone.0017050.

Negro, M, Isaia, M, Palestrini, C, & Rolando, A (2009). The impact of forest ski-pistes on
diversity of ground-dwelling arthropods and small mammals in the Alps. Biodiversity
and Conservation, 18, 2799–2821.

Nix, J H, Howell, R G, Hall, L K, & McMillan, B R (2018). The influence of periodic
increases of human activity on crepuscular and nocturnal mammals: Testing the
weekend effect. Behavioural Processes, 146, 16–21.

Nouvellet, P, Rasmussen, G S A, Macdonald, D W, & Courchamp, F (2012). Noisy clocks
and silent sunrises: Measurement methods of daily activity pattern. Journal of
Zoology, 286, 179–184.

Oksanen, L (2001). Logic of experiments in ecology: is pseudoreplication a pseudoissue?
Oikos, 94(1), 27–38. doi:10.1034/j.1600-0706.2001.11311.x.

NC OneMap NC OneMap GeoSpatial portalRetrieved August 12, 2014, fromhttp://www.
nconemap.com/2014

Owen, S F, Berl, J L, Edwards, J W, Ford, W M, & Wood, P B (2015). Raccoon spatial
requirements and multi-scale habitat selection within an intensively managed central
Appalachian forest. The American Midland Naturalist, 174(1), 87–95. doi:10.1674/
0003-0031-174.1.87.

Paradis, E, Claude, J, & Strimmer, K (2004). APE: Analyses of phylogenetics and evolution
in R language. Bioinformatics, 20. 298–290.

Poley, L G, Pond, B A, Schaefer, J A, Brown, G S, Ray, J C, & Johnson, D S (2014).
Occupancy patterns of large mammals in the Far North of Ontario under imperfect
detection and spatial autocorrelation. Journal of Biogeography, 41(1), 122–132.
doi:10.1111/jbi.12200.

Reed, J, Arant, C-A, Wells, P, Stevens, K, Hagen, S, & Harring, H (2008). A descriptive
examination of the most frequently used activity settings in 25 community parks
using direct observation. Journal of Physical Activity & Health, 5(Suppl 1), S183-95.
Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/18364523.

Reilly, M L, Tobler, M W, Sonderegger, D L, & Beier, P (2017). Spatial and temporal
response of wildlife to recreational activities in the San Francisco Bay ecoregion.
Biological Conservation, 207, 117–126.

Ridout, M S, & Linkie, M (2009). Estimating overlap of daily activity patterns from
camera trap data. Journal of Agricultural, Biological, and Environmental Statistics, 14,
322–337.

Rioux, S, Bélisle, M, & Giroux, J F (2009). Effects of landscape structure on male density
and spacing patterns in Wild Turkeys (Meleagris gallopavo) depend on winter
severity. Auk, 126(3), 673–683. doi:10.1525/auk.2009.08127.

Roever, C L, Boyce, M S, & Stenhouse, G B (2008). Grizzly bears and forestry II: Grizzly
bear habitat selection and conflicts with road placement. Forest Ecology and
Management, 256(6), 1262–1269. doi:10.1016/j.foreco.2008.06.006.

Rogala, J K, Hebblewhite, M, Whittington, J, White, C A, Coleshill, J, & Musiani, M (2011).
Human activity differentially redistributes large mammals in the canadian Rockies
National Parks. Ecology and Society, 16(3), 16.

Rolando, A, Caprio, E, & Negro, M (2013). In Rixen, & Ronaldo (Eds.), The effect of
ski-pistes on birds and mammals. In: The impacts of skiing on mountain environments.
Oak Park, IL: Bentham Books.

14

http://pscl.stanford.edu/
http://pscl.stanford.edu/
http://www.nconemap.com/
http://www.nconemap.com/


UN
CO

RR
EC

TE
D

PR
OO

F

A.B. Miller et al. Journal for Nature Conservation xxx (xxxx) xxx-xxx

Rösner, S, Mussard-Forster, E, Lorenc, T, & Müller, J (2013). Recreation shapes a
“landscape of fear” for a threatened forest bird species in Central Europe. Landscape
Ecology, 29(1), 55–66. doi:10.1007/s10980-013-9964-z.

Rovero, F, Zimmermann, F, Berzi, D, & Meek, P (2013). “Which camera trap type and how
many do I need?” A review of camera features and study designs for a range of wildlife
research applications. Hystrix, 24(2), 1–9. doi:10.4404/hystrix-24.2-6316.

J.M. Rowcliffe Activity: Animal activity statistics. R package version 1.2https://CRAN.R-
project.org/package=activity2019

Rowcliffe, J M, Carbone, C, Jansen, P A, Kays, R, & Kranstauber, B (2011). Quantifying
the sensitivity of camera traps: An adapted distance sampling approach. Methods in
Ecology and Evolution, 2(5), 464–476. doi:10.1111/j.2041-210X.2011.00094.x.

Shannon, G, Cordes, L S, Hardy, A R, Angeloni, L M, & Crooks, K R (2014). Behavioral
responses associated with a human-mediated predator shelter. PloS One, 9(4), e94630.
doi:10.1371/journal.pone.0094630.

Si, X, Kays, R, & Ding, P (2014). How long is enough to detect terrestrial animals?
Estimating the minimum trapping effort on camera traps. PeerJ, 2, e374. doi:10.7717/
peerj.374.

Sinclair, K E, Hess, G R, Moorman, C E, & Mason, J H (2005). Mammalian nest predators
respond to greenway width, landscape context and habitat structure. Landscape and
Urban Planning, 71, 277–293. doi:10.1016/j.landurbplan.2004.04.001.

Steven, R, Pickering, C, & Guy Castley, J (2011). A review of the impacts of nature based
recreation on birds. Journal of Environmental Management, 92(10), 2287–2294.
doi:10.1016/j.jenvman.2011.05.005.

Sutherland, R A, Bussen, J O, Plondke, D L, Evans, B M, & Ziegler, A D (2001).
Hydrophysical degradation associated with hiking-trail use: A case study of Hawai’iloa
Ridge Trail, O’ahu, Hawai’i. Land Degradation and Development, 12(1), 71–86.
doi:10.1002/ldr.425.

TEAM Network (2011). Terrestrial vertebrate monitoring protocol implementation
manual, v. 3.1. Arlington, VA: Tropical Ecology, Assessment and Monitoring Network,
Center for Applied Biodiversity Science, Conservation International.

Tounzen, M R, Epperson, D, & Taulman, J F (2012). Home range and habitat selection
of Eastern gray squirrels (Sciurus carolinensis) in a small urban hardwood forest.
Transactions of the Kansas Academy of Science, 115(3/4), 89–101.

USGS Land cover dataRetrieved August 12, 2014, fromhttp://gapanalysis.usgs.gov/
gaplandcover/data/download/2014

Vuong, Q H (1989). Likelihood ratio tests for model selection and non-nested hypotheses.
Econometrica, 57(2), 307–333.

Way, J G, Ortega, I M, & Strauss, E G (2004). Movement and activity patterns of eastern
coyotes in a coastal, suburban environment. Northeastern Naturalist, 11(3), 237–254.

Weckel, M E, Mack, D, Nagy, C, Christie, R, & Wincorn, A (2010). Using citizen science to
map human–coyote interaction in suburban New York, USA. The Journal of Wildlife
Management, 74(5), 1163–1171. doi:10.2193/2008-512.

Welsh, A H, Lindenmayer, D B, & Donnelly, C F (2013). Fitting and interpreting occupancy
models. PloS One, 8(1), e52015. doi:10.1371/journal.pone.0052015.

White, G C, & Burnham, K P (1999). Program MARK: Survival estimation from populations
of marked animals. Bird Study: the Journal of the British Trust for Ornithology,
46(Suppelement 1), 120–138.

Wisdom, M J, Preisler, H K, Naylor, L M, Anthony, R G, Jonson, B K, & Rowland, M M
(2018). Elk responses to trail-based recreation on public forests. Forest Ecology and
Management, 411, 223–233.

Yasuda, M (2004). Monitoring diversity and abundance of mammals with camera traps:
A case study on Mount Tsukuba, central Japan. Mammal Study, 29(1), 37–46.
doi:10.3106/mammalstudy.29.37.

Young, J K, Mahe, M, & Breck, S (2015). Evaluating behavioral syndromes in coyotes
(Canis latrans). Journal of Ethology, 137–144. doi:10.1007/s10164-015-0422-z.

Zeileis, A, Kleiber, C, & Jackman, S (2008). Regression models for count data in R. Journal
of Statistical Software, 27(8). http://www.jstatsoft.org/v27/i08/.

15

https://cran.r-project.org/package=activity
https://cran.r-project.org/package=activity
http://gapanalysis.usgs.gov/gaplandcover/data/download/
http://gapanalysis.usgs.gov/gaplandcover/data/download/

	Wildlife response to recreational trail building: An experimental method and Appalachian case study
	Keywords
	Abstract
	Introduction
	Methods
	Study area
	Study design
	Data collection
	Data analysis

	Results
	Variation in the control zone
	White-tailed deer
	Eastern gray squirrel
	Northern raccoon
	Coyote
	Wild turkey
	Virginia opossum

	Discussion
	Population-level implications by species
	Community-level implications
	Limitations

	Management implications and conclusions
	Submission declaration and verification
	Funding
	Acknowledgements
	Further detail on occupancy and regression results
	References


