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In recent decades, an increasing number of highway constru@n and reconstruction

projects have included mitigation measures aimed at reducg wildlife-vehicle collisions
and maintaining habitat connectivity for wildlife. The masffective and robust measures
include wildlife fences combined with wildlife underpasse and overpasses. The 39
wildlife crossing structures included along a 90 km stretchof US Highway 93 on the

Flathead Indian Reservation in western Montana representne of the most extensive
of such projects. We measured movements of large mammal spdes at 15 elliptical

arch-style wildlife underpasses and adjacent habitat beteen April and November 2015.

We investigated if the movements of large mammals through #hunderpasses were

similar to large mammal movements in the adjacent habitat. &oss all structures,

large mammals (all species combined) were more likely to mewhrough the structures

than pass at a random location in the surrounding habitat. Atthe species level,

white-tailed deer (docoileus virginianus) and mule deer @. hemionus used the

underpasses signi cantly more than could be expected basedon their movement

through the surrounding habitat. However, carnivorous speies such as, black bear

(Ursus americanug and coyote Canis latrang moved through the underpasses in similar
numbers compared to the surrounding habitat.

Keywords: road ecology, fragmentation, connectivity, mammal, h ighway, underpass, mitigation

INTRODUCTION

Over the past few decades, a range of negative e ects of tra@asjporinfrastructure on wildlife
populations have been well documented (efgnyman and Alexander, 1998; Spellerberg, 1998;
Trombulak and Frissell, 2000; Co n, 200.7/Roads and tra c a ect wildlife populations through
direct mortality from vehicle collisions and indirect e ectassociated with habitat loss and
degradation. Linear infrastructure can also be a barriewildlife movement as animals may avoid
open habitat with an unnatural surface and the disturbanc®eisited with roads (e.g., moving
vehicles, noise, and lighfy’Amico et al., 201) Avoidance of roads decreases connectivity and
can threaten population viability and genetic variabilitf/¢dng and Schreiber, 20D1At over 14
million lane-kilometers of paved roads in the United Statemal USDOT, 201y and a forecast

of an additional 25 million lane-km globally by 205D {lac, 201} road networks will continue as
one of the largest, most direct impacts humans have on e@rsgst
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Andis et al. Performance of Road Crossing Structures

Wildlife-vehicle collisions and the barrier e ect of roadsea structures of the focal design in order to allow complete
typically mitigated through wildlife fences in combinatiovith ~ permeability for wildlife.
wildlife crossing structures@lista et al., 2009; Grilo et al.,
2010; Kociolek et al., 20)L5In order to continue to justify METHODS
these measures, researchers must prove that these measures
are e ective in both reducing wildlife-vehicle collisionsia  Study Area
providing connectivity for wildlife, then formulate suggess We collected data along US 93 in the Flathead Reservation
on how to improve their performance. between Evaro and Polson, Montan&idure 1). The road

The size and cost of wildlife crossing structures makesuns north-south through the Flathead Valley, a heterogerse
experimental design and testing in controlled settings dilt  landscape comprised of shrub, grassland, forests, wetldnthha
Consequently, we have a poor understanding of the relativand agricultural lands. This section of highway received an
importance of structural attributes (design) and locatibna annual average of 7,059 vehicles per da\D{, 2014. The
attributes (placement) to crossing performance. Furtherepor roadway design includes both undivided and divided, four-,
most mitigation projects that involve wildlife fences anddlife  three-, and two-lane highway accommodating a maximum speed
crossing structures primarily address an immediate problentimit of 70 mph (113 km/h), reducing to 25-45 mph (40-72
(e.g., reducing wildlife vehicle collisions) and are ndgemded to  km/h) in towns.
contribute novel dataRRytwinski et al., 200)5Wildlife mitigation Reconstruction of the 90.6 km section of highway began
measures are usually considered late in the project planning 2004 to improve trac ow and safety. The Confederated
process after limitations on design or placement have alreadyalish Kootenai Tribes and the Federal Highway Adminigirat
been imposed@ramer and Bissonette, 2007; Kroll, 2D1Even  agreed that the reconstructed highway must be respectfuieo t
for large projects, the number of crossing structures thateha communities and people, but also to the land and wildlife that
similar dimensions is generally too low for a quantitativelysis  are considered both natural and cultural resources for thibéls
of their performance. (Marshik et al., 2001; Kroll, 20).5wildlife fences and crossing

Many studies have documented absolute use of crossirgjructures were an integral part of this “context-sensitiesign”
structures by recording the number of animals that crosgMarshik etal., 2001
through a structure. However, absolute use alone provides The US 93 project is unique in the diversity of structure
little information on a structure's performance, as localdife  designs employed and in the number of replicates of select
population density and the speci c con guration of landscapedesigns across a variety of habitat types. To date, the project
elements in uence wildlife use of individual structures @ate, includes 39 wildlife crossing structures of various desigos
there are only very few studies that have assessed the epeis  small concrete box culverts to a vegetated overpass anihdésjo
of crossing structures based on a rigorous comparison to ahimwildlife fencing {Huijser et al., 2016a
abundance in the surrounding habitaC(evenger and Waltho,
2005 but seevan der Ree et al., 2007; van der Griftetal., 3013 Experimental Design

In this study, we evaluated the e ectiveness of wildlife drags In this study, we address two primary questions: how does
structures associated with the highway US 93 North througlwildlife movement through crossing structures compare to
the Flathead Indian Reservation in western Montana, USAwildlife movement in the immediate surrounding, and what
We measured performance of structures by comparing largis the e ect of location, independent of structure design, on
mammal movements through the structures to those in thepromoting wildlife passage. To investigate the rst question,
immediate surroundings. We were interested in investiggti we used a control-impact study desigma( der Grift et al.,
the performance of underpasses for animals that were willing015. By selecting only congruent structures for the control-
to come close to the highway as crossing structures cannot lmpact assessment, we were able to hold the e ect of structure
expected to serve animals that avoid transportation corsdordesign constant and investigate only the e ect of the struesu
altogether. Therefore, we located control plots directljaeent locations.
to the road, within the road e ect zoné~prman, 2000

We rst investigated the corridor-wide performance from 15 Selection of Wildlife Crossing Structures
wildlife passage structures of similar geometry and design BbWhile other studies have investigated the performance of
contrasting wildlife movement through the structure to #® structural attributes across multiple design types (¥angsetal.,
in the surrounding habitat. Our analysis focuses on fougtr 1995; Clevenger and Waltho, 2000; Ng et al., »abis study is
species including white-tailed deeOdocoileus virginian)is unique in selecting 15 structures of nearly identical desidhese
mule deer Qdocoileus hemionyblack bear(rsus american)is  structures are the most common design included in the US 93
and coyote Canis latrany and composite groups (deer sp.,reconstruction (18 of 39) and they are used by a wide array of
carnivore sp., and large mammal sp.). Secondly, we comparetedium and large mammal speciésujser et al., 2016a
the crossing performance of these species for each individual All structures are elliptical, corrugated metal arch-style
structure. Additionally, we investigated if mitigation @mures underpasses with soil substrate, primarily built for largenmnaal
were concentrating or funneling wildlife through the crogs passage. The structures have an average width of 7.32m (range
structures. Finally, we used the observed performanceitatt D 6.86—7.95m), height of 5.55m (ran@e 3.65-5.55m), and
the percentage of total road length that would require cmogsi length of 26.5m (rang® 14.6—40.0 mTable 1). All structures
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FIGURE 1 | The location of the wildlife crossing structures along US ighway 93 on the Flathead Indian Reservation in western Montan USA. Structures monitored
as part of this study are indicated as yellow circles. Other ildlife passage structures not included in this study are dicated as blue circles. US Highway 93 is shown
as a red line. Base map from Google Earth (2016). Google Earth1.7.2606. (2016). Flathead Indian Reservation, Flathea@ounty, MT, USA 47.337894 N,
114.052525 W. Retrieved: 20 November 2016. Available at: http://www.gogle.com/earth/index.html.

include concrete retaining walls that extend out from thewildlife. Two cameras were installed at each structure—adne a
structure at an 35 angle to the road and extend to1l0m. each entrance. Ten additional cameras were installed doraty
Wildlife exclusion fencing (height 2.4 m) is associatecdhwgibme generated locations within a 300 by 300 m control plot adjacen

structures Table 1). to each side of an underpass and the highway (ve cameras
L . on each sideFigure 2). We chose a control plot size of 300 m

Monitoring Scheme and Sampling because this is the most restricted daily active movemetitisa

Methodology of the most common species (White-tailed deBusek et al.,

We installed motion-sensing trail cameras (HyperFire PC900.989. We assumed that animals willing to approach the road
Reconyi""; Holmen, WI) with infrared illumination to record at this distance were likely to interact with the structureaa
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TABLE 1 | Structural and locational attributes of the elliptical, cougated metal wildlife crossing structures monitored inte study including dimensions, presence of
associated wildlife exclusion fencing, distance to nearésrossing alternatives*, percent difference in developnmé and cover in surrounding habitat on either side of the
road**, and year of construction.

Site name Site code  Width Height  Length Fencing Distance to nearest 1 % Cover 1 % Developed Year constructed
(m) (m) (m) crossing alternative (m)
North Evaro NEV 7.75 5.10 25.8 N 1 8.9 6.7 2010
Finley Creek #1 FC1 7.95 5.55 32.0 Y 1 61.1 22.0 2010
Finely Creek #2 FC2 7.95 5.55 21.9 Y 102 0.3 0.3 2010
Finely Creek #3 FC3 7.75 5.10 24.7 Y 298 6.8 6.8 2010
Ravalli Curves #1 RC1 6.86 4.78 22.0 Y 935 6.4 57.4 2006
Ravalli Curves #2 RC2 6.86 4.78 25.6 Y 1 36.3 7.3 2006
Copper Creek COPC 7.75 5.10 18.3 Y 181 435 2.2 2006
Ravalli Hills #1 RH1 7.30 5.20 39.0 Y 434 0.0 26.9 2007
Ravalli Hills #2 RH2 7.30 5.20 31.2 Y 434 0.0 36.6 2007
Pistol Creek #1 PIC1 7.30 5.20 40.0 N 1 0.0 41.3 2007
Pistol Creek #2 PIC2 7.30 5.20 40.0 N 1 0.0 20.8 2007
Sabine Creek SABC 7.32 3.65 14.6 Y 45 60.9 60.9 2007
Post Creek #1 POC1 7.32 4.75 28.8 Y 29 29.8 29.8 2007
Post Creek #2 POC2 7.32 4.75 22.0 Y 40 21.3 21.3 2007
Post Creek #3 POC3 7.32 3.90 19.5 Y 37 39.1 39.1 2007

*The distance to the nearest crossing opportunity was measured as: the diance to the next suitable crossing structure if fencing was continuouglistance to fence end if discontinuous,
or 1 m if no fence was associated with the structure.

**ArcGIS was used to calculate percent cover and habitat type from the Natnhal Land Cover Data for Montanal(SGS, 2014). In calculating percent cover, land types: deciduous forest,
evergreen forest, mixed forest, and woody wetlands were consideregresence of cover and all others were considered absence of cover. Habitaype was assigned as a percentage
distribution of natural and non-natural habitat. Land types: low intensityesidential, high intensity residential, commercial/industrial/tnsportation, pasture/hay, and row crops were
considered non-natural/developed and all others were consideredatural/undeveloped.

daily timescale. To simplify terminology, hereinafter wéerd¢o least 5min from the next observatioAllen (2011)found that,

the crossing structure simply as “structure” and refer to 8% in the same study area, for groups of the three most common

by 300 m control areas on each side of the crossing structuspecies (white-tailed deer, mule deer, and black bearkedthor

as “surroundings.” We use the term “site” to refer to bothnone of the individuals in a group crossed through underpasses

the surroundings and structure at a given crossing struetur Because underpasses are anked by retaining walls, all é&ima

location. that enter must cross within the 10 m observational distanice o
We chose to use the same sampling method to record wildlifthe camera. Therefore, in order to compare observationsdéetw

movements at both the structure and surroundings in order tothe structures and surroundings, for obvious conspeci ¢ greu

control for species-speci c detection rates that contribbtas to  in the surroundings, all animals in the group were recorded as

studies using multiple detection methodsafd et al., 2000 All  individual movements if at least one animal in the group ces
cameras were set to capture a rapid succession of 10 images phin 10 m viewing window.
trigger event. In order to standardize the observation mnge The 12 cameras at a site (10 in surroundings, 2 at the stragtur

placed a stake 10m from the camera. Only individual animalsemained in place for 2 weeks before we moved them to

that crossed within 10 m and associated conspeci ¢ animals ianother site. The order in which sites were sampled was ramglom

a group were considered for analysis. The infrared illumiorat assigned to reduce correlation between the e ect of locagiod

from the trail cameras is e ective up to 15m. By restrictingseason. However, the order was also subject to our ability to

our observations to 10m we reduced the possibility of falsebtain landowner permission to access the site. In casesewher

negatives. The entrances to the structures are generajhytlgli we could notimmediately access a site, that site was skippdd unt

narrower than 10 m. To maintain consistent measurements, wpermission could be obtained.

moved cameras at structures out from the entrance along the

angled retaining wall until a 10m viewing distance paraleel t Analysis of Structure Performance

the road was reached (usually 1-2 m from the entrance). Remot&tal movements recorded in a 24 h period from cameras at a site

monitoring by camera traps was carried out in accordance withvere summed and divided by the number of cameras deployed at

the approval of University of Montana Instructional Animal Care the structure or in the surroundings, respectively, to geseatved

and Use Committee. and expected daily movement rates. Only cameras that operated
We were not able to reliably identify individual animalsifino  for all sampling days at a site, and only full 24-h days were

camera images; therefore, we treated an observation ofcauieni considered in analysis. Rates recorded in the surroundings a

movement as our sampling unit. A movement was de ned asit the structure from the same 24 h period were compared to

any animal recorded within 10 m of the camera separated by aontrol for within-day temporal variability. Prior to statiical
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FIGURE 2 | Camera placements in relation to a wildlife highway crossinstructure (not to scale). Twelve HyperFire PC900 Recon;W' trail cameras (dark blue
squares indicate cameras, light blue cone indicates appramate 40 sampling window) were installed at each site for 2 weeks at each site. Ten cameras were
installed at randomly generated points at least 50 m apart whin a 300 m by 300 m area adjacent to each side of the structurdred lines represent concrete retaining
walls associated with all crossing structures). Two camesawere installed at each entrance to the structure. Cameras &re installed 3 m from the ground and a stake
was placed to demarcate a 10 m viewing distance commensuratevith the viewing distance of the cameras at the structure eménce.

analysis, we tested daily performance measures for temporan dence intervals at each structure using theot package
autocorrelation between days, nding none. in R (Canty and Ripley, 20)6Values were calculated for the
In order to assess a structure's e ectiveness, we calculatéor most common species (white-tailed deer, mule deer,kblac
performance di erentials for each structure, broken downdnt bear, and coyote) and groups of animals. Groups included a deer
species and species groups. We also calculated an ovemathup (Odocoileusp.), a carnivore group (ordétarnivorg, and
e ectiveness of all structures collectively for each speaies a large mammal group (all large mammals observiahle 2.
species group. To calculate performance di erentials, expectddbservation rates decreased as the large mammal group vitas spl
crossing rates from the surroundings were subtracted froninto subsets and then into species. We excluded subset or specie
observed crossing rates at the structure. We treated theith fewer than two observations per structure over the sangpli
movement rates in the surrounding habitat as an expectegeriod.
crossing frequency as this is the movement rate we would We calculated an overall measure of performance across all
expect if no road barrier existed. Therefore, a positive dirdi@l  structures to determine the total e ectiveness for each gseci
indicated that animals moved through the structure morertha and group by taking the mean performance of each structure
expected, whereas negative di erentials indicated that afem weighted by the number of observation days at each site,
avoided the crossing structures. then used a weighted one-sampkeest to test if the overall
While useful for determining e ectiveness, di erentials are di erential was zero, along with Bonferroni corrections. In
less useful for biological interpretation as the di erenceooe order to construct con dence intervals for these estimatee
individual may be more or less important given the size of theemployed a multistage, nonparametric bootstrapping procedure,
population or rarity of the species. Therefore, we also catedla rst resampling daily performance within structures with
a percentage di erence between rates at the structure and ih0,000 iterations, then resampling average performancedestw
the surrounding by dividing the di erential by the expectedea structures with 10,000 iterations to yield an overall BC895I
from the surroundings then multiplying by 100. If the ratio wa for each species and group. Structures that were excluded from
the unde ned value zero over zero, we de ned this as a percerthe previous analysis by structure were also excluded from the
di erence of zero, since this case represents the same cgpssioverall analysis.
rate at the structure as expected from the surrounding. The In order to assess the impact of wildlife exclusion fencing on
percent di erence centered at zero, and positive values itdita structure performance rates, we conducted a linear regmessi
positive performance while negative values indicated stinect analysis on the relationship between fencing length anccttine
avoidance. performance, weighted by the number of full 24-h days of
We estimated average performance measures (di erential anabservation recorded at the location. For this analysisjeveed
percentage di erence) for each structure from the data andlusethe fence length associated with a structure as the road-wis
nonparametric bootstrap resampling procedures over 100,0Qflstance to the nearest alternative crossing. Alternatressing
iterations to construct bias corrected and accelerateda)B35%  opportunities included the next suitable crossing structifre
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TABLE 2 | Details on animal movements observed at underpass sites andumber of full, 24-h days recorded at each site.

Site name Site code  Days (n) Obs. Location Large mammal Deer Carni vore  O.virginianus O. hemionus U. americanus C. latrans
Movements recorded (n)
North Evaro NEV 14 Struct. 16 16 0 16 0 0 0
Surr. 39 38 38 0 0 0
Total 55 54 54 0 0
Finley Creek #1  FC1 14 Struct. 179 177 2 177 0 2 0
Surr. 100 94 94 0 1 2
Total 279 271 271 3 2
Finely Creek #2  FC2 20 Struct. 36 31 5 31 0 5 0
Surr. 274 249 21 249 0 17 3
Total 310 280 26 280 22 3
Finely Creek #3  FC3 13 Struct. 23 21 2 21 0 2 0
Surr. 40 36 36 0 3 0
Total 63 57 57 5 0
Ravalli Curves #1 RC1 20 Struct. 145 127 18 59 68 0 17
Surr. 171 161 10 41 120 1 9
Total 316 288 28 100 188 1 26
Ravalli Curves #2 RC2 14 Struct. 217 216 13 0 214 0 0
Surr. 162 146 1 112 30 7 6
Total 379 362 14 112 244 7 6
Copper Creek COPC 12 Struct. 6 0 6 0
Surr. 28 18 10 13 5 6 2
Total 34 18 16 13 12 2
Ravalli Hills #1 RH1 14 Struct. 44 41 3 0 41 3 0
Surr. 80 72 7 72 1 5
Total 124 113 10 113 4 5
Ravalli Hills #2 RH2 13 Struct. 3 3 0 0 3 0 0
Surr. 30 23 23 0 7
Total 33 26 26 0 7
Pistol Creek #1 ~ PIC1 13 Struct. 4 2 1 2 0 0 1
Surr. 43 35 35 0 0 7
Total 47 37 37 0 0 8
Pistol Creek #2  PIC2 12 Struct. 4 4 0 4 0 0 0
Surr. 35 24 11 24 0 0 11
Total 39 28 11 28 0 11
Sabine Creek SABC 13 Struct. 22 22 0 22 0 0 0
Surr. 259 252 252 0 3
Total 281 274 274 3
Post Creek #1 POC1 12 Struct. 52 52 0 51 0
Surr. 196 195 195 0 0 1
Total 248 247 246 0 1
Post Creek #2 POC2 13 Struct. 58 58 0 58 0 0 0
(Continued)
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TABLE 2 | Continued

Site name Site code  Days (n) Obs. Location Large mammal Deer Carni vore  O.virginianus O. hemionus U. americanus C. latrans

Movements recorded (n)

Surr. 248 241 7 241 0 0 7

Total 306 299 7 299 0 0 7
Post Creek #3 POC3 13 Struct. 106 99 0 99

Surr. 181 175 4 175 0 0

Total 287 274 4 274 0 0

At each site, the location of the observations is indicated as those recded at the structure (Struct.), those recorded in the surrounding control plots (Su), and total observations at
the site.

fencing was continuous or the fence end if discontinuousidf TABLE 3 | Performance measures (average daily differential and pemtage

fence was associate with a structure, or if the fence exteoily diffefe”f)‘?l? for each ;l]j‘fdegoind species QVO:P a”i e;ﬁ”;tbpefzemage of fojd
: : rmeability required for 100% connectivity through the rad corridor compare

fr_om one side of a s”ucwr,e’ we asglgned a value of 0m as tI:iogmovement rates in immediately surrounding habitat.

distance to nearest alternative crossifgtfle ).

Although structures were specically selected for theirspecies Sites 1 1% p-value Permeability Permeability
similarity, the total length of the structures varied withet (n) (Bonferroni (%) (95% BCa Cl)
corrected) (%)

road width (Table ). We tested for a relationship between
structure performance and structure length by conducting 3 arge mammals

i ) vsi hted by ob ion dawitasi 15 138 146 <0.001 40.67 28.81,78.33
tm?r?r r(;gressmnl ana;;s%ls Welg d'et y observation dayasi . s 14 005 89 0.052 52.94 25.85, 100
0 Fi?]z?llovv?/anayjltsho (\a/n(r:mg 'Srancnfsdi rence in movem nDteer 15 132 150  0.000 40.04 25.69, 70.50
y, We used the average perce erence OVEMEI iietailed deer 12 0.74 88 <0001 53.12 22.86, 61.46

rates to estimate the requisite percentage of road lengtinthiat
: T Mule deer 5 186 472  0.001 17.49 7.65, 53.85

be permeable in order to allow similar movement rates through

i . . . . Black bear 7 005 112 0351 47.22 35.24, 100

the road corridor as in the immediate surrounding$aple 3.
Coyote 13 003 75 0.702 57.07 17.54, 100

This is the total road length that must include structuresttod
design considered here, in order to maintain connectivity f
those animals willing to come close to the highway.

at the structures than would have been expected based on
RESULTS movements in the surrounding habitat (BCa 95% CI [27.7,
254.8]) corresponding to 1.38 more movements per day (BCa

Wildlife Observations 95% CI[0.26, 2.40])Table 3)
Each structure and associated control plot was monitored for AS groups, performance across all structures was positive
a median of 14 da_ys (rangg 12-20 days) between Apr|| and for both deer and carnivores with 149.8% (BCa 95% ClI [418,
November 2015Table 2. A total of 2,798 unique large mammal 289.2],p < 0.001) and 88.9% (BCa 95% CI38.7, 227.3])
movements were recorded. Twenty- ve animal species wer@ore movements than expected, respectivéip(e 3. However,
observedTable 4. The cameras recorded mountain liofgyma  the relationship was not signicant for the carnivore group
concoloy on two occasions, however they fell on non-24 h daysgfter Bonferroni correctionsg(D 0.052). For deer, performance
and thus, were not included in the analysis. was positive at 10 structures, and negative at ¥ggre 3.

Of the total movements, 886 (30.3%) were recorded dgarnivores were present at 14 structures, of which 6, a miyori
structure entrances and 2,040 (69.7%) were recorded in @ontrexhibited positive performancéigure 3.
plots. The number of movements recorded varied among sites When considered for each species, performance was positive
(meanD 193, maxD 381, minD 34), as did the number of and of similar magnitude for white-tailed deef ¢o D 88.2,

movements per day (meah 122, SO 084) BCa 95% CI [627, 3374p < 0001], black beal’l(% D
111.8, BCa 95% CI [49.0, 183.8]p D 0.35), and coyote
Structure Performance (1%D 75.2, BCa 95% CI [73.4, 470.2]p D 0.70]; however, the

Overall, structures exhibited signi cantly positive penfeeince di erential was not signi cantly di erent from zero for eithe

with all species and species groups moving through the crossimgrnivore speciesTable 3. Performance for mule deer showed
structures more often than expected based on movement natesthe most highly positive di erence with 471.7% more movements
the surrounding habitatFigure 3). Of the 15 total structures, 11 through the structures than expected (BCa 95% CI [85.7, 8P07.
exhibited positive performance measures for large mammails, g0 D 0.001:Table 3.

of which were signi cant. Performance for large mammals was Performance for all species was considerably variable across
signi cantly negative at only 1 structure (SABC). On averag structures Figure 3). Performance for coyotes was the most
we observed 146% more large mammal movements per dagnsistent with negative performance at 12 of 13 structures.
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TABLE 4 | Total observations and group percentages of animal movemen at both structure and control plots (combined total) in te study along US93 within the
Flathead Indiana Reservation, Montana for April through Nember 2015.

Species Number of Percent of wild animal Percent of large mammal Percent of deer Percent of Carnivore
observations observation (%) observations (%) observations (%) observations (%)
White-tailed deer 2047 70.0 73.2 77.8
(Odocoileus virginianu$
Mule deer 576 19.7 20.6 21.9
(Odocoileus hemionug
Deer sp. 7 0.2 0.3 0.3
(sp. undetermined)
Moose 2 0.1 0.1
(Alces alcey
Elk 1 0.0 0.0
(Cervus canadensig
Black bear 57 19 2.0 345
(Ursus americanug
Bear sp. 1 0.0 0.0 0.6
(sp. undetermined)
Coyote 86 2.9 3.1 52.1
(Canis latrang
Bobcat 6 0.2 0.2 3.6
(Lynx rufug
Raccoon 10 0.3 0.4 6.1
(Procyon lotor)
Skunk 4 0.1 0.1 2.4
(Mephitis mephitig
American badger 1 0.0 0.0 0.6
(Taxidea taxug9
Mountain cotton-tail rabbit 23 0.8
(Sylvilagus nuttall)i
Red squirrel 3 0.1
(Tamiasciurus hudsonicug
Bat 2 0.1
(sp. undetermined)
Ring-necked pheasant a7 1.6
(Phasianus colchicug
Turkey 13 0.4
(Meleagris gallopavg
Grouse 1 0.0
(sp. undetermined)
Magpie 10 0.3
(Pica hudsonig
Great Blue Heron 1 0.0
(Ardea herodiag
Western meadowlark 1 0.0

(Sturnella neglecta

Starling 15 0.5
(Sturnus vulgarig
Red-tailed hawk 1 0.0

(Buteo jamaicensi9

Canada goose 2 0.1
(Branta canadensig

Great-horned owl 1 0.0

(Continued)
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TABLE 4 | Continued

Species Number of Percent of wild animal Percent of large mammal Percent of deer Percent of Carnivore
observations observation (%) observations (%) observations (%) observations (%)

(Strix nebulosg
Bird sp. 8 0.3
(sp. undetermined)

Data collector 63

Human 54

Cow 1783

Dog 31

Cat 31

Total Obs. 4888 2926 (100%) 2798 (95.6%) 2630 (89.9%) 165 (5.6%)

(Percent of wild animal observations)

Performance was generally positive for white-tailed deevéa structure as in the immediate surroundings, 40.7% of thaltot
of 13 structures), black bear ( ve of seven structures), ande  road length must be permeable.
deer (three of ve structures). Performance for mule deensbd We estimate that including structures of this design along
the greatest range with 3110% more crossing than expected28.2 to 78.6% of the total road corridor would allow full
RC2 and 100% fewer crossings at COPC. Only one structure, R€&nnectivity for all four of the focal species considered iis th
showed consistently more crossings than expected for aliespec study (Table 3.
Three structures, RH2, PIC1, and SABC showed consistengly les
crossings than expected. At most structures, performance was
split by species. DISCUSSION

The distance to the nearest crossing alternative, due to ] ] ] )
exclusion fencing, was the one variable that we would expect YVildlife crossings can provide conservation value in many
a ect all species similarly as it is a physical barrier intended Ways and at many scales; however, determining the success
funnel animals to the crossing structurésu(jser et al., 201 ©f @ given project depends on the intended purpose of the
However, a regression weighted by observations days tehest Cr0Ssing structure(s)levenger and Waltho, 20pdn the case
association between mean performance of large mammals affj the US 93 highway upgrade project, mitigation e orts had
the distance to the nearest crossing alternative was inegit WO goals: minimize wildlife-vehicle collisions and maimtai
(bD 0.08R2 D 0.004p D 0.17:Figure 4). In fact, removing one ©F improve habltaf[ _connectn_/lty for wildlife by providing saf
site with high leverage (RC1) produces a signi cantly negati €roSSing opportunltlesl\(larshlk et al., 2001; Hardy et al., 2007;
although very weak, slopé @ 0.35,R2 D 0.05,p D 0.001). Huijser et aI.,.ZOleg For this study, we de ned success as
Similarly, the association between structure length ancame Performance di erentials greater than or equal to zero, megni

performance of large mammals was insigni cabtD 1.42,R2 that animals were at least as likely to move through a crossing
D 0.002p D 0.50Figure §). ’ structure as adjacent habitat and did not avoid travelingptigh

the structures.

Overall, for large mammals as a community and all individual
Permeability of Road Corridor species, structures exhibited positive performance, or at, leas
We estimate that in order to allow full connectivity for larg did not exhibit signi cant evidence that performance was
mammals, the road corridor must include crossing structuoé  negative. This suggests that the structures were suctéssfu
the design considered in this study along 40.7% of the ta@adlr one of their intended purposes: to maintain or improve habitat
length (Table 3. To illustrate this point, consider an example connectivity for wildlife by promoting movement across theb
wherein large mammals are observed in the surroundings at @rridor through crossing structures. It should be notedtkhis
rate of 2.460 per unittime vs. 1 per unittime at the structurkisT  project-wide analysis applies only to sampled road lengths that
is a percent di erence of 146% (corresponding to the observedecessarily include underpasses. This is only a fractidmedfital
1% in performance for large mammals found in this study).road length in the study area. In other words, the project may b
Since both the rate at the structure and in the surroundingsev successful in reducing fragmentation where crossing tires
calculated for the same observational distance (10 m), eaith have been installed, but not necessarily over the entirel roa
of crossing width permits the same connectivity as 2.460sunitlength. For example, if no animals cross the road at-grade, one
of distance in the surrounding; or, inversely, every 0.40if of  would still need to make 40.7% of the road length permeable to
crossing structure width allows the same movement rate astl u eliminate the barrier e ect for large mammals willing to come
distance in the surrounding. Thus, if the goals is to allowegh close to the road. In the context of the 90 km US 93 project,
connectivity to maintain the same movement rates througé th that would translate to an installation density of 3.7 10 m evid
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FIGURE 3 | Average percent difference in performance between movemes at wildlife crossing structures and in the surrounding Haitat for each site and all
averaged across sites for species and species groups. Obseations are subdivided from all large mammal$A), to species groups (carnivore and deerfB), to
individual species (black bear, coyote, white-tailed deeand mule deer)(C). To make smaller values easier to see, the y-axis in the plotigplaying performance by
species has been expanded and truncated D). The horizontal, dotted line in(C) indicates the truncation point for(D). Weighted mean values across all applicable
sites are included in the far right of the panels. Error barsdicate bootstrap BCa 95% con dence intervals.

structures per kilometer of road. Currently, the total widthall  this question, we investigated the e ects of location wheohsu
crossing structures on this section of US 93 is 573 m (Huijsestructural design parameters are xed. Although performance
unpublished dafa resulting in just 0.6% permeability. Granted, was positive for all scales analyzed from community to irdiiail
other structure designs included in the US 93 project may permispecies, the performance of individual structures for species
more or less large mammal connectivity. Performance daga apassage was highly variable. This demonstrates that even
needed for the other structure designs in order to calculateongruent structures of the same design can yield very dnere
true percentage permeability permitted along the entire roagherformance, suggesting that location may be more important
corridor. than design.

Many studies have shown the importance of crossing structure Very few wildlife-focused road projects include multiple
size/design on passage rates (e/gnes et al., 1995; Clevengerstructures of similar designs to adequately compare as régdica
and Waltho, 2000; Ascensao and Mira, 2P@hile others (van der Ree et al., 2007Given the variability demonstrated
have demonstrated that location is most importafbéter and by our structure type, this highlights the need for caution
Humphrey, 1995; Land and Lotz, 1996To help illuminate in extending conclusions about performance of structure or
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FIGURE 5 | Linear regression on weighted average percent difference i
performance against structure length. There is no evidencé D 1.42, R? D
0.002, p D 0.50) that the length (in meters) of a structure associates ith
performance. Gray band indicates 95% con dence interval angoint size

FIGURE 4 | Linear regression on weighted average percent difference i
indicates number of days of observation at the site.

performance against the distance an animal must travel awafyom the
crossing structure at the site to access the nearest alterriave crossing
opportunity. There is no evidencelf D 0.08, R2 D 0.004, p D 0.17) that the
distance (in meters) an animal must travel to nd an alternat crossing

iat ith perf . Gray band indicates 95% d int | L. . .
assoctates with performance. Sray band indicates 557 con Aace Interva Similarly, FC1 was the only structure through which livesto
and point size indicates number of days of observation at theite. The data

point for site Ravalli Curve #1 (RC1) exhibited high leveragWhen removed, regularly passed, whereas the four proximal alternativesangs
the slope becomes signi cantly negativef D 0.35, R2 D 0.05, p D 0.001). exclude livestock but permit deer and bear. Although moreadat
is needed, this suggests that at certain sites, the coimicigse
of a structure by livestock may not be a signi cant deterréemt
some species of large mammals as is often assurerti{ger and
location attributes from studies of a single structure oogps Jacobson, 20).3
of unreplicated structure designs. When performance for large mammals overall is considered
A persistent concern in wildlife crossing design is the pagnt in association with only fence length (represented as digtdoc
for underpass structures to act as prey traps causing prayarest alternative crossing), there is no evidence of actele
species to avoid structures utilized by predatorgtie et al., wildlife fencing is truly funneling wildlife to the structes, we
2002. If prey species had learned to avoid structures with higlwould have expected to nd higher crossing numbers through
predator concentration we would have expected to see oppositiee structures with increasing fence lengthuijser et al. (2016b)
performance between prey and predators at individual striegur found that wildlife fencing along US93 shorter than about
We did not see this trend; in fact, at half of all structuresedi®y 5,000 m was less e ective than longer fencing at reducindifeld
both carnivores and deer, the sign of the performance measuxehicle collisions. The maximum fenced length to the neares
was the same for both groups. It is possible that prey speciesossing alternative in our study was under 1,000 m. It stioul
have coordinated underpass use to time periods when predatobe noted that,Huijser et al. (2016bronsidered total fencing
are absent, a pattern that would not be resolved at the daillength, whereas our study only considered distance to theastar
timescale recorded in this study. Howeveqgrd and Clevenger alternative crossing point. It may be that animals were silgct
(2010)speci cally tested for this type of behavioral assortmentlternative structure designs instead of the structureshis
and found no such temporal correlation of use between predatostudy, or that animals have become habituated to cross the
followed by prey and the converse for eithe@ or <48h road corridor less in sections where fencing is a barrier. It
intervals. Interestingly, some of the highest performanakeies is also worth noting thatHuijser et al. (2016bjncluded only
for both black bear and white-tailed deer were observed dt, FCisolated structures in their analysis whereas this studjuihes
granted black bears are not the most signi cant predator forboth isolated structures and those connected by fencing to
adult deer. Multiple alternative crossing, including oneeteged other structures, many of di erent design than consideredenher
overpass and three elliptical, arch-style wildlife underpgsse  Until a similar performance analysis has been conducted on
located within just a few hundred meters of FC1. Despite readthe other structure designs connected to the focal striesyr
alternative crossings, these species did not appear to selgcti it is impossible to determine the absolute e ect of fencing
assort into di erent crossing preferences. length on performance. For instance, site RCL1 in this study ha
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the greatest distance to an alternative crossing (935mjpstl the eld of road ecology must utilize rigorous observatignal
double that of any other site. RC1 also exhibited the highestontrol-impact design. More replicates of structure variable
leverage in the regression analysis, and when removedpled will translate to greater power to detect associations with
an opposite result. Analyzing more structure with a range operformance. With every new wildlife-friendly road consttion
fencing lengths, or experimentally manipulating fencinggdén project, new potential data points enter the eld. In order to
may help to isolate the e ect of fencing length for structureensure that these new data points can be utilized as replicates
performance. in statistical analysis of the e ectiveness of structure glesi
Generally, the results from this association study shouldve suggested that subsequent crossing structure assdssmen
be interpreted in context. No observational study can assigatilize sampling methodology similar to this study that caols
causation, and correlation may be confounded becausetateg  for temporal and spatial variability and variability in detien
are not placed at random in a road. Planners use wildlifeates.
vehicle collision, carcass counts, biological surveysbhatogical
inference to determine the best placement of structurésjeer AUTHOR CONTRIBUTIONS
et al., 2008 Political and physical limitations further re ne
where a structure is ultimately placed. As such, the inter@lo AA designed, collected data, analyzed, and wrote up thidystu
placement of structures invariably correlates structuréh w MH designed and wrote-up this study. LB designed this study.
locational attributes.
While the use of camera traps as a method of recordinfFUNDING
animal movements a orded an understanding of general trends
within the focal large mammal populations, it did not allow for This research was funded in part through contributions
tracking of individual animal behavior. As such, we were notfrom the Montana Department of Transportation (MDT), the
able to conclusively determine if a particular specie's bienav Federal Highway Administration (FHWA), the U.S. Department
such as, a proclivity to forage in a single location, in uedceir ~ of Transportation through its Research & Special Programs
estimates. Although, we believe that the 5 min thresholdveen  Administration (RSPA), and Western Transportation Institute
observations of conspecics mitigated most of this potentialat Montana State University. Support was provided by the
error. Wyss Foundation, Leonard and Sandy Sargent Fellowship, the
The strength of this study comes from controlling for releti Byron and Bernice Dawson Award, and the Ucross High Plains
abundance, spatial and temporal variability, and variapilit Stewardship Initiative.
of structure design. Furthermore, replication allowed for
strong statistical inference. Using identical cameraseéocord ACKNOWLEDGMENTS
both observed and expected crossing frequencies negated any
detection variability. Sampling immediately adjacent to theThe authors would like to thank the Confederated Salish and
road controlled for habitat variability between the crogsi Kootenai Tribes for permission to conduct research on tribal
structure and surroundings. This pilot study suered from lands and the Montana Department of Transportation for
limited sampling periods at each site as a trade-o in favorpermission to access the highway right of way corridor. We
of rapid assessment of many structures. This disallowedgtro thank Whisper Camel-Means, Jon Graham, Dave Patterson,
conclusions about more cryptic taxa like black bear, bobcatiz Fairbank, Jeremiah Purdum, and Natalie Dawson for help
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