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ABSTRACT Highways are hazardous to migratory ungulates world-wide, causing direct and indirect 32 

impacts to ungulate survival. Moreover, significant financial costs are incurred in damage from wildlife–33 

vehicle collisions and in building and maintaining wildlife passage structures. Information is needed to 34 

link ungulate movements to collision occurrence to prioritize needed construction of wildlife crossings 35 

on highways. We simultaneously documented mule deer (Odocoileus hemionus) migration corridors and 36 

mule deer–vehicle collisions (DVCs) in South-central Oregon, USA, over 6 years (2005–2011). We 37 

calculated Brownian Bridge Movement Models for 359 migrating mule deer equipped with Global 38 

Positioning System technology. We modeled DVC counts as functions of probability of use during 39 

migration, annual average daily traffic (AADT), and habitat characteristics. Probability of use during 40 

migration was the strongest predictor of where DVCs occurred (r = 0.93). Predicted DVCs also 41 

increased with AADT but peaked at approximately 8,000 and then decreased. Where AADT was above 42 

approximately 8,000, fewer deer attempted to cross the highway and DVCs decreased because, over 43 

time, deer either abandoned the migration route or were killed trying to cross this busy highway. Our 44 

results suggest that managers should focus on migration corridors or high-density DVC locations to 45 
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identify where fencing and under/overpasses could be most effective for maintaining migratory corridors 46 

when confronting increasing traffic and development that bisect seasonal ranges of mule deer. 47 

KEY WORDS Brownian Bridge, corridors, deer–vehicle collisions, migration, mule deer, Odocoileus 48 

hemionus, passage, roads, ungulates. 49 

(WILDLIFE SOCIETY BULLETIN 00(0):000–000; 201X) 50 

 51 

Wildlife mortality caused by collisions with vehicles and fragmentation of habitat caused by roads is a 52 

growing problem worldwide because of the increasing use of motor vehicles for human and material 53 

transport (Malo et al. 2004, Epps et al. 2007, Huijser et al. 2008). Animals that migrate may be more 54 

vulnerable to wildlife–vehicle collisions than nonmigrating wildlife, and thus be more susceptible to 55 

population declines (Bolger et al. 2008) and gene-flow disruptions (Watkinson and Sutherland 1995, 56 

Epps et al. 2005, Ascensão et al. 2013). Migration corridors may be abandoned at high traffic volumes 57 

despite the natural tendency of ungulates to use the same migration routes yearly (Berger 2004, Sawyer 58 

et al. 2009). It is important to use identified migration routes to prioritize conservation actions because 59 

migration is critical to maintaining healthy populations (Sawyer et al. 2009), especially in areas where 60 

nutritional requirements cannot be met at the same location during all seasons (Bischof et al. 2012). No 61 

less important are the substantial loss of property and human injuries and fatalities caused by animal–62 

vehicle collisions, estimated in the United States to cost US$6,126/wildlife–vehicle collision and 63 

totaling >US$1 billion annually (Conover et al. 1995, Huijser et al. 2008). Wildlife crossings placed 64 

over or under highways reduce vehicle-caused animal mortalities by ≥80% (Lehnert and Bissonette 65 

1997, Clevenger et al. 2001, Gagnon et al. 2007b, Bissonette and Rosa 2012) and are economical when 66 

deer–vehicle collisions (DVCs) are >3/km/year (Huijser et al. 2009). Regardless of the type of crossing 67 
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structure chosen to reduce wildlife–vehicle collisions and facilitate wildlife passage, managers must 68 

have sufficient information on animal behavior to prioritize the placement of wildlife structures. 69 

 Mule deer (Odocoileus hemionus) are traditional in their migration routes and follow the same 70 

path closely each year (Monteith et al. 2011, Sawyer and Kauffman 2011, Lendrum et al. 2013). Spring 71 

migration occurs when mule deer leave winter range and travel to summer range; females often stop 72 

during spring migration to have their fawns (Sawyer and Kauffman 2011). In autumn, snowfall or 73 

daylight length prompt deer to leave their summer range (Monteith et al. 2011). Previous studies of 74 

wildlife–vehicle collisions have considered habitat characteristics, such as forest cover or distance to 75 

water, in predicting wildlife crossings on roadways (Malo et al. 2004, Seiler 2005, Gunson et al. 2011), 76 

but few have incorporated actual migration paths (but see Kramer-Schadt et al. 2004, Neumann et al. 77 

2012). Previous studies have also investigated whether traffic levels influence ungulate–vehicle 78 

collisions (Seiler 2005, Gagnon et al. 2007a, Bissonette and Kassar 2008, Myers et al. 2008) with 79 

varying responses observed. Our goals were to investigate the relationship of DVCs to mule deer 80 

migration corridors and identify and evaluate models for predicting where DVCs occur to aid managers 81 

in placing wildlife crossing structures.  82 

STUDY AREA 83 

We focused our study on portions of 2 highways in central Oregon, USA, and captured mule deer in the 84 

wildlife management units surrounding these study highways (Fig. 1). Our study area included 160 km 85 

of U.S. Highway 97 (hereafter, Highway 97) and 80 km of State Highway 31 (hereafter, Highway 31). 86 

These segments span both summer and winter ranges of migratory mule deer. Bend, Oregon was the 87 

northern terminus of our study section and Highway 97 passed through 4 rural residential areas of La 88 

Pine, Gilchrist, Crescent, and Chemult, ending at Chiloquin in the south (Fig. 1). Highway 31 angled 89 

southeast from its junction with Highway 97 near La Pine and passed through the rural residential area 90 
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of Silver Lake (Fig. 1). Annual average daily traffic (AADT) for these segments averaged 6,218 for 91 

Highway 97 and 870 for Highway 31 during the study. Sixteen percent of the study section of Highway 92 

97 was within mule deer winter range identified by Oregon Department of Fish and Wildlife, whereas 93 

58% of the study section of Highway 31 bisected winter range (Fig. 1).  94 

 Populations of mule deer decreased 40% over 7 years in Upper Deschutes, Paulina, Fort Rock, 95 

and Silver Lake wildlife management units, from 36,000 in 2005 to 22,000 in 2011 (Fig. 1; C. Heath, 96 

Oregon Department of Fish and Wildlife, unpublished data). Average elevation is 1,462 m (range = 97 

315–3,149 m) and the topography is mostly flat, except for the foothills of the Cascade Mountains on 98 

the west and scattered volcanic cinder cones to the east. Climate is strongly influenced by the rain-99 

shadowing effect of the Cascade Mountains on the higher western edge of the study area (Fig. 1), with 100 

lower elevations in the east being arid. Winters are cold with snow and summers hot and dry. During the 101 

years of the study, mean minimum January and maximum July temperatures ranged from between −8.4 102 

to −1.1° C and 26.0–30.4° C, respectively (Daly and Bryant 2013). Mean annual precipitation varied 103 

from 15.7 to 37.3 cm, with most falling as snow in the winter (Daly and Bryant 2013). This area was 104 

sparsely populated with an estimated 254,000 people (6.22/km
2
) and included 4 urban centers of Bend 105 

and Redmond in the north, and Klamath Falls and Lakeview in the south (U.S. Census Bureau 2010). 106 

Most of the area consisted of public lands administered by the Bureau of Land Management (24%) or 107 

U.S. Forest Service (44%), but private land was dominant in the arable lower elevations (Fig. 1). 108 

Vegetation consisted of forests in the west and shrub-steppe in the east (Franklin and Dyrness 1973). 109 

Forests were dominated by Ponderosa pine (Pinus ponderosa), Douglas-fir (Pseudotsuga menziesii), and 110 

grand fir (Abies grandis), whereas shrub-steppe communities were dominated by sagebrush (Artemisia 111 

tridentata), bitterbrush (Purshia tridentata), and/or juniper (Juniperus occidentalis). 112 

METHODS 113 
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From 2005 to 2011, we captured adult female mule deer on winter ranges in proportion to wintering 114 

densities of all mule deer (approx. 1 collar/150 deer was attempted) using net guns fired from a 115 

helicopter (Jacques et al. 2009) or Clover traps (Clover 1954) baited with alfalfa. Our strategy was to 116 

sample in proportion to wintering densities to obtain a representative sample of the entire population of 117 

mule deer in South-central Oregon. Some deer were captured on summer range to boost the number of 118 

autumn migrations represented in our sample. For summer captures, we used drugs administered by 119 

projectile darts fired from tree stands (Kreeger et al. 2002). Summer capture methods differed from 120 

winter because deer are widely dispersed in forested areas during summer, whereas they are 121 

concentrated in open areas during winter. For each deer, we recorded gender, age class (fawn, yearling, 122 

ad), and physical characteristics including total length, girth, neck diameter, and condition based on fat 123 

index (Kistner et al. 1980). We considered deer that were ≥2 years old as adults. We fitted deer with 124 

Global Positioning System (GPS) collars (Lotek model 3300S and 4400S, Lotek Wireless Inc., 125 

Newmarket, ON, Canada; ATS model G2110D, ATS, Inc., Isanti, MN; Tellus Basic GPS collars, Omnia 126 

Ecological Services, Calgary, AB, Canada, and Followit AB, Lindesberg, Sweden) programmed to 127 

record a location every 4 hours and self-release after 52–72 weeks. Battery life of a collar was 1.5 years, 128 

so winter captures were likely to produce 2 spring and 1 autumn migration, whereas summer captures 129 

could potentially result in 2 autumn and 1 spring migration. Collars were equipped with mortality 130 

sensors that doubled the very high frequency signal pulse rate when a collar was stationary for >4 hours. 131 

We monitored collared deer from a fixed-wing airplane twice weekly for mortality signals, locating the 132 

collar and investigating for cause of death. All deer were handled in accordance with protocols approved 133 

by Oregon Department of Fish and Wildlife for safe capture and handling and following 134 

recommendations of the American Society of Mammalogists (Sikes and Gannon 2011). 135 
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 We imported GPS collar locations for each deer into a Geographic Information System (GIS; 136 

ArcMap, Version 10.0). We eliminated obvious erroneous GPS locations (sequential locations too 137 

distant for a deer to travel in 4 hr). We then selected and classified locations as spring or autumn 138 

migration using the following procedures. We displayed the locations for a single deer, year, and season, 139 

and identified the midpoint of an apparent spring or autumn migration (characterized by a linear 140 

sequence of locations spanning winter and summer areas). Those locations were then examined 141 

chronologically forward and backward until the distance between consecutive locations indicated a 142 

seasonal range characterized by a cluster of locations 1–3 km in diameter. In addition, we included 143 

location data 24 hours prior to or after the beginning or end of an identified migration sequence, 144 

respectively, to ensure that we identified all migration locations. If a deer exhibited multimigration 145 

sequences (i.e., left a seasonal range, started to migrate only to return to the original seasonal range), we 146 

included only the final series of locations to the destination range to reduce bias in calculating 147 

probability of use during migration (described below). In some instances, deer used stopover areas 148 

(indicated by clusters of locations) during migration. If a cluster was within 3 km of its summer or 149 

winter range and used for ≥5 sequential days, the locations were not included in the analysis. We chose 150 

these criteria based on the typical width of a seasonal range (3 km) and typical duration of migration (5 151 

days). Deer that did not migrate were not used in our analysis. 152 

Brownian Bridge Movement Models 153 

We fit a Brownian Bridge Movement Model (BBMM) to each migration sequence for each adult female 154 

migratory deer (Horne et al. 2007, Sawyer et al. 2009) using the ‘BBMM’ package (Nielson et al. 2011) 155 

in R (R Core Team 2012). This approach used time-specific location data to quantify the spatial 156 

probability of use during a migration sequence, and accounted for the uncertainty in an animal’s location 157 

between known locations and inherent error in recorded GPS locations (Sawyer et al. 2009). The 158 
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BBMM provided a probabilistic estimate of a migration route, known as a utilization distribution (UD). 159 

This method is generally preferred over connecting sequential GPS locations (Sawyer et al. 2005), 160 

which ignores the uncertainty in both the recorded locations and the trajectory of movement, and offers 161 

no means for characterizing the population-level route network. 162 

 Missing observations, or fix-rate bias (Sawyer et al. 2009), was a concern in our analysis because 163 

fix-rates of collars varied from 52% to 100%. Although the BBMM could account for missing locations, 164 

multiple missing locations in a sequence could artificially inflate the Brownian motion variance (Horne 165 

et al. 2007) or result in convergence problems during model estimation. To prevent these issues, we 166 

restricted the BBMM to where no 2 sequential locations were >8 hours apart. In addition, we limited the 167 

modeling to migration bouts with >10 GPS recorded locations to ensure that we had a sufficient sample 168 

size for modeling. If a migration sequence had ≥2 consecutive missing locations, then 2 BBMMs were 169 

estimated—1 before and 1 after the event of ≥2 consecutive missing locations. To estimate the standard 170 

deviation of location error in the GPS records, we placed GPS radiocollars used on deer in 171 

representative habitats and used the maximum amount of variation as input in the BBMM. 172 

 We excluded migrations with an estimated Brownian motion variance >20,000. Tortuous 173 

migration sequences with fewer locations and a lower fix-rate success tend to have larger Brownian 174 

motion variances, which can increase the error in the estimated UD in an exponential fashion. Based on 175 

our experience applying BBMMs to dozens of sampled ungulate populations, Brownian motion 176 

variances >20,000 are rare and usually are associated with poor-quality location data. Although our 177 

imposed limit of 20,000 is somewhat arbitrary, we believed it would improve estimation of the overall 178 

migration routes for each herd and the entire sampled population. We estimated probability of use 179 

during each migration bout for each 50-m × 50-m cell in a grid overlaying the minimum convex polygon 180 
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of year-round mule deer locations to provide high-resolution mapping while maintaining a reasonable 181 

processing time. 182 

 We estimated a UD for each migration of each deer. For deer that had >1 migration recorded, we 183 

summed the cell values of all their UDs and then rescaled their cumulative cell values to sum to 1, such 184 

that all migratory routes for each deer were represented by one UD. We then followed this same 185 

rescaling procedure to estimate migration routes for each herd (groups of deer using the same winter and 186 

summer ranges), and then again to estimate the overall population-level UD. The resulting surface grid 187 

provided an estimate of the relative amount of use per 50-m × 50-m cell within the minimum convex 188 

polygon during migration by the average deer, referred to hereafter as the ‘migration UD.’ We ranked 189 

grid cells (3,566 rows × 7,075 columns) and placed cells into 20 equal-area quantiles based on the 190 

estimated UD, which we hereafter refer to as ‘migration UD class.’ We also calculated the number of 191 

highway crossings by intersecting lines created from migration locations of deer used in the UD analysis 192 

with the study segments of the highways. 193 

Highway Surveys 194 

From 2005 to 2010, we surveyed our highway study sections by vehicle on a near-daily basis for 195 

evidence of deer–vehicle collisions. We examined carcasses within 24 hours of discovery for cause and 196 

estimated date of death, sex, number of fetuses, and characteristics of the roadway. Carcass locations 197 

were recorded using a handheld GPS device and carcasses were removed from the roadway to avoid 198 

double counting. This represented the minimum number of actual DVCs because some mortally 199 

wounded deer likely moved out of sight of the highway before dying and were not detected in our 200 

surveys. These data are hereafter referred to as the ‘intensive DVC data set.’  201 

 From 1995 to 2006, Oregon Department of Transportation maintenance personnel and State 202 

highway patrol officers reported and cleared roadway hazards, including mule deer killed by vehicles. 203 
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Locations of DVCs were estimated by highway personnel to the nearest mile marker (1.6-km precision). 204 

Animal carcasses were considered a road hazard, but were not consistently reported. These data are 205 

hereafter referred to as the ‘dispatch DVC data set.’ 206 

DVC Density 207 

On each study highway, we used the intensive DVC data set to estimate kernel density of DVCs that 208 

occurred during peak periods of spring and autumn mule deer migration (Apr–Jun and Oct–Dec). We 209 

used a network kernel density function (Okabe and Sugihara 2012) within ArcGIS at a 50-m resolution. 210 

Kernel density is a nonparametric technique that fits a specified probability curve over each DVC 211 

location using a distance band as criteria for the geographic spread of each curve and results in a 212 

probability surface (Worton 1989). Network kernel density assumes events occur on linear segments, 213 

producing an estimated density of DVCs along a 1-dimensional linear space (Xia and Yan 2008). We 214 

used a distance band of 500 m for kernel estimates based on half the width of the top 5 migration UD 215 

class polygons where they crossed the highways, which we hypothesized to be influencing DVCs.  216 

 Correlation of DVC density to migration UD.—We spatially intersected DVC kernel density 217 

linear segments with migration UD class polygons. We compared DVC kernel density with migration 218 

UD class by calculating Pearson’s correlation coefficient (r) for mean DVC kernel density within each 219 

migration UD class. We repeated this analysis using the dispatch DVC data set. We also compared the 220 

intensive DVC data set to the dispatch DVC data set using Pearson’s correlation coefficient. We 221 

calculated mean DVC kernel density across 1.6-km highway segments because the location accuracy of 222 

the dispatch DVC data set was relatively coarse (1.6-km positional precision). 223 

DVC Landscape Models 224 

We developed spatial covariates on a 30-m grid within the minimum convex polygon, including tree 225 

canopy cover, topographic curvature, distance to development, probability of use during migration, 226 
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distance to water, and traffic volume. Tree canopy cover (U.S. Department of the Interior 2008) 227 

represented vertically projected percent live-canopy layer present in 2008. Some removal of trees along 228 

the highway occurred 2008–2012, but we did not account for this in our models. Topographic curvature 229 

(Zevenbergen and Thorne 1987) was calculated in ArcGIS from a digital elevation model (Oregon State 230 

University 2014) using elevation values of neighboring cells to calculate convexity of terrain 231 

surrounding a grid cell. Development zones (Oregon State University 2014) represented existing 232 

residential and urban development in 2009. We measured distance to development to the closest 233 

development zone. Water sources were stream courses and water bodies (U.S. Department of the 234 

Interior 2013), and wildlife ‘guzzlers’ (structures that collect and store rainwater for wildlife use; P. K. 235 

Coe, unpublished data). We measured distance to water to the closest water source. Traffic volume was 236 

AADT for 2011 (Oregon Department of Transportation 2013). We used AADT with its square to 237 

account for an apparent quadratic relationship in which DVCs increased and then levelled off or 238 

decreased as AADT increased. 239 

 Model development.—Highway 97 and Highway 31 have different habitat and traffic 240 

characteristics. Highway 97 bisects summer habitat and is a major north–south highway between 241 

California and Washington (USA), whereas Highway 31 is largely winter habitat and is less travelled by 242 

vehicles. We therefore built separate models for each highway study section. We used negative binomial 243 

regression (Hilbe 2011) to model DVC counts for 500-m highway segments using the intensive DVC 244 

data set. We selected 500 m as the segment length to continue the same scale of analysis we used in 245 

calculating DVC kernel density. Mean migration UD within 500-m segments was highly skewed, so we 246 

log-transformed (base e) this covariate to allow for a more linear relationship between it and DVC 247 

values, hereafter referred to as Log(UD) (Hooten et al. 2013). Covariates were averaged at 100, 200, and 248 

400 m surrounding each road segment, resulting in 18 covariates (6 covariates at 3 scales). To reduce 249 
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this set prior to model construction, we analyzed each covariate separately for each buffer class to 250 

evaluate the best scale to bring forward for consideration for the multicovariate models. We did not 251 

include all possible model combinations, but rather hypothesized a priori several plausible model sets. 252 

We evaluated competing models using Akaike’s Information Criterion adjusted for small sample size 253 

(AICc; Burnham and Anderson 2002). A model was considered competitive if it was within 2 AICc units 254 

of the top model (lowest AICc). We calculated Akaike weights (Burnham and Anderson 2002) to assess 255 

the relative ranking and significance of each model. We estimated standardized coefficients (Zar 1999) 256 

to compare the relative importance of each covariate in predicting DVC counts.  257 

 We estimated the spatial autocorrelation in the residuals from the full model (all covariates 258 

included) for each highway using Moran’s I. If Moran’s I was consistently and substantially >0 out to 259 

some spatial lag, then standard errors, and thus 90% confidence intervals, of model coefficients could be 260 

underestimated (Legendre 1993). Moran’s I test of the residuals of the full model for Highway 97 261 

indicated spatial autocorrelation was present but small (correlation <0.3) for pairs of segments up to 30 262 

km apart. There was no evidence of spatial autocorrelation for road segments on Highway 31. Spatial 263 

autocorrelation was small or did not exist, so we only report standard CIs for both models. 264 

To assess how well models developed for Highway 97 predicted DVCs, we conducted validation tests 265 

using a method outlined by Johnson et al. (2006). This method creates ordinal classes (ranked bins) from 266 

predicted values and compares them to observed counts within those same bins. Number of bins used 267 

was subjective and we chose 15 bins (10 highway segments/bin). We departed from Johnson et al. 268 

(2006) by using a different data set than was used for model-building for a more robust validation, 269 

instead of using withheld data. We made predictions for Highway 31 using the 2 highest-ranked models 270 

for Highway 97. We sorted predicted use for each 500-m highway segment from low to high and 271 

summed observed DVC counts within the 15 sorted predicted use bins. We calculated Spearman’s rank 272 
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correlation coefficients for each model, comparing median predicted DVCs to summed observed DVCs 273 

within bins. We used the same method to evaluate goodness-of-fit of the best model(s) for each 274 

highway, comparing predicted to observed DVC counts for Highway 97 based the best model(s) for 275 

Highway 97, and predicted versus observed for Highway 31 based on the best model(s) for Highway 31.  276 

To investigate the quadratic effect of AADT in a retrospective analysis, we calculated the value of 277 

AADT at maximum DVC (maxDVC) in the highest ranked model for Highway 97 and examined DVC 278 

kernel density and Log(UD) where AADT exceeded this value. Deer may have avoided crossing the 279 

highway or abandoned migration routes that crossed the highway where AADT exceeded the threshold 280 

and DVC decreased. This effect should be evident in lower DVC kernel density on sections of the 281 

highways where AADT > AADT at maxDVC compared with where AADT < AADT at maxDVC. To 282 

further investigate a barrier effect of Highway 97, we compared the proportion of radiomarked deer that 283 

summered west of Highway 97 (whose winter ranges were E of the highway) with the proportion of 284 

available summer range west of the highway. For our summer range estimate, we overlaid mule deer 285 

summer range (Black et al. 2004) with the study area minimum convex polygon and then divided the 286 

resulting polygon, creating 2 polygons of summer range east and west of Highway 97. We compared 287 

area of mule deer summer range west and east of the highway within our study area. We also compared 288 

proportion of mortality due to DVCs of deer that summered west of the highway to the overall 289 

radiomarked DVC mortality. 290 

RESULTS 291 

We captured and placed GPS collars on 492 mule deer (395 and 97 on winter and summer range, 292 

respectively; Fig. 1). Overall adult mortality was 32.9% and, of those, DVC mortalities accounted for 293 

10.0%, which was roughly equivalent to mortality caused by legal hunting (11.0%) and illegal kills 294 
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(13.0%). Six radiomarked deer were killed by vehicles on Highway 97 and 3 were killed on Highway 295 

31.  296 

Brownian Bridge Movement Models 297 

We identified 359 radiomarked adult female mule deer that migrated from their capture location, and 298 

estimated UDs for 787 migration routes (326 autumn, 461 spring). Average fix-rate success was 88% 299 

(SD = 0.10) and standard deviation of location error was 37 m. Brownian motion variance was 5,622 ± 300 

4,558 m
2
 (mean ± SE). We excluded 69 migrations sequences on account of sequences either having 301 

fewer than 10 locations or Brownian motion variance >20,000. Values for migration UD along the study 302 

highways were highest along 13 km of Highway 31 southeast of La Pine where deer concentrated on 303 

winter range (Fig. 2). In contrast, migration routes were narrower on Highway 97 where deer dispersed 304 

to summer range.  305 

 Of the 787 migrations used in the UD analysis, there were 287 crossings by 102 deer of Highway 306 

97 and/or Highway 31 study sections. Of those, 48 deer crossed Highway 97 105 times and 82 deer 307 

crossed Highway 31 182 times. Twenty-eight deer crossed both highways during a single migration. 308 

Deer–Vehicle Collisions 309 

There were 1,901 DVCs recorded in the intensive DVC data set and 1,369 DVCs recorded in the 310 

dispatch data set. Spring and autumn DVCs were 67% of the year-round total DVCs (n = 1,269) 311 

recorded in the intensive DVC data set and 63% of year-round total (n = 867) recorded in the dispatch 312 

data set. For the intensive data set, mean spring and autumn DVC counts were 5.5/km and 4.9/km for 313 

Highways 97 and 31, respectively. For the dispatch data set, mean total spring and autumn DVC counts 314 

were 4.0/km and 2.9/km for Highways 97 and 31, respectively. One DVC was a radiomarked deer used 315 

in the UD analysis.  316 
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Mean DVC kernel density (relative risk of a DVC occurring) for the intensive data set was 3.4 and 3.0 317 

for Highways 97 and 31, respectively (Fig. 2); and for the dispatch data set, it was 2.2 and 1.7 for 318 

Highways 97 and 31, respectively. Inspection of DVC kernel density by highway milepost revealed that 319 

dispatch data had lower peaks than did intensive data for both highways, with the exception of mileposts 320 

149, 151, and 159 on Highway 97 (Fig. 3, arrows), where DVC kernel density of the dispatch data was 321 

higher.  322 

For the intensive DVC data set, there was a strong, positive correlation between mean DVC kernel 323 

density and migration UD class for Highway 97 (r = 0.93) and Highway 31 (r = 0.87; Fig. 4). For the 324 

dispatch DVC data sets, the correlation also was strong for Highway 97 (r = 0.85) and Highway 31 (r = 325 

0.91; Fig. 4). There was moderate positive correlation between mean DVC kernel density/1,600-m 326 

highway segment for the intensive and dispatch DVC data sets for Highway 97 (r = 0.40) and for 327 

Highway 31 (r = 0.40).  328 

DVC Landscape Models 329 

Based on AICc scores that evaluated buffer distances around highway segments for summarizing 330 

landscape covariates, we used 100-m buffers for canopy cover, distance to development, and distance to 331 

water; and 400 m for Log(UD); and a 200-m buffer for topographic curvature (Table 1).  Deer–vehicle 332 

collision counts/500-m highway segment ranged from 0 to 14 (∑ = 880 DVCs, n = 325 segments) for 333 

Highway 97 and 0–8 (∑ = 389 DVCs, n = 155 segments) for Highway 31. 334 

 The top 3 models for both highways were the full, Log(UD) only, and Log(UD) plus AADT 335 

models (Table 2). The full models received 75% and 70% of model weights for Highway 97 and 336 

Highway 31, respectively (Table 2); however, some covariates influenced DVCs differently for each 337 

highway as evidenced by signs of model coefficients (Table 3). Highway 97 DVCs increased with 338 

increasing tree canopy cover and concave topography (slope rises from roadside), and decreased as 339 
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distance to development and water increased. Conversely, Highway 31 DVCs increased as distance to 340 

development increased and as convex topography (slope declines from roadside) increased, and DVCs 341 

decreased with decreasing tree canopy cover (Table 3). Of the 3 highest-ranked models, 2 included the 342 

squared term for AADT, indicating a quadratic relationship to DVCs. 343 

For model validation, Spearman rank correlation coefficients comparing predicted to observed DVC 344 

counts indicated that the highest-ranked model for Highway 97 performed poorly when applied to 345 

Highway 31 (rs = 0.135; Fig. 5a). However, there was strong positive correlation for the second-ranked 346 

Log(UD)-only model (rs = 0.904; Fig. 5b).  347 

Focusing on the barrier effect of traffic on Highway 97, the value of AADT at maxDVC in the highest 348 

ranked Highway 97 model was 7,847 (Table 3) and AADT exceeded this value on Highway 97 between 349 

Bend and its intersection with Highway 31 (Fig. 6). Most migration corridors along this section 350 

paralleled the eastern side of Highway 97 where deer migration routes were apparently diverted south 351 

because of increasing AADT (Fig. 6).  Of 298 deer that wintered east of Highway 97, 48 (16.1%) 352 

crossed Highway 97 during migration to summer range. However, 45% of available summer habitat was 353 

west of Highway 97 (9,000 km
2 

of 20,000 km
2
; Fig. 7). Of the 359 deer in our migration analysis, 4 died 354 

because of DVC (1.1%). Two of these mortalities were deer that summered west of Highway 97 and 355 

died because of DVC (4.2%). 356 

DISCUSSION 357 

Predicting DVCs in regions where migratory ungulates exist is critical to planning passage structures for 358 

future highway construction (Seidler et al. 2014). We found mule deer migration corridors to be the 359 

strongest predictor compared with other biophysical predictors of DVCs on 2 highways in eastern 360 

Oregon. We know of no other study linking migration corridors to DVCs in western North America. Our 361 
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study provides a strong argument for the use of migration corridor data for planning wildlife passage 362 

structure sites. 363 

 Density of deer–vehicle collisions may be an excellent proxy for identifying high-use mule deer 364 

migration corridors that cross existing highways. Our dispatch data set, which represented DVCs 365 

recorded during routine traffic maintenance during the 10 years prior to our study, was highly correlated 366 

to migration UD class. Snow et al. (2015) found that underreporting of wildlife–vehicle collisions did 367 

not hinder predictive models of vehicle collisions for large ungulates. Our dispatch DVC data set was 368 

only moderately correlated with the intensive DVC data set, probably because of the coarser resolution 369 

of the dispatch data set compared with the intensive data set. Thus, routine highway data may be a 370 

suitable estimate of migration corridors, but we suggest collection at a finer scale. 371 

 Previous research has recommended wildlife passage structures be spaced regularly at 372 

approximately 1-mile (1.61-km) intervals (Bissonette and Adair 2008, Clevenger and Ford 2010). 373 

Sawyer et al. (2012) monitored regularly spaced mule deer passage structures in Wyoming, USA, and 374 

found disproportionate use by mule deer, and they hypothesized that passage structures with the greatest 375 

mule deer use were near migration corridors. Our study supports that hypothesis, and the implications 376 

are that passage structures may be spaced irregularly and still be effective, along with being more cost-377 

effective, at least for allowing safe passage for migrating mule deer. 378 

 Migratory pathways of mule deer span disparate habitats from high-elevation forested summer 379 

range to low-elevation sagebrush steppe (Zalunardo 1965), and consequently landscape attributes at road 380 

and highway crossings vary widely, depending upon the habitat. We found that landscape attributes 381 

improved models on each highway but were inconsistent in their influence on DVC density between the 382 

2 highways. Some of this inconsistency could have been due to management by the Oregon Department 383 

of Transportation that we could not incorporate into our models. For example, from 2008 to 2012, the 384 
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Oregon Department of Transportation removed trees along parts of both our study highways, which may 385 

have resulted in a weaker effect of canopy cover on DVCs. However, virtually all studies that have 386 

found roadside landscape predictors useful for predicting DVCs have been for nonmigratory white-tailed 387 

(Odocoileus virginianus) or roe deer (Capreolus spp.) in Europe (Gunson et al. 2011). Migratory mule 388 

deer exhibit strong fealty to their migration pathways (Russell 1932, Sawyer et al. 2009), which are 389 

determined by larger scale landscape features (Thomas and Irby 1990, Hebblewhite et al. 2008, Sawyer 390 

and Kauffman 2011) that may largely eclipse the influence of roadside landscape features.  391 

 Ungulate migration pathways could change or be eliminated over time because of changing 392 

landscape conditions or increasing traffic (Seidler et al. 2014). We found evidence of redirection of 393 

migrating mule deer, probably because of increasing traffic, on Highway 97. First, we found a quadratic 394 

effect of AADT on DVCs, indicating a threshold whereby DVCs declined. Previous researchers have 395 

found AADT thresholds on animal–vehicle collisions (Wang et al. 2010) and moose (Alces alces)–396 

vehicle collisions (Seiler 2005). Second, we observed migration corridors that paralleled Highway 97 397 

where AADT exceeded maxDVC, indicating deer were seeking a less busy place to cross. Third, we 398 

observed a drop in DVCs from 10 years previous where AADT exceeded maxDVC. Thus, our study 399 

links high traffic levels to changes in migration corridors of mule deer. 400 

 In the past, more deer likely successfully migrated to the west of Highway 97 to take advantage 401 

of the higher elevation summer habitat in the Cascade Range (Zalunardo 1965, Cupples and Jackson 402 

2014). Mule deer that crossed Highway 97 were at higher risk of direct mortality from a DVC. Our data 403 

indicated disproportionate lower use of summer habitat by mule deer west versus east of Highway 97, 404 

with substantially fewer deer summering west of Highway 97 than we would expect given the available 405 

habitat. We have no evidence to suggest that mule deer summer habitat differed east and west of 406 
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Highway 97, although large-scale habitat changes have occurred in this region (Peek et al. 2001). 407 

Further work is needed to investigate mule deer summer populations east and west of Highway 97.  408 

 Studies of migratory animals worldwide are becoming more common because of lower costs of 409 

GPS collars and new techniques for analyzing migration data (Bolger et al. 2008, Sawyer et al. 2009). 410 

Careful preplanning of animal capture to ensure adequate representation of the entire population is 411 

important to ensure a comprehensive migration GIS layer that is highly useful for wildlife planning and 412 

management. Our study represented the entire population of mule deer in South-central Oregon and 413 

therefore identified the most used migration corridors in the region. Consequently, our migration 414 

corridor UD is of high management utility not only for transportation management but for wildlife 415 

management across the region. 416 

MANAGEMENT IMPLICATIONS 417 

Societal infrastructure of highways and railroads is being upgraded to handle faster and higher traffic 418 

volumes throughout the world. The strong positive correlation of DVCs to mule deer migration corridors 419 

is a providential one for managers that helps in the siting of passage structures for both new and existing 420 

highways. For new highways, migration corridors may be identified by radiomarking mule deer prior to 421 

construction and using our techniques to estimate probability of use by deer of corridors during 422 

migration. Managers attempting to maintain migratory corridors on existing highways should focus 423 

mitigation measures where DVCs are highest and, secondarily, where AADT is highest. Restoration of 424 

lost migration routes across existing highways may require delving into historical records of mule deer 425 

migration or DVCs.  426 

ACKNOWLEDGMENTS 427 

We thank H. Sawyer for his helpful advice. We appreciate the participation of the Klamath Tribe for 428 

mule deer GPS collar data. We also thank T. Collum, C. Foster, C. Heath, M. Hedrick, J. Muir, and S. 429 



20 
 

Wray for assistance with data collection and analysis. Thanks to our Editors and 2 anonymous reviewers 430 

for valuable insights in revising our initial manuscript. This study was funded by the Federal Aid in 431 

Wildlife Restoration Project W-102-R and W-87-R with additional support from the Oregon Department 432 

of Transportation. 433 

LITERATURE CITED 434 

Ascensão, F., A. Clevenger, M. Santos-Reis, P. Urbano, and N. Jackson. 2013. Wildlife–vehicle 435 

collision mitigation: is partial fencing the answer? An agent-based model approach. Ecological 436 

Modelling 257:36–43. 437 

Berger, J. 2004. The last mile: how to sustain long-distance migration in mammals. Conservation 438 

Biology 18:320–331. 439 

Bischof, R., L. E. Loe, E. L. Meisingset, B. Zimmermann, B. Van Moorter, and A. Mysterud. 2012. A 440 

migratory northern ungulate in the pursuit of spring: jumping or surfing the green wave? American 441 

Naturalist 180:407–424. 442 

Bissonette, J. A., and W. Adair. 2008. Restoring habitat permeability to roaded landscapes with 443 

isometrically-scaled wildlife crossings. Biological Conservation 141:482–488. 444 

Bissonette, J. A., and C. A. Kassar. 2008. Locations of deer–vehicle collisions are unrelated to traffic 445 

volume or posted speed limit. Human–Wildlife Conflicts 2:9. 446 

Bissonette, J. A., and S. Rosa. 2012. An evaluation of a mitigation strategy for deer–vehicle collisions. 447 

Wildlife Biology 18:414–423. 448 

Black, T., T. Messner, D. Ramsey, A. Luce, W. Hurd, and J. Lowry. 2004. Mule deer habitat of North 449 

America. Remote Sensing/GIS Laboratory, Utah State University, Logan, USA. 450 

http://www.gis.usu.edu/current_proj/muledeer.html. 451 



21 
 

Bolger, D. T., W. D. Newmark, T. A. Morrison, and D. F. Doak. 2008. The need for integrative 452 

approaches to understand and conserve migratory ungulates. Ecology Letters 11:63–77. 453 

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multimodel inference: a practical 454 

information-theoretic approach. Second edition. Springer-Verlag, New York, New York, USA. 455 

Clevenger, A. P., B. Chruszcz, and K. E. Gunson. 2001. Highway mitigation fencing reduces wildlife–456 

vehicle collisions. Wildlife Society Bulletin 29:646–653. 457 

Clevenger, A. P., and A. T. Ford. 2010. Chapter 2. Wildlife crossing structures, fencing, and other 458 

highway design considerations. Pages 17–50 in J. Beckmann, A. P. Clevenger, M. Huijser, and J. Hilty, 459 

editors. Safe passages—highways, wildlife and habitat connectivity. Island Press, Washington, D.C., 460 

USA.  461 

Clover, M. R. 1954. A portable deer trap and catch-net. California Fish and Game 40:367–373. 462 

Conover, M. R., W. C. Pitt, K. K. Kessler, T. J. DuBow, and W. A. Sanborn. 1995. Review of human 463 

injuries, illnesses, and economic losses caused by wildlife in the United States. Wildlife Society Bulletin 464 

23:407–414. 465 

Cupples, J. B., and D. H. Jackson. 2014. Comparison of mule deer distributions during winter and 466 

hunting seasons in South-central Oregon. Oregon Department of Fish and Wildlife, Wildlife Technical 467 

Report WTR 004-2014, Salem, USA. 468 

Daly, C., and K. Bryant. 2013. The PRISM climate and weather system—an introduction. Online. 469 

Northwest Alliance for Computational Science and Engineering, Oregon State University, Corvallis, 470 

USA. http://prism.oregonstate.edu/. Assessed  04-Sep-2014. Accessed day Mon year.  471 

Epps, C. W., P. J. Palsbøll, J. D. Wehausen, G. K. Roderick, R. R. Ramey, and D. R. McCullough. 2005. 472 

Highways block gene flow and cause a rapid decline in genetic diversity of desert bighorn sheep. 473 

Ecology Letters 8:1029–1038. 474 

http://prism.oregonstate.edu/


22 
 

Epps, C. W., J. D. Wehausen, V. C. Bleich, S. G. Torres, and J. S. Brashares. 2007. Optimizing dispersal 475 

and corridor models using landscape genetics. Journal of Applied Ecology 44:714–724. 476 

Franklin, J. F., and C. T. Dyrness. 1973. Natural vegetation of Oregon and Washington. U.S. 477 

Department of Agriculture, Forest Service General Technical Report PNW-GTR-8:1-417,  Portland, 478 

Oregon, USA. 479 

Gagnon, J. W., T. C. Theimer, N. L. Dodd, S. Boe, and R. E. Schweinsburg. 2007a. Traffic volume 480 

alters elk distribution and highway crossings in Arizona. Journal of Wildlife Management 71:2318–481 

2323. 482 

Gagnon, J. W., T. C. Theimer, N. L. Dodd, A. L. Manzo, and R. E. Schweinsburg. 2007b. Effects of 483 

traffic on elk use of wildlife underpasses in Arizona. Journal of Wildlife Management 71:2324–2328. 484 

Gunson, K. E., G. Mountrakis, and L. J. Quackenbush. 2011. Spatial wildlife–vehicle collision models: a 485 

review of current work and its application to transportation mitigation projects. Journal of 486 

Environmental Management 92:1074–1082. 487 

Hebblewhite, M., E. Merrill, and G. McDermid. 2008. A multi-scale test of the forage maturation 488 

hypothesis in a partially migratory ungulate population. Ecological Monographs 78:141–166. 489 

Hilbe, J. M. 2011. Negative binomial regression. Cambridge University Press, New York, New York, 490 

USA. 491 

Hooten, M. B., E. M. Hanks, D. S. Johnson, and M. W. Alldredge. 2013. Reconciling resource 492 

utilization and resource selection functions. Journal of Animal Ecology 82:1146–1154. 493 

Horne, J. S., E. O. Garton, S. M. Krone, and J. S. Lewis. 2007. Analyzing animal movements using 494 

Brownian bridges. Ecology 88:2354–2363. 495 



23 
 

Huijser, M. P., J. W. Duffield, A. P. Clevenger, R. J. Ament, and P. T. McGowen. 2009. Cost-benefit 496 

analyses of mitigation measures aimed at reducing collisions with large ungulates in the United States 497 

and Canada: a decision support tool. Ecology and Society 14:15. 498 

Huijser, M. P., P. T. McGowen, J. Fuller, A. Hardy, and A. Kociolek. 2008. Wildlife–vehicle collision 499 

reduction study: report to Congress. U.S. Government Report FHWA-HRT-08-034, Washington, D.C., 500 

USA. 501 

Jacques, C. N., J. A. Jenks, C. S. Deperno, J. D. Sievers, T. W. Grovenburg, T. J. Brinkman, C. C. 502 

Swanson, and B. A. Stillings. 2009. Evaluating ungulate mortality associated with helicopter net‐gun 503 

captures in the northern Great Plains. Journal of Wildlife Management 73:1282–1291. 504 

Johnson, C. J., S. E. Nielsen, E. H. Merrill, T. L. McDonald, and M. S. Boyce. 2006. Resource selection 505 

functions based on use–availability data: theoretical motivation and evaluation methods. Journal of 506 

Wildlife Management 70:347–357. 507 

Kistner, T. P., C. E. Trainer, and N. A. Hartmann. 1980. A field technique for evaluating physical 508 

condition on deer. Wildlife Society Bulletin 8:11–17. 509 

Kramer-Schadt, S., E. Revilla, T. Wiegand, and U. Breitenmoser. 2004. Fragmented landscapes, road 510 

mortality and patch connectivity: modelling influences on the dispersal of Eurasian lynx. Journal of 511 

Applied Ecology 41:711–723. 512 

Kreeger, T. J., J. M. Arnemo, and J. P. Raath. 2002. Handbook of wildlife chemical immobilization: 513 

international edition. Wildlife Pharmaceuticals, Fort Collins, Colorado, USA. 514 

Legendre, P. 1993. Spatial autocorrelation: trouble or new paradigm. Ecology 74:1659–1673. 515 

Lehnert, M. E., and J. A. Bissonette. 1997. Effectiveness of highway crosswalk structures at reducing 516 

deer–vehicle collisions. Wildlife Society Bulletin 25:809–818. 517 



24 
 

Lendrum, P. E., C. R. Anderson, Jr., K. L. Monteith, J. A. Jenks, and R. T. Bowyer. 2013. Migrating 518 

mule deer: effects of anthropogenically altered landscapes. Plos One 8:e64548. 519 

Malo, J. E., F. Suarez, and A. Diez. 2004. Can we mitigate animal–vehicle accidents using predictive 520 

models? Journal of Applied Ecology 41:701–710. 521 

Monteith, K. L., V. C. Bleich, T. R. Stephenson, B. M. Pierce, M. M. Conner, R. W. Klaver, and R. T. 522 

Bowyer. 2011. Timing of seasonal migration in mule deer: effects of climate, plant phenology, and life-523 

history characteristics. Ecosphere 2:art47. 524 

Myers, W., W. Chang, S. Germaine, W. Vander Haegen, and T. Owens. 2008. An analysis of deer and 525 

elk–vehicle collision sites along state highways in Washington State. Washington Department of Fish 526 

and Wildlife Completion Report, Olympia, USA. 527 

Neumann, W., G. Ericsson, H. Dettki, N. Bunnefeld, N. S. Keuler, D. P. Helmers, and V. C. Radeloff. 528 

2012. Difference in spatiotemporal patterns of wildlife road-crossings and wildlife–vehicle collisions. 529 

Biological Conservation 145:70–78. 530 

Nielson, M., H. Sawyer, and T. McDonald. 2011. BBMM: Brownian bridge movement model for 531 

estimating the movement path of an animal using discrete location data. R Foundation for Statistical 532 

Computing, Vienna, Austria. 533 

Okabe, A., and K. O. Sugihara. 2012. Spatial analysis along networks statistical and computational 534 

methods. John Wiley & Sons, Hoboken, New Jersey, USA. 535 

Oregon Department of Transportation. 2013. Transportation data. Oregon Department of Transportation, 536 

Salem, USA. http://www.oregon.gov/ODOT/TD/TDATA/pages/gis/gislinks.aspx.  Accessed 04-Sep-537 

2014. Oregon State University. 2014. Oregon explorer. Oregon State University, Corvallis, USA. 538 

http://spatialdata.oregonexplorer.info/geoportal/catalog/main/home.page.  Accessed 04-Sep-2014.  539 

http://www.oregon.gov/ODOT/TD/TDATA/pages/gis/gislinks.aspx
http://spatialdata.oregonexplorer.info/geoportal/catalog/main/home.page


25 
 

Peek, J. M., J. J. Korol, D. Gay, and T. Hershey. 2001. Overstory-understory biomass changes over a 540 

35-year period in southcentral Oregon. Forest Ecology and Management 150:267–277. 541 

R Core Team. 2012. R: a language and environment for statistical computing. R Foundation for 542 

Statistical Computing, Vienna, Austria. 543 

Russell, C. P. 1932. Seasonal migration of mule deer. Ecological Society of America 2:1–46. 544 

Sawyer, H., and M. J. Kauffman. 2011. Stopover ecology of a migratory ungulate. Journal of Animal 545 

Ecology 80:1078–1087. 546 

Sawyer, H., M. J. Kauffman, R. M. Nielson, and J. S. Horne. 2009. Identifying and prioritizing ungulate 547 

migration routes for landscape-level conservation. Ecological Applications 19:2016–2025. 548 

Sawyer, H., C. Lebeau, and T. Hart. 2012. Mitigating roadway impacts to migratory mule deer—a case 549 

study with underpasses and continuous fencing. Wildlife Society Bulletin 36:492–498. 550 

Sawyer, H., F. Lindzey, and D. McWhirter. 2005. Mule deer and pronghorn migration in western 551 

Wyoming. Wildlife Society Bulletin 33:1266–1273. 552 

Seidler, R. G., R. A. Long, J. Berger, S. Bergen, and J. P. Beckman. 2014. Identifying impediments to 553 

long‐distance mammal migrations. Conservation Biology 29:99–109. 554 

Seiler, A. 2005. Predicting locations of moose–vehicle collisions in Sweden. Journal of Applied Ecology 555 

42:371–382. 556 

Sikes, R. S., and W. L. Gannon. 2011. Guidelines of the American Society of Mammalogists for the use 557 

of wild mammals in research. Journal of Mammalogy 92:235–253. 558 

Snow, N. P., W. F. Porter, and D. M. Williams. 2015. Underreporting of wildlife–vehicle collisions does 559 

not hinder predictive models for large ungulates. Biological Conservation 181:44–53. 560 

Thomas, T. R., and L. R. Irby. 1990. Habitat use and movement patterns by migrating mule deer in 561 

southeastern Idaho. Northwest Science 64:19–27. 562 

http://onlinelibrary.wiley.com/doi/10.1111/cobi.2015.29.issue-1/issuetoc


26 
 

U.S. Census Bureau. 2010. Population estimates. U.S. Census Bureau, Washington, D.C., USA. 563 

http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml.  Accessed 04-Sep-2014.  564 

U.S. Department of the Interior. 2008. LANDFIRE 1.1.0 existing vegetation type layer. U.S. 565 

Department of the Interior, Geological Survey, Washington, D.C., USA. 566 

http://landfire.cr.usgs.gov/viewer/.  Accessed 04-Sep-2014.  567 

U.S. Department of the Interior. 2013. National hydrography dataset. U.S. Department of Interior, 568 

Geological Survey, Washington, D.C., USA. http://nhd.usgs.gov/data.html. Accessed  04-Sep-2014.  569 

Wang, Y., Y. Lao, Y.-J. Wu, and J. Corey. 2010. Identifying high risk locations of animal–vehicle 570 

collisions on Washington state highways. Washington State Transportation Center, Seattle, USA. 571 

Watkinson, A., and W. Sutherland. 1995. Sources, sinks and pseudo-sinks. Journal of Animal Ecology 572 

64:126–130. 573 

Worton, B. J. 1989. Kernel methods for estimating the utilization distribution in home-range studies. 574 

Ecology 70:164–168. 575 

Xia, Z. X., and J. Yan. 2008. Kernel Density Estimation of traffic accidents in a network space. 576 

Computers Environment and Urban Systems 32:396–406. 577 

Zalunardo, R. A. 1965. The seasonal distribution of a migratory mule deer herd. Journal of Wildlife 578 

Management 29:345–351. 579 

Zar, J. 1999. Biological statistics. Prentice Hall, Upper Saddle River, New Jersey, USA. 580 

Zevenbergen, L. W., and C. R. Thorne. 1987. Quantitative analysis of land surface topography. Earth 581 

surface processes and landforms 12:47–56. 582 

 583 

http://factfinder2.census.gov/faces/nav/jsf/pages/index.xhtml
http://landfire.cr.usgs.gov/viewer
http://nhd.usgs.gov/data.html


27 
 

Table 1. Mean number of mule deer–vehicle collisions (DVC) and covariate metrics on 500-m segments of U.S. Highway 97 (n = 584 

325) and State Highway 31 (n = 155) in South-central Oregon, USA, 2005–2010. ‘Tree canopy cover’ was mean percent live tree 585 

cover within 100 m of highway. ‘Topographic curvature’ was mean convexity of terrain within 200 m of the highway. ‘Distance to 586 

development’ was mean distance (m) to residential or urban development within 100 m of highway. ‘Log probability of use’ was 587 

natural log mean cumulative probability of use by mule deer during spring or autumn migration within 400 m of highway. ‘Distance to 588 

water’ was mean distance (m) to stream course, water body, or wildlife guzzler within 100 m of highway. ‘Annual average daily 589 

traffic’ was mean annual average count of all vehicles/day. 590 

 DVC count 
 

 Tree 

canopy 

cover 

 Topographic 

curvature 

 Distance to 

development 

 Log 

probability 

of use 

 Distance to 

water 

 Annual 

average 

daily traffic 

Hwy 97 31  97 31  97 31  97 31  97 31  97 31  97 31 

Mea

n 

2.71 2.51  18.

1 

9.4  −0.00

2 

−0.00

3 

 3,012 11,90

2 

 1.00 2.15  1,93

4 

1,39

2 

 6,218 870 

Min. 0 0.0  0.0 0.0  −0.04

3 

−0.05

0 

 0 0  −4.6

1 

−4.6

1 

 131 5  1,380 660 

Max

. 

14 8  45.

4 

31.

1 

 0.052 0.028  12,94

8 

28,23

9 

 5.73 5.85  7,94

4 

5,24

6 

 19,80

0 

4,22

5 

SD 2.71 2.04  9.9

0 

9.7

0 

 0.008

6 

0.010

6 

 3,240 9,040  1.90 1.91  1,58

4 

1,17

4 

 3,862 370 

 591 
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Table 2. Model selection results from an analysis of factors affecting mule deer–vehicle collisions on 592 

U.S. Highway 97 and State Highway 31 in South-central Oregon, USA, 2005–2010. Models are ranked 593 

1–8 based on Akaike’s Information Criterion with small sample size correction (AICc). A change of 594 

<2.00 AICc units indicate competitive models and AIC weights indicate relative strength of models. We 595 

report differences between AICc and that of the top model (ΔAIC), and Akaike's weight (AIC wt). 596 

Model
a
 Rank  ΔAICc

 
 AIC wt

 

97 31  97 31  97 31 

Cc + Curv + Ddev + 

Log(UD) + Dwater + AADT 

+ AADT
2 

1 1  0.00 0.00   0.746 0.703 

         

Log(UD) 2 2  2.78 2.10  0.185 0.246 

         

Log(UD) + AADT + AADT
2 

3 3  4.77 5.25  0.087 0.051 

         

Cc + Curv + Ddev + Dwater 4 5  25.5 21.48  <0.000 <0.000 

         

Ddev + Dwater 5 4  31.4 19.35  <0.000 <0.000 

         

AADT + AADT
2 

6 6  32.0 23.78  <0.000 <0.000 

         

Cc + Dwater 7 8  32.1 25.92  <0.000 <0.000 

         

AADT 8 7  34.5 29.46  <0.000 <0.000 

a
 Cc = percent canopy cover, Curv = topographic curvature, Ddev = distance to development, Log(UD) 597 

= log probability of use during migration, Dwater = distance to water, AADT = annual average daily 598 

traffic, AADT
2
 = squared term for AADT, indicating a quadratic relationship to deer-vehicle collisions599 
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Table 3. Nonstandardized and standardized parameter estimates for covariates in the highest-ranked models of factors affecting mule 600 

deer–vehicle collisions on U.S. Highway 97 and State Highway 31 in South-central Oregon, USA, 2005–2010. Confidence intervals 601 

are for standardized coefficients.  602 

 

Covariate

a
 

Highway 97  Highway 31 

Coeff. Standardized 

coeff. 

Lower 

95% CI 

Upper 95% 

CI 

 Coeff. Standardize

d coeff. 

Lower 

95% CI 

Upper 95% 

CI 

 Intercept 7.717e − 01     −2.853e + 00    

           

 Cc
 

5.012e − 03 0.050 −0.069 0.168  −2.410e − 02 −0.234 −0.416 −0.052 

 Curv −1.785e + 01 −0.154 −0.261 −0.047  2.362e + 00 0.025 −0.092 0.143 

           

 Ddev −4.160e − 05 −0.135 −0.257 0.012  1.903e − 05 0.175 0.059 0.291 

           

 Log(UD) 1.683e − 01 0.340 0.205 0.434  1.994e − 01 0.369 0.206 0.532 

           

 DWater −6.415e − 05 −0.102 −0.225 0.021  −1.083e − 05 −0.013 −0.149 0.123 

           

 AADT 3.922e − 05 0.152 −0.382 0.685  6.549e − 03 1.668 −0.155 3.491 

           

 AADT
2
 −2.499e − 09 −0.177 −0.707 0.353  −2.928e − 06 −1.557 −3.372 0.259 
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a
 Cc = canopy cover, Curv = topographic curvature, Ddev = distance to development, Log(UD) = log probability of use during 603 

migration, Dwater = distance to water, AADT = annual average daily traffic , AADT
2
 = squared term for AADT, indicating a 604 

quadratic relationship to deer-vehicle collisions. 605 

 606 

  607 
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Figure 1. Extent of year-round distribution of mule deer in South-central Oregon, USA, derived from minimum convex polygon 609 

determined by >1 million Global Positioning System locations from 463 deer, 2005–2012. Highway study sections for U.S. Highway 610 

97 (Hwy 97) and State Highway 31 (Hwy 31) are in red. Mule deer capture locations are shown for summer (green triangles) and 611 

winter (blue circles). Public land is depicted in diagonal lines and mule deer winter range in solid light blue. Wildlife management 612 

units are identified by heavy gray lines and labels. 613 

 614 
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Figure 2. Relative risk of mule deer–vehicle collision (DVC; light pink to dark red = low to high risk of DVC) and probability of use 616 

during migration (gray to black = low to high probability of use) on U.S. Highway 97 and State Highway 31 in South-central Oregon, 617 

USA. Risk of DVC was calculated from 1,269 spring and autumn DVCs recorded 2005–2010, using a network kernel density 618 

estimator. Migration utilization distribution class was equal area classes of cumulative probabilities of use derived from Brownian 619 

Bridge Movement Models constructed from 787 migrations (326 autumn, 461 spring) of mule deer (n = 359) in South-central Oregon, 620 

USA, 2005–2012. 621 
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Figure 3.  Relative risk of mule deer–vehicle collision (DVC) on 1,600-m (1-mi) highway segments in South-central Oregon, USA, 624 

comparing intensive DCV data set (2005–2010, solid lines) and dispatch DVC data set (1995–2006, dashed lines). Highway mileposts 625 

are for (a) U.S. Highway 97, and (b) State Highway 31. Arrows indicate where DVC density was higher 1995-2006 than 2005-2010. 626 
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Figure 4. Relationship between utilization distribution class and relative risk of mule deer–vehicle collision (DVC) in South-central 630 

Oregon, USA, for (a) U.S. Highway 97, and (b) State Highway 31. Solid circles represent the intensive DVC data (2005–2010, n = 631 

1,269) and open circles the dispatch DVC data (1995–2006, n = 897). Pearson correlation coefficients for intensive and dispatch data 632 

sets, respectively, were 0.93 and 0.87 for U.S. Highway 97, and 0.85 and 0.91 for State Highway 31. Utilization distribution (UD) 633 

class was relative probability of use during migration calculated from 787 mule deer migrations 2005–2012 using Brownian Bridge 634 

Movement Modeling.  635 
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Figure 5. Out-of-sample validation results for 2 highest-ranked mule deer–vehicle collision (DVC) models developed for U.S. 638 

Highway 97 and applied to State Highway 31, Oregon, USA. Open symbols are predicted DVCs and closed symbols are observed 639 

DVCs within bins of increasing predicted DVCs for (a) highest-ranked full, and (b) Log(UD)-only model (Table 2). Spearman rank 640 

correlation coefficients for predicted versus observed DVC densities were 0.135 for the full model and 0.904 for the Log(UD)-only 641 

model. 642 
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Figure 6.  Number of radiomarked mule deer using migration corridors along Highway 97 2005 – 2012 where annual average daily 645 

traffic (AADT) exceeded 8,000 (heavy red line). Colors indicating number of mule deer are gray (1-2), green (3-4), brown (5-6), and 646 

yellow (7-8).  Mule deer may have diverted from traditional migration paths because of high traffic. Mileposts 149, 151, and 159 are 647 

where deer-vehicle collisions (DVCs) were higher 10 years previous to this study, when AADT was below maxDVC.   648 
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Figure 7. Summer range of mule deer west of U.S. Highway 97 in South-central Oregon, USA (2005–2012), was 45% of total 651 

summer range within the minimum convex polygon (yellow highlighted polygon) but only 16.1% of deer whose winter ranges were 652 

east of Highway 97 migrated to summer range west of the highway. Migration routes used in our analysis are represented by black 653 

(those that crossed Highway 97) and dark grey lines. Winter range is represented in light blue and mule deer summer range in forest 654 

green.  655 
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