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Abstract Wildlife-vehicle collisions (WVCs) pose a sig-

nificant safety and conservation concern in areas where

high-traffic roads are situated adjacent to wildlife habitat.

Improving transportation safety, accurately planning high-

way mitigation, and identifying key habitat linkage areas

may all depend on the quality of WVC data collection. Two

common approaches to describe the location of WVCs are

spatially accurate data derived from global positioning

systems (GPS) or vehicle odometer measurements and less

accurate road-marker data derived from reference points

(e.g., mile-markers or landmarks) along the roadside. In

addition, there are two common variable types used to pre-

dict WVC locations: (1) field-derived, site-specific mea-

surements and (2) geographic information system (GIS)-

derived information. It is unclear whether these different

approaches produce similar results when attempting to

identify and explain the location of WVCs. Our first objec-

tive was to determine and compare the spatial error found in

road-marker data (in our case the closest mile-marker) and

landmark-referenced data. Our second objective was to

evaluate the performance of models explaining high- and

low-probability WVC locations, using congruent, spatially

accurate (\3-m) and road-marker (\800-m) response vari-

ables in combination with field- and GIS-derived explana-

tory variables. Our WVC data sets were comprised of

ungulate collisions and were located along five major roads

in the central Canadian Rocky Mountains. We found that

spatial error (mean ± SD) was higher for WVC data refer-

enced to nearby landmarks (516 ± 808 m) than for data

referenced to the closest mile-marker data (401 ± 219 m).

The top-performing model using the spatially accurate

WVC locations contained all explanatory variable types,

whereas GIS-derived variables were only influential in the

best road-marker model and the spatially accurate reduced

model. Our study showed that spatial error and sample size,

using road-marker data for ungulate species, are important to

consider for model output interpretation, which will impact

the appropriate scale on which to apply modeling results.

Using road-marker references\1.6 km or GPS-derived data

locations may represent an optimal compromise between

data acquisition costs and analytical performance.
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Wildlife-vehicle collisions (WVCs), particularly those

involving ungulates, are increasingly recognized as a sig-

nificant concern for traffic safety, socioeconomics, animal

welfare, and wildlife management in the United States,
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Canada, and Europe (Groot-Bruinderink and Hazebroek

1996; Romin and Bissonette 1996; Joyce and Mahoney

2001). For instance, Conover and others (1995) estimated

that [1 million deer (Odocoileus sp.)-vehicle collisions

occurred annually in the United States, with an associated

cost of more than U.S.$1 billion in vehicle damages and

[29,000 human injuries.

Transportation agencies around the world have imple-

mented highway mitigation measures such as fencing, ani-

mal detection systems, and variable message signs in an

effort to reduce the frequency of WVCs (Spellerberg 1998;

Clevenger and others 2001; Huijser and others 2007a).

Often, WVC records are used to site these measures. For

example, WVC data are being used to plan the location of

wildlife crossing structures on highways (Marshik and others

2001; Evink 2002; Forman and others 2003). WVC data are

also analyzed in conjunction with landscape and road vari-

ables to make predictions about where high WVC rates

might occur to help inform the underlying mechanisms

leading to future WVCs (Hubbard and others 2000; Malo and

others 2004; Ramp and others 2005; Seiler 2005; Litvaitis

and Tash 2008). For both purposes, it is imperative that

transportation agencies acquire the necessary data to ensure

that the analyses being performed are rigorous and reliable.

There are four common types of variable resolution used

in most WVC-related studies, i.e., two response and two

predictor variables. A review of published WVC data anal-

yses (Table 1 and Supplementary Material) indicates that

48% of the studies used response variables derived from

spatially accurate (SA) data (i.e., spatial error \10 m),

while 68% used response variables derived from spatially

inaccurate or road-marker (RM) data (i.e., spatial

error [800 m). SA data are normally collected through

regularly scheduled driving surveys using a global posi-

tioning system (GPS) to georeference WVC locations

(e.g., Clevenger and others 2003; Ramp and others 2005;

Langen and others 2007). Spatially inaccurate data may be

referenced to a prominent geographical feature (e.g., nearest

creek crossing or nearest township road [herein, landmark-

referenced] or to the closest mile or one-tenth-mile highway

marker [herein, road-marker] [Huijser and others 2007b]).

In many jurisdictions, spatially inaccurate WVC data are

collected by highway maintenance crews while performing

other routine highway-related work, though some agencies

are now implementing GPS data collection protocols for

maintenance crews (Ament and others 2008).

The two predictor variable types used to explain WVC

locations involve field-derived site-specific variables (e.g.,

habitat, and motorist visibility) and geographic information

system (GIS)-derived contextual variables (e.g., distance to

nearest river, proportional land cover type). A review of

published WVC data analyses (Table 1 and Supplementary

Material) shows that 54% of the studies used field-mea-

sured, site-specific predictor variables and 77% used GIS-

derived predictor variables. Field variables are generally

more difficult and expensive to obtain, as each sample site

must be visited and measurements recorded. On the other

hand, GIS data are readily available to researchers as well

as the public (e.g., the Canadian Federal Government’s

GEOGRATIS Internet service); however, GIS-derived

variables may lack the resolution needed to detect local-

scale processes related to WVC locations. Thus, like the

SA and RM response variables, environmental predictor

variables types vary in their resolution, accuracy, and cost

of acquisition. It is unclear whether the trade-off between

data acquisition costs can offset the need for high-resolu-

tion data when analyzing the effects of environmental

variables on WVC locations.

The purpose of this study was first to determine the

amount of spatial error present between a SA and two

Table 1 Trade-off summary and literature review of studies collecting response- and predictor-type variables for wildlife-vehicle collision data

analyses

Data source Variable

type

Data

resolution

Spatial

error

Data acquisition

costa
Data availabilityb Percent of studies using

data type (n = 27)c

Spatially accurate WVC Response High Low High Low 48d

Road-marker WVC Response Low High Low High 61d

Field-measured, site-specific Predictor High Low High Low 54e

GIS-derived Predictor Low Low or high Low High 77e

High and low categories are relative to one another for within-variable type comparisons
a Refers to personnel training, equipment, and data collection protocols
b Refers to ubiquity of data across jurisdictions/study areas
c Based on a Web of Science search for the terms (roads OR highway) and (mortality OR collision) and (wildlife OR fauna OR mammal OR

ungulate OR deer OR elk OR moose OR bird OR amphibian) conducted on October 22, 2007
d Four of the 27 studies did not report the spatial error of the WVC data or how these data were collected in the field, thus n = 23 for these rows
e Two of the 27 studies predated GIS technology and 3 were not designed to incorporate spatial predictors of wildlife vehicle collision locations,

thus n = 22 for these rows
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spatially inaccurate data sets that are (1) referenced to the

closest geographical feature and (2) referenced to the

closest mile-marker. We then wanted to compare the per-

formance of models derived from SA and RM data and

determine how predictor variable resolution interacts with

the spatial accuracy of response variables to affect model

performance. We expected that models derived from RM

data would be best explained by variables less sensitive to

spatial error (i.e., GIS-buffer variables), whereas models

created from the SA data would likely include explanatory

variables derived from both field and GIS measures.

Materials and Methods

Study Area

This study was conducted in the central Canadian Rocky

Mountains, approximately 150 km west of Calgary,

Alberta, straddling the continental divide in southwestern

Alberta and southeastern British Columbia (Fig. 1). The

study area encompassed 11,400 km2 of mountain and sub-

alpine landscapes in Banff, Kootenay, and Yoho National

Parks and adjacent Alberta provincial lands. The region has

a continental climate characterized by long winters and

short summers (Holland and Coen 1983). Vegetation con-

sists of open forests dominated by lodgepole pine (Pinus

contorta), Douglas fir (Pseudotsuga menziesii), white

spruce (Picea glauca), Englemann spruce (Picea engl-

emannii), quaking aspen (Populus tremuloides), and natural

grasslands.

We selected five unfenced roads associated with the

major watersheds in the study area (Fig. 1): (1) the Trans-

Canada Highway (TCH) within the Kicking Horse Valley

in Yoho National Park, (2) the TCH in the Bow Valley of

Banff National Park, (3) the TCH in the Bow Valley in the

province of Alberta, (4) Highway 93S in Kootenay

National Park, and (5) Highway 40 in Kananaskis Country.

The most prominent drainages, the Bow and Kicking Horse

valleys, accommodate the TCH, which sustains the highest

traffic volumes; e.g., the 2005 annual average daily traffic

volume (AADT) ranged from 4600 to 16,960 (Parks

Canada, unpublished data). The 2005 AADT for Highway

93S was 2000 (Parks Canada, unpublished data), while the

1999 AADT for Highway 40 was 3075 (Alberta Transpor-

tation, unpublished data). All AADT values were obtained

from data taken from traffic counters placed on major

highways by Alberta Transportation and Parks Canada.

Spatially Accurate Data Set

We created a spatially accurate (SA) data set by providing

national park staff, Alberta highway maintenance con-

tractors, and natural resource agencies in our study area

with colored pin-flags to mark site-specific locations in the

right-of-way where they observed road-killed large mam-

mals (coyote [Canis latrans] sized and larger). Each col-

laborator then reported the location of the kill site to

our field staff by referencing it to a nearby geographical

landmark (e.g., 0.3 km west of Banff National Park

entrance). We then relocated the kill site (marked with a

pin-flag) within 48 h to record the actual location in two

formats: (1) using a differentially correctable GPS unit

(Trimble Navigation, Sunnyvale, CA, USA) with a high

spatial accuracy (\3 m) and (2) using the odometer dis-

tance from the reported landmark to the pin-flagged WVC

site. In the case where the pin-flag was no longer at the

reported location, we took a GPS reading only if there was

some evidence of the collision at the site, e.g., broken

glass, animal fur, or blood stain.

To minimize variability in the analyses caused by dif-

ferences in guilds and body size (Ford and Fahrig 2007), we

focused our analysis on WVCs involving ungulate species.

We only used WVC data that had a spatially accurate

location (GPS coordinates; n = 499) from the complete

data set collected from January 1998 to November 2003.

This was approximately 85% of all the WVCs that occurred

in our study area for that time period. White-tailed deer

(Odocoileus virginianus) and mule deer (O. hemionus) were

most frequently involved in vehicle collisions, comprising

Fig. 1 The highways and their respective watersheds in the central

Canadian Rocky Mountains where wildlife-vehicle collision data

were collected
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58% of the total, followed by elk (Cervus elaphus; 27%),

moose (Alces alces; 7%), bighorn sheep (Ovis canadensis;

3%), and all others (5%).

Road-Marker Data Set

We created a road-marker (RM) data set with a spatial

accuracy similar to that commonly used in other studies

(e.g., ±0.5 mi or ±800 m). We first divided each of the

five highways in the study area into 1.6-km (1.0-mi) seg-

ments using ArcView 3.3 (Environmental Systems

Research Institute, Redlands, CA, USA). We then ‘moved’

each of the 499 SA WVC locations to its nearest mile-

marker reference point (n = 120) and recorded the total

number of WVCs within each mile-marker segment. The

only difference between the SA and the RM data is the

spatial distribution, with each of the SA locations being

moved a maximum of 800 m to create the RM data.

Reduced, Spatially Accurate Data Set

A further issue in comparing SA to RM data is related to

differences in statistical power; i.e., for the same length of

highway, the SA data have one data point for each WVC

location (e.g., n = 499), whereas the RM data have one

data point for each associated mile-marker (e.g., n = 120).

We addressed this issue by reducing the density of WVC

locations in the SA data in order to create a reduced SA

data set (RSA). This data set was created by selecting the

first occurrence of a WVC from the complete SA data and

subsequently selecting the next nearest WVC along the

same road that was at least 1.6 km away. The RSA data

thus have a spatial distribution and sample size (n = 120)

similar to those of the RM data set.

Definitions of High- and Low-WVC Frequency

In all data sets, we delineated 1.0-mi highway segments,

defined as 800 m (0.5 mi) in each direction of a given mile-

marker. We categorized each 1-mi segment as having

either a high WVC probability (high kill) or a low WVC

probability (low kill) by comparing the total number of

WVCs associated with a given segment to the mean

number of WVCs per mile for each of the five highways. If

the summed number of ungulate collisions within the 1.6-

km segment was greater than or equal to the rounded mean

for that highway, the RM segment was considered a high-

kill zone; if it was less, the segment was considered a low-

kill zone. We selected this cutoff point because it was a

natural break in the data and because it allowed for suffi-

cient sample size for each high-low category on each road

(see Hubbard and others 2000).

Predictor Variables

We used expert opinion and the literature to determine

potential field-derived variables that may have influenced

the occurrence of a collision (Table 2). To determine the

GIS-derived variables we selected the most suitable vari-

ables that could be derived from the available digital data

for the entire study region. We grouped the variables into

three measurement types: (1) field-derived variables,

defined as site-specific measurements at each WVC and

RM location; (2) GIS-derived proximity variables, defined

as distance measurements from each collision/marker

location to the nearest landscape feature; and (3) GIS-

derived buffer variables, defined as measurements within a

given distance of each collision/marker location.

Site-Specific Predictor Variables

From April 2003 to July 2005 we used a GPS unit to locate

the 499 WVC locations and the 120 mile-marker locations

on the highways and we measured 14 site-specific variables

at each location (Table 2). We used a digital rangefinder

(Yardage Pro 1000; Bushnell Inc., Denver, CO, USA) to

measure the distance to the nearest vegetative cover and

visibility. Vegetative cover, habitat, and topography within

an approximately 100-m radius were all estimated visually

at each WVC site (defined in Table 2). We measured the

slope for the roadside, verge, and adjacent land at each site

along a 30-m perpendicular transect from the highway

edge. We obtained elevation on-site using a GPS unit.

Visibility variables estimated the extent to which it was

assumed that a motorist could see wildlife on the highway

right-of-way. Standing at the pavement edge (in-line visi-

bility), and at 5 and 10 m from the pavement edge (angular

visibility), we measured the distance where a passing

vehicle could no longer be observed using a digital range-

finder. We took 12 visibility measurements at each site:

facing each direction of traffic (at, and away from,

oncoming traffic), on both sides of the highway (eastbound

and westbound lanes), and at each distance from the pave-

ment within each site (0, 5, and 10 m). Since we could not

always determine from what side or from which direction a

vehicle struck an animal, we averaged the four measure-

ments taken at each distance from the pavement to provide

three visibility values at each location: in-line visibility

(0 m), 5-m angular visibility, and 10-m angular visibility.

Proximity and Buffer Predictor Variables

We obtained GPS coordinates for all concrete Jersey bar-

riers, guardrails, and streams near each highway. We dig-

itized landscape features (lakes, rivers, and human use

facilities) within an 800-m buffer surrounding the road

Environmental Management (2009) 44:268–277 271

123



from 1:50,000-scale topographic maps. We used a digital

elevation model (30-m resolution) to obtain slope

measurements.

We used ArcView 3.3 GIS to aid in measuring the

distance from each WVC location and mile-marker sam-

pling site to a landscape feature (i.e., watercourse, human

use area, Jersey barrier; Table 2). We also used 800-m

radius buffers around each sampling site to calculate either

the area (i.e., open water, human use features) or the length

(i.e., rivers, roads, road safety barriers) of specific land-

scape features. We chose 800 m, as this would encompass

the entire length of each mile-marker section.

Addressing Spatial Error

We calculated the mean, standard error, and range for two

types of spatial error associated with WVCs. The spatial

error for the landmark-referenced WVC data was calcu-

lated by finding the distance between the actual and the

reported WVC location using the vehicle odometer mea-

sures. The spatial error in the RM data was calculated by

finding the distance between the actual location of the

WVC record and the distance the WVC was ‘moved’ to its

closest mile-marker using a GIS.

Model Performance

We used a binomial maximum likelihood logistic regres-

sion (Hosmer and Lemeshow 1989) with high- or low-kill

location as the dependent variable to create models from

the SA, RM, and RSA data for all analyses. To minimize

overfitting and to meet our objectives of determining the

Table 2 Definition and description of variables used in the analysis

of factors explaining ungulate-vehicle collision occurrence

Variable Definition

Habitat class Dominant habitat within a 100-m radius on both

sides of the highway measured as open

(meadows, and barren ground; O), open

deciduous forest (some deciduous forest

interspersed with open grass patches; ODF),

and coniferous forest (CF)

Topographya Landscape-scale terrain measured as flat (1),

completely raised or buried (2), or partially

buried or raised (3)

Forest cover Mean percentage of continuous forest cover

(trees [1 m tall) in a 100-m transect line

perpendicular to the highway, taken from both

sides of the road

Shrub cover Mean percentage of shrub cover (trees and

shrubs \1 m tall) in a 100-m transect line

perpendicular to the highway, taken from

both sides of the road

Openness Mean percentage of area devoid of shrub or forest

(e.g., rock, gravel, grass, pavement) in a 100-m

transect line perpendicular to the highway, taken

from both sides of the road

Vegetative cover Mean distance (m) to vegetative cover (trees and

shrubs [1 m high) taken from both sides of the

road

Roadside slope Mean slope (deg) of the land 0–5 m perpendicular

to the pavement edge taken from both sides of

the road

Verge slope Mean slope (deg) of the land 5–10 m perpendicular

to the pavement edge taken from both sides of

the road

Adjacent land

slope

Mean slope (deg) of the land 10–30 m

perpendicular to the pavement edge taken from

both sides of the road

Elevation GPS height (m)

Road width Distance (m) from one side of the highway

pavement to the other

In-line visibility Mean distance (m) at which an observer standing at

the pavement edge could no longer see passing

vehicles taken from each direction on both sides

of the highway

5-m angular

visibility

Mean distance (m) at which an observer standing

5 m from the pavement edge could no longer see

passing vehicles taken from each direction on

both sides of the highway

10-m angular

visibility

Mean distance (m) at which an observer standing

10 m from the pavement edge could no longer

see passing vehicles taken from each direction

on both sides of the highway

Drainage

distance

Distance (m) to the nearest waterway (river,

stream, or creek) which crossed the road

Human use

distance

Distance (m) to the nearest human use feature (e.g.,

rest stop, campground or lodging) along the

highway

Barrier distance Distance (m) to the nearest Jersey barrierb or

guardrailc

Table 2 continued

Variable Definition

Road length Length (m) of each highway segment within each

buffer

Open water area Area (km2) of open water within each buffer

River length Length (m) of all rivers within each buffer

Barrier length Length (m) of all Jersey barriers and guardrails in

each buffer

Slope mean Mean slope (deg) within each buffer

Slope maximum Maximum slope (deg) within each buffer

a (1) Flat ; (2) raised ; (2) buried-raised ; (2)

buried ; (3) part-buried ; (3) part-raised
b A Jersey barrier stands &1.0 m and is made of poured concrete. It

is designed to separate lanes of traffic (often opposing lanes of traffic),

with the goal of minimizing vehicle crossover in the case of accidents
c Guardrail stands &1.0 m and is designed to provide a barrier

between traffic and hazardous features in the landscape, such as an

open body of water
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effects of spatial error on model performance for different

variable types, we entered all predictor variables into the

model by variable type, rather than performing a stepwise

procedure (Burnham and Anderson 2002; Shtatland and

others 2003). Thus, for each data set we created seven

models that included all combinations of each of the three

predictor variable types: field-derived, GIS proximity, and

GIS buffer. To determine the best-fitting model for each

variable type, we used Akaike’s Information Criterion with

a correction for small sample sizes (AICc) and Akaike

weights (wi) for each of the three data sets and seven model

types (21 models in total) (Burnham and Anderson 2002).

We reported beta coefficients for models where the DAICc

for a given set of competing models was \10. We calcu-

lated model-averaged parameter estimates and 95% confi-

dence intervals (Burnham and Anderson 2002) highlighting

those estimates whose intervals do not overlap with 0. To

compare the explanatory power of models derived from

different data sets, we used Nagelkerke R2 values. We used

SAS version 9.1 for all logistic regression analyses (SAS

Institute 2003).

Results

Calculated Spatial Error

The mean spatial error for WVCs referenced to the closest

landmark (n = 233) was 516 m (SD, 808 m; range,

0–6500 m). The spatial error of the road marker data set,

i.e., the distance each observed location was ‘moved’ to the

nearest mile-marker location, was a mean distance of

401 m (SD, 219 m; range, 7–794 m).

Model Performance

The rounded WVC mean and cutoff for high- vs. low-

WVC differentiation per 1.6 km for each highway segment

was 2 (TCH within the Kicking Horse Valley in Yoho

National Park), 3 (TCH within the Bow Valley of Banff

National Park), 13 (TCH within the Bow Valley east of

Banff National Park), 2 (Highway 93S within Kootenay

National Park), 2 (Highway 40 within Kananaskis Coun-

try). The spatially accurate (SA) data set had 385 high- and

114 low-kill zones for all roads combined, while the road-

marker (RM) data set had 63 high- and 57 low-kill zones

and the reduced-SA (RSA) data set had 73 high- and 47

low-kill zones.

The model using all the variables, developed from the

SA data, was unequivocally the best model supporting the

prediction of high- and low-kill WVC locations (Table 3).

For the RM data set, the distance-buffer model had sub-

stantial support,with lower support for the buffer-only and

distance-only models. For the RSA data set, the distance-

buffer model had some support, followed by the buffer

model. Among the top-performing models from each data

set, the Nagelkerke R2 was highest for the SA data

(R2 = 0.39), followed by a tie between the RM and the

RSA data (at R2 = 0.23).

Table 4 shows that several factors contributed to high-

frequency WVC locations using the SA data. WVCs were

more likely to be found in coniferous forest than in open

habitat. In addition, WVCs were found closer to drainages

intersecting the road and when the maximum surrounding

slope was lower. In the SA and RM data sets, WVCs were

more likely to be found closer to barriers and when there

were fewer barriers along road segments at WVC locations.

Except for slope maximum, all of the 95% confidence

intervals for the model-averaged estimates derived from

RSA data overlapped with zero.

Table 3 Model performance using three variable types as a group for

three spatial data sets (with sample size for high- and low-kill zones),

where R2 is the Nagelkerke value, K is the number of parameters, and

xi is the Akaike weight

Model R2 K AICc DAIC xi

Spatially accurate (high = 385, low = 114)

All 0.39 26 438.78 0.00 1.00

Distance-buffer 0.28 10 455.51 16.74 0.00

Field-buffer 0.30 23 472.75 33.97 0.00

Buffer 0.18 7 486.96 48.18 0.00

Field-distance 0.23 20 494.26 55.47 0.00

Distance 0.07 4 520.04 81.26 0.00

Field 0.13 17 524.28 85.50 0.00

Road-marker (high = 63, low = 57)

Distance-buffer 0.23 10 165.30 0.00 0.92

Buffer 0.11 7 171.20 5.90 0.05

Distance 0.02 4 172.40 7.10 0.03

Field 0.24 17 182.55 17.25 0.00

Field-buffer 0.37 23 184.79 19.49 0.00

All 0.42 26 187.96 22.66 0.00

Field-distance 0.25 20 189.90 24.59 0.00

Reduced, spatially accurate (high = 73, low = 47)

Distance-buffer 0.23 10 156.70 0.00 0.72

Buffer 0.14 7 158.64 1.94 0.27

Distance 0.01 4 168.03 11.34 0.00

Field-buffer 0.36 23 177.94 21.24 0.00

All 0.41 26 181.88 25.18 0.00

Field 0.16 17 184.33 27.64 0.00

Field-distance 0.17 20 192.10 35.40 0.00
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Table 4 Model-averaged

coefficient estimates and 95%

confidence intervals (CI) for the

top models in the three data sets

HC habitat class variables, T
road topography variables.

Variables were significant

(designated with an asterisk) if

the upper and lower CI did not

include 0
a Compared to the reference

category ‘coniferous forest’
b Compared to the reference

category ‘flat’

Variable Coefficient estimate Upper CI Lower CI

Spatially accurate (high = 385, low = 114)

HC: opena,* -1.4676 -0.5462 -2.9575

HC: open deciduous foresta 0.6999 1.2463 -0.9813

T: completely raised or buriedb -0.3694 0.1902 -2.0439

T: partially raised or buriedb 0.4858 0.9150 -1.2552

Forest cover 0.0047 0.0921 -1.9107

Shrub cover -0.0015 0.0915 -1.9141

Openess 0.0213 0.1089 -1.8940

Vegetative cover -0.0065 0.0037 -1.9613

Roadside slope 0.0314 0.0733 -1.9072

Verge slope 0.0254 0.0579 -1.9180

Adjacent land slope -0.0122 0.0103 -1.9607

Elevation -0.0009 0.0012 -1.9598

Road width 0.0403 0.0670 -1.9061

In-line visibility -0.0017 0.0006 -1.9605

5-m angular visibility 0.0003 0.0027 -1.9585

10-m angular visibility 0.0005 0.0020 -1.9587

Drainage distance* -0.0003 -0.0002 -1.9602

Human use distance -0.0004 \0.0001 -1.9602

Barrier distance* -0.0004 -0.0002 -1.9603

Road length -0.0014 0.0071 -1.9571

Open water area \0.0001 \0.0001 -1.9598

River length 0.0001 0.0002 -1.9598

Barrier length* -0.0022 -0.0012 -1.9617

Slope mean 0.0117 0.0928 -1.9069

Slope maximum* -0.0631 -0.0282 -2.0053

Road-marker (high = 63, low = 57)

Drainage distance -0.0002 0.0001 -0.0004

Human use distance \-0.0001 0.0006 -0.0006

Barrier distance* -0.0005 -0.0001 -0.0009

Road length -0.0021 0.0057 -0.0100

Open water area \0.0001 \0.0001 \-0.0001

River length 0.0001 0.0004 -0.0002

Barrier length* -0.0020 -0.0005 -0.0035

Slope mean 0.0137 0.1239 -0.0965

Slope maximum -0.0541 0.0001 -0.1083

Reduced, spatially accurate (high = 73, low = 47)

Drainage distance \0.0001 -0.0001 \0.0001

Human use distance \0.0001 -0.0002 0.0001

Barrier distance -0.0004 -0.0012 0.0004

Road length -0.0029 -0.0086 0.0028

Open water area \0.0001 -0.0007 0.0007

River length 0.0002 0.0005 -0.0002

Barrier length -0.0015 -0.0046 0.0015

Slope mean 0.0546 0.1616 -0.0524

Slope maximum* -0.0717 -0.2123 -0.0688
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Discussion

In many studies, the spatial error of WVC data is often

estimated (e.g., Hubbard and others 2000; Seiler 2005) or

not reported at all (e.g., Nielson and others 2003; Bashore

and others 1985). Studies using collision location data

without knowledge of the inherent spatial error may com-

promise the informed selection of model inputs and inter-

pretation of model outputs. Our study is the first published

attempt that we are aware of to explicitly show the spatial

error of WVC locations. We found that the mean spatial

error and standard deviation were higher for WVCs refer-

enced to a nearby landmark than for WVCs referenced to

the nearest mile marker. This result implies that when

reporting WVC locations without the aid of a GPS unit,

collisions locations are more accurate if recorded to a

consistent feature along roads, such as road markers (e.g.,

Dussault and others 2006).

Comparing model performance among data sets we

found that the top-performing model using the spatially

accurate (SA) data explained 16% more of the variation in

WVC locations than the top-performing models derived

from both the road-marker (RM) and the reduced SA

(RSA) data. The top-performing model using the SA data

included field and GIS variables; however, field-derived

predictor variables were not associated with the best-per-

forming models in either the RM or the RSA data. Since

there were no field variables in the top-performing RSA

models, this suggests that greater statistical power in the

SA data may be responsible for greater model performance.

Data collection methods that maximize sample size in RM

data, such as using 0.1- or 1.0-km RMs (e.g., Malo and

others 2004; Saeki and Macdonald 2004) to record kill

locations, may represent an optimal balance between data

the acquisition costs associated with increased spatial res-

olution of the data (Clevenger and others 2003; Ramp and

others 2005, 2006) and the inferential strength of modeling

results.

This study does not unequivocally confirm our initial

prediction that field-derived predictor variables are sensi-

tive to spatial error, however, it is intuitive that field- and

distance-measured variable types are best suited for spa-

tially accurate WVC locations. This is especially true if the

variable measurements vary significantly within the known

spatial error of the WVC data. Careful consideration should

be given to the selection of predictor variables that match

the spatial resolution of the response variable and the

habitat characteristics of the landscape.

Our study limited the scale of GIS predictors influencing

collisions to 1.6 km to be consistent with common WVC

collection protocols (Puglisi and others 1974; Hubbard and

others 2000; Huijser and others 2007b). In other studies, it

would be worthwhile to extend the analytical resolution of

spatial processes affecting WVC locations to larger scales.

For example, Clevenger and others (2003) found the peak

clustering of WVCs at 20 km for small mammals in our

study area, while Mountrakis and Gunson (in press) found

that the peak clustering occurred at 10 km for moose in

Vermont. Future WVC analyses designed to test the

influence of resolution and spatial scale of both predictor

and response variables on model inferential strength would

assist in further developing the results obtained in this

study.

In addition to characterizing the effects of spatial error

in the analysis of WVC data, our results also provide

insight into the mechanisms affecting WVC locations. In

the SA model, high-kill sites were more closely associated

with forested habitats (open-deciduous and coniferous)

than with open habitat. Other studies have found similar

results, where a combination of wooded areas for cover and

open grasslands for grazing facilitates ungulate movement

toward and across roads (Puglisi and others 1974; Bashore

and others 1985; Malo and others 2004). The distance to

drainage was inversely related to the probability of high-

kill locations, which can be explained by the use of

drainage systems as travel routes for wildlife (Bellis and

Graves 1971; Feldhamer and others 1986; Finder

and others 1999). WVCs also tended to occur near the ends

of roadside barriers (i.e., Jersey barriers and guardrails),

suggesting a ‘drift-fence’ effect of these features on wild-

life movement (Malo and others 2004). Additionally,

barrier length negatively affected WVC probability, sug-

gesting that road safety barriers may deter animals from

crossing roads at these locations (Barnum 2003; Malo and

others 2004). Since ungulates are capable of crossing these

barriers (\1.5 m in height), this result is most likely due to

landscape factors associated with barrier locations, such as

steep topography or the presence of wetlands. It is more

likely that these landscape features deter animals from

crossing the highway at these locations than the safety

barriers per se.

In contrast to other studies reporting environmental

variable associations with WVC locations, we did not find

a large number of statistically significant variables. For

example, Seiler (2005) showed that 14 of the 19 variables

were included in their final best model and significantly

(p \ 0.05) contributed to the occurrence of moose-vehicle

collisions in Sweden. A probable explanation is that our

study area was in a relatively homogeneous landscape

characteristic of a mountainous ecosystem contained

within provincial and federally protected parks. Other

studies have shown that where preferred habitat is exten-

sive and common, deer accident sites were observed to be

more randomly distributed (Bashore and others 1985; Allen

and McCullough 1976; Feldhamer and others 1986). As

land cover in our study area becomes more heterogeneous
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through proposed habitat modification programs, e.g.,

prescribed burning (White and others 1998), the spatial

distribution of WVC locations may shift as animal distri-

butions respond to habitat change.

Conclusions

This study is the first we are aware of that examines the

role of spatial error in predicting the location of WVCs

using environmental variables. Spatial error of WVC

locations needs to be matched with appropriately scaled

predictor variables. Confounding our ability to tease apart

the effects of spatial error in WVC locations on model

selection is the issue of statistical power. Power is gener-

ally greater in spatially accurate (SA) WVC data because

the inferential strength of data are limited by the number of

WVCs for a given stretch of highway, as opposed to the

length of the highway as is the case for road-marker (RM)

data. In hindsight, we would have gained additional

information on WVC analysis practices if we had collected

environmental data from the landmark-referenced WVC

data (n = 233) we used to calculate spatial error. Future

studies should assess the strengths and limitations of the

landmark-referenced data relative to RM and SA WVC

data to assess its contribution to WVC analyses.

Most transportation agencies have legal or policy man-

dates to minimize WVCs, especially as highways are

modified and newly constructed (Huijser and others 2007a,

b) and where mitigation measures need to be sited. Gen-

erally, RM WVC data, along with GIS-derived buffer

variables, are useful for explaining large-scale interactions

between WVCs and roads, as well as determining highway

segments (e.g., C1.6 km in length) where collisions are

most likely to occur (Puglisi and others 1974; Seiler 2005).

These types of data are useful for large-scale mitigation

planning, such as modified speed limits and fencing (Hu-

ijser and McGowen 2003; D’Angelo and others 2006;

Krisp and Durot 2007). On the other hand, spatially

accurate WVC data are appropriately used with field,

proximity, and buffer variables to assist in identifying both

large-scale and localized sections (\1.6 km) of highway

that have high WVC rates. High-resolution information is

essential for informing management actions at the local

scale, such as the placement of wildlife crossing structures

and grade-level crossings and the alteration of roadside

habitat and road design (Putman 1997; Lenhert and Bis-

sonette 1998; Clevenger and Waltho 2000; Forman and

others 2003; Rea 2003).
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