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Abstract

Road networks pose many well-documented threats to wildlife, from fragmenting habitats
and restricting movement to causing mortality through vehicle collisions. For large, wide-
ranging mammals, home range requirements and seasonal migrations often necessitate road
crossings, posing threats to human safety, property, and animal survival. Artificial nightlight,
emanating from light posts and urban skyglow, is ubiquitous on and around road networks
worldwide; however, its effects on road crossing behavior and the associated mortality risk
for wildlife are not well understood. By integrating the latest NASA nightlight products with
GPS collar data collected from 67 mule deer (Odocoileus hemionus) over a 7-year period
(2012 to 2018), we used a resource-selection framework to assess factors influencing
seasonal crossing behavior and road mortality in Salt Lake City, Utah, an expanding
metropolitan area in the United States. We found deer preferred to cross the road where
surrounding artificial nightlight was lower in both summer and winter seasons, especially
during crepuscular and nighttime periods. However, lower nightlight levels also increased the
risk of road mortality. Areas with more shrub cover and lower speed limits increased the
likelihood of crossing as well as lowered the risk of road mortality. There were five times as
many mortality events in winter as in summer, likely because of the combination of deer
preference for dark roads mixed with proximity to both higher speed roads and increased
human activity. Better understanding how a pervasive and expanding environmental
pollutant like artificial nightlight may attract or repel human-tolerant wildlife species from
roadways presents an opportunity to mitigate collision risk while improving population
management strategies for this abundant, generalist herbivore and many other economically

and ecologically important species.



Introduction

The expansion of human populations and associated infrastructure development has
reduced and degraded wildlife habitat and increased threats to survival for many wide-
ranging wildlife species (Saunders et al. 1991, Forman and Alexander 1998, Bencin et al.
2019). Roads in particular are linked with numerous negative effects on mammals (Fahrig
and Rytwinski 2009), such as fragmenting habitats (Fraser et al. 2019), restricting movement
(Forman and Deblinger 2000, Schwab and Zandbergen 2011), and directly causing mortality
through vehicle collisions (Neumann et al. 2012, Zeller et al. 2018, Bencin et al. 2019). A
more comprehensive understanding of how wide-ranging species navigate expanding road
networks can bolster efforts to sustainably manage populations and reduce wildlife-vehicle
collisions (WVCs).

Road crossings and WVCs are spatially and temporally non-random occurrences and
tend to cluster in localities where certain landscape and environmental factors are present
(Gunson et al. 2011, Garrote et al. 2018, Bastille-Rousseau et al. 2018). Ungulates, for
example, face increased risk of WVCs because they are attracted to common features of
roadsides such as access to early-successional or edge habitat forage (Gunson et al. 2011,
Meisingset et al. 2013, Neumann et al. 2013), salt runoff (Tiwari and Rachlin 2018), and
snow removal (Olson et al. 2015, Stoner et al. 2021). There is also a strong seasonal
component to crossings and WVCs, with variation in movement patterns due to migration
(Sawyer et al. 2009, Coe et al. 2015, Kantola et al. 2019), increased mobility during breeding
(or ‘rut’; Foley et al. 2015, Cunningham et al. 2022), and overlap between crepuscular
activity periods and peak traffic volumes all potentially playing a role (Cunningham et al.

2022). Anthropogenic factors, such as traffic volume (Gagnon et al. 2007, Ng et al. 2008,



Jacobson et al. 2016, Abraham and Mumma 2021) and speed limit (Ng et al. 2008, Gunson et
al. 2011, Neumann et al. 2012, Jacobson et al. 2016, Riginos et al. 2022), can also influence
both wildlife roadside behavior and collision risk. For example, Jacobson et al. (2016) note
that for wildlife who use their speed and agility to exploit traffic gaps when crossing roads
(e.g., ungulates), higher vehicle speeds can reduce the effectiveness of their crossing strategy,
resulting in an increased risk of WVCs.

These previous studies indicate that wildlife behaviors near and when crossing roads
are likely associated with how individuals perceive the benefits and costs of making
movement decisions (Gunson et al. 2011, Jacobson et al. 2016, Ditmer et al. 2018). Artificial
nightlight is a significant environmental cue that might affect these perceived tradeoffs.
Numerous studies have shown that artificial nightlight can influence wildlife behaviors and
movements, for example, by impacting their foraging and hunting strategies (Bennie et al.
2015, Shier et al. 2020, Ditmer et al. 2021b, Hoffmann et al. 2022), movement and migration
paths (Bliss-Ketchum et al. 2016, Cabrera-Cruz et al. 2018), vigilance behaviors (Y orzinski
et al. 2015), physiological stress levels (Bedrosian et al. 2011, Ouyang et al. 2017), and
energy budgeting (Touzot et al. 2019). Both increasing and ubiquitous, artificial nightlight
emanates from skyglow, headlights, streetlamps, homes, and businesses and disturbs natural
light regimes worldwide (Gaston et al. 2014, Kyba et al. 2017, Gaston 2018, Sanchez de
Miguel et al. 2022). Because roads are illuminated at night for driver visibility and safety
(Gaston et al. 2012), we expect the influence of artificial nightlight on wildlife to grow
(Gaston et al. 2014, Cox et al. 2022) as road networks expand into historically undeveloped
areas. Despite this, artificial nightlight remains relatively understudied as a predictor of

WVCs and crossings (but see Reed and Woodard 1981, McDonald 1991).



To help fill this gap, we examine the influence of environmental and anthropogenic
factors, including artificial nightlight levels, on road crossing behaviors and collision risk of
mule deer (Odocoileus hemionus) near Salt Lake City, UT. We focus on mule deer for three
main reasons. First, they are an economically and ecologically important ungulate species
(Eckrich et al. 2020) with a distribution stretching across the Intermountain West. The rapid
human population growth and associated land use change in this region has led to concerns
about loss of wildlife habitat connectivity, especially migratory routes for ungulates, and
increases in human-wildlife conflict (Cramer et al. 2019, Utah Division of Wildlife
Resources 2019). Second, mule deer home range and movement requirements often
necessitate road crossings, risking the lives of both the deer themselves and of drivers
involved in collisions (Schwab and Zandbergen 2011, Zeller et al. 2018, Hill et al. 2020,
Ditmer et al. 2021b). Furthermore, as WVCs with mule deer are common, their cumulative
outcomes are costly. For example, in Utah, between 2008 and 2017, the average annual
societal cost of collisions with wildlife—including costs related to vehicle damage, human
injuries, and even fatalities—and mule deer lost was US$138 million (Cramer et al. 2019).
Third, although various studies indicate that deer are sensitive to artificial nightlight, it is not
well understood how this sensory pollutant affects deer road crossings and collisions (Bliss-
Ketchum et al. 2016, Ciach and Frohlich 2019, Ditmer et al. 2021b).

Here we used 7 years of mule deer GPS collar movement data (n=67 individuals) to
understand their road crossing behaviors. By linking road crossing behavior with specific
landscape, environmental, and road factors, including the novel factor artificial nightlight,
our analysis can inform management interventions such as spatially and temporally targeted

placement of fences, signage, nightlights, and wildlife crossing structures. Additionally, we



use road mortality data to determine whether common factors surround road crossing and
mortality locations. This comparison provides insight into the features that determine
successful crossings versus those that end in mortality events. Our aim, therefore, is to
provide a more comprehensive and predictive framework that provides managers with
information to deter animal crossings in dangerous areas and/or increase crossing
probabilities in other locations, with a net result of reduced risk for human drivers and
decreased mortality for wildlife.
Methods
Overview

We used GPS data from collared mule deer and spatially explicit mule deer road
mortality data to analyze road crossing and road mortality site characteristics in the Oquirrh
Mountains and greater Salt Lake City area (Figure 1). By aggregating information on a
variety of covariates (Table 1) within three different biologically informed buffer zones
around the road network (buffer scales: 20 m, 55 m, and 573 m), we were able to explore the
relationship between the covariates and mule deer crossing probability, intensity of use, and
mortality probability. To account for mule deer’s seasonal migratory behavior, we conducted
these analyses for two distinct seasons—"‘summer” and “winter”—and defined seasonally
specific home ranges for each year. With the exception of the road mortality analysis, which
used reported carcass locations per date, we were able to further categorize these
relationships by day, crepuscular, and night periods. We explored the relationships between
the covariates and our crossing and mortality response variables by fitting generalized
linear/logistic mixed models by season and day period (where applicable). We then used AIC

(Appendix S1: Table S4) to determine which of the three buffer scales was most appropriate



and focused on the model results at the best fit scale (Appendix S1: Table S5). All spatial and

statistical analyses were conducted using R (R Core Team 2021).

Study Area and Mule Deer Data

Mule deer GPS data from an initial set of 82 individual females in the Oquirrh
Mountains and greater Salt Lake City area were collected by the Utah Division of Wildlife
Resources (UDWR) (Figure 1). GPS-locations were recorded between January 2012 and
November 2018 at a median fix rate of approximately three hours. Duplicate data points were
identified and removed. Individuals with at least 150 GPS fixes in a given season were
selected for use in our analysis, producing a final set of 67 deer (total: 171,389 fixes;
minimum in a season: 153 fixes; average in a season: 739 fixes; maximum in a season: 2,149
fixes).

Our study region encompasses 9,857 km? and at least partially covers four counties:
Salt Lake, Utah, Tooele, and Juab. The region includes a rapidly expanding metro area and is
located in an ecoregion exhibiting a high degree of seasonality, variable elevation (range:
1,300 m to 3,200 m), and a gradient of human disturbance, with mule deer distributed
throughout (Olson 2013). Mule deer in this region spend the summer months in the high
elevation wildlands of the Oquirrh mountains and the winter months in the low elevation
mixed-use landscapes comprising their winter ranges, located to the southwest of Salt Lake
City, UT (Olson 2013, Ditmer et al. 2021b). The study area falls under the management of
UDWR’s Central region (Utah Division of Wildlife Resources 2022) and Utah Department
of Transportation (UDOT) regions 2 and 3 (Utah Department of Transportation 2022). Mule
deer in this region are overseen following UDWR herd unit management plans 18, 19, and 21

(Utah Division of Wildlife Resources 2014a, 2014b, 2020).



Determining Seasonal Home Ranges

We defined two distinct migration seasons for our analyses using net squared
displacement with package ‘amt’ (Signer et al. 2019). Visual inspection of net squared
displacement patterns revealed deer moved to their summer ranges around mid-April and
returned to their winter ranges around mid-October. We split the deer GPS points into groups
based on these seasonal divisions for each year of the study (2012 — 2018). For each
individual, we calculated a seasonal 95% kernel density home range for each year with the ad
hoc approach for smoothing using package ‘adehabitatHR’ (Calenge 2006). We then used the
seasonal home range areas considered available to individuals and combined them using
package ‘rgeos’ (Bivand and Rundel 2021) to create an aggregate range representing what
was available to all individuals. Road network data came from the Utah Geospatial Resource
Center (UGRC) and represents the Utah road network as of June 2021 (Utah Geospatial
Resource Center 2021). This dataset includes interstates, US highways, state highways,
paved and unpaved major local roads, local/neighborhood/rural roads, and service/general
access roads (Utah Geospatial Resource Center 2021). By cropping the road network to the
shape of each seasonal combined home range boundary, we obtained seasonal
representations of the roads available to deer for crossing each year. Roads within these
“available” areas were split into smaller “segments” for analysis using the ‘wildxing’
package (Bastille-Rousseau 2021) using a maximum length of 500m (minimum: < Im;
overall summer range mean: 238m; overall winter range mean: 218m).
Analyzing Crossing Intensity

For each year’s seasonal aggregated home range area, we determined “crossing”

locations for each individual by assuming linear movements between two consecutive GPS



fixes and finding the intersection between those straight-line paths and the road segments. To
do this, we created trajectories for each deer using the ‘adehabitatL T’ package (Calenge
2006) and calculated the intersection of deer movement paths and the road network.
Following the method of Bastille-Rousseau et al. (2018), we calculated crossing
intensity, a metric standardized among road segments that removes bias from unequal
monitoring times for individual deer. Crossing intensity (C;) for a particular road segment (s)

is defined as (Equation 1):

Equation 1

n
Zi=51 Xis /ti
Ng

Cs =
where Cs is the summation of the total number of steps per individual (x;s) that crossed the
road segment divided by the time period they were monitored (¢;), divided by the total
number of individuals that crossed the segment over the entire monitoring period (n;)
(Bastille-Rousseau et al. 2018). The resulting value represents standardized crossing intensity
for each road segment whereby monitoring time is explicitly considered in order to eliminate
bias due to unequal sampling among individuals. We implemented this metric by adapting
code from the ‘wildxing’ package (Bastille-Rousseau 2021).

Modifications to the ‘wildxing’ code were made to include additional metadata, such

as the crossing timestamps. Maintaining the timestamp of each crossing was important in

order to determine the time of day the road segment was crossed, explained further below.

Landscape and Anthropogenic Factors
We hypothesized that a variety of landscape, land cover, anthropogenic factors, and
road characteristics could influence mule deer road crossing behavior (Table 1). Spatially

explicit artificial nightlight estimates were extracted from NASA’s Black Marble product.



This dataset derives estimates of radiance from NASA-NOAA’s Suomi National Polar-
Orbiting Partnership Visible Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band
using BRDF (bidirectional reflectance distribution function) correction to isolate
anthropogenic sources (Roman et al. 2018). We took the mean of the latest daily product at a
500m resolution across the associated year and seasons (as defined by net squared
displacement analysis) to create year-specific seasonal composites of anthropogenic
nightlight radiance.

Estimates of 2010 housing density, at a sub-census block unit (100m?) (National Park
Service 2010), were modeled based on the United States Census Bureau (Theobald 2005).
Road density for our study area was calculated from the USGS National Transportation
Dataset shapefile (U.S. Geological Survey 2021). To do so, we created a blank 50m raster
grid and any cell intersecting a road line segment was given a value of 1, otherwise a 0 for
those cells not intersecting a road. To convert this to a measure of road density, the raster was
aggregated to 1 km? such that each cell represented the proportion of each 1 km? cell with a
road segment present.

Speed limit information, maintained by UDOT, was included as part of the Road
Centerlines dataset obtained from the Utah Geospatial Resource Center (Utah Geospatial
Resource Center 2021). We were therefore able to associate speed limit (in miles per hour)
with each road segment. Road segment length was also included in our analysis as a control
variable.

Bare Earth elevation data were obtained from USGS in raster format as a Digital
Elevation Model (DEM) with a 30m spatial resolution. The terrain roughness index was then

derived by taking the mean of the absolute differences between the elevation value of a cell
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and the value of its 8 neighboring cells using the function ‘terrain’ in package ‘raster’
(Hijmans 2021).

Snow cover data, defined as the percentage of each 500m cell covered by snow in an
8-day period, were obtained from the MODIS/Terra Snow Cover 8-Day L3 Global 500m SIN
Grid (MOD10A2; from the NASA National Snow and Ice Data Center; Hall, D.K. and G.A.
Riggs 2021). We created a year-specific winter composite (16 October — 15 April) by taking
the mean of snow cover values for each cell. We estimated vegetative greenness using the
Normalized Difference Vegetation Index (NDVI) derived from MODIS (MOD13Q1)
generated every 16 days at 250m resolution (Didan 2015). From these data we created year-
specific mean NDVI seasonal composites (for summer and winter, as defined above).

Land cover data at a 30m spatial resolution were obtained from the National Land
Cover Dataset (NLCD) (U.S. Geological Survey 2016) and aggregated into five categories:
forest (values 41-45), shrub/scrub (values 51, 52), developed/urban (values 21-24),
agriculture (values 81, 82), and open/natural (includes herbaceous, open water, and other
“open” land types; values 11, 31, 71, 72, 90, 95) based on ecological significance, horizontal
vegetative thickness, and overall impacts to visibility that may influence deer road crossing
decisions. Although our study period spans 2012 — 2018, we only used land cover data from
2016 in our analysis. After comparing NLCD values from 2011-2016 and 2011-2019 to
assess change, we determined that the vast majority of pixels did not change values, and
those that did primarily switched from shrub to open/natural or vice versa. Because only a
small percentage of pixels meaningfully changed values (as we determined shrub to

open/natural changes likely resulted from a change in categorization method) and since most
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changes did not involve developed landcover (urbanization), we elected to use 2016 NLCD

data as representative of the entire study period.

Assessment of Spatial Scale

We used three candidate spatial scales for modeling mule deer road crossing
decisions by extracting covariate values at three distinct buffer distances around each road
segment. The first two distances were based on hourly and daily movement distances. We
calculated the median hourly movement distance by using consecutive GPS locations within
3-hour intervals and calculating the median movement distance per hour across all
individuals, which we found to be approximately 55 m. To calculate median daily movement,
we calculated the distance between a given day’s first GPS location for each individual and
the next subsequent location occurring 24 hours later. The resulting median distance among
locations of approximately 573 m represents a daily Euclidean distance, or daily
displacement distance, which does not include movements among locations occurring
throughout the day. We considered a third scale, a buffer distance of 20 m around each road
segment, as a “roadside” or fine-scale distance representing the values of the variables
immediately alongside the roads. For each season and year, we generated nonaligned
systematically sampled spatial points using package ‘sp’ (Pebesma and Bivand 2005, Bivand
et al. 2013) to extract and summarize covariate values within each of the three buffer sizes
for each road segment (Appendix S1: Figure S1). For the 20 m and 55 m buffer sizes, 1,000
points were sampled, and we sampled 10,000 points for the larger 573 m buffer size. See
Appendix S1: Table S1 for a summary of the distribution of each covariate’s summary values

at the best model scale.
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Assessment of Crossing Times

In addition to analysis by season, we assessed the intra-daily crossing patterns of
mule deer because of interest in the influence of artificial nightlight. Artificial nightlight
patterns vary seasonally (e.g., differences in natural nightlight vs. artificial, changes in
human activity patterns), and the time of day plays the largest role in the potential influence
of artificial nightlight (e.g., daytime vs. nighttime). We assigned each mule deer crossing
location a value associated with the elevation of the sun using the timestamp of the crossing
and the ‘solarpos’ function from the ‘maptools’ package (Bivand and Lewin-Koh 2021).
Solar positions were calculated for each road crossing, with values less than or equal to -20°
assigned to “night”, between -20° and 20° to “crepuscular”, and greater than or equal to 20°
to “day”. These classifications for time of day were used to bin our data into three

corresponding groups per season.

Modeling Strategy

We developed two different sets of seasonal regression models for each time of day
(day, night, crepuscular) to examine mule deer road crossing behavior. The first set of
models used logistic regression and considered whether an available road segment (within an
associated combined seasonal home range) had any road crossings (y =1) or not (y = 0) as the
response variable. Results from these logistic regression models indicated which features
around segments influenced the probability a given segment was crossed. The second set of
models used linear regression with a response variable of the crossing intensity among road
segments crossed at least once by mule deer. Results from these models indicated what

features influenced the intensity of crossing among crossed segments. For all models, we
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assessed the significance of each feature’s relationship with the dependent variable using a
threshold of @ < 0.05.

We examined our set of covariates for each combined season and time of day for
correlation prior to modeling (Appendix S1: Table S2) using the ‘cor’ function from the
‘stats’ package (R Core Team 2021). When a pair of variables had a correlation magnitude
greater than or equal to 0.7 in any of the subsets, we kept only one of the two for use in the
analysis. Which variable was removed was manually determined by comparing the number
of complete rows in the data set for each variable, whether a variable was correlated with
multiple other variables, and its hypothesized importance to the model. Our final set of
variables included: artificial nightlight, speed limit, terrain roughness, snow cover, NDVI,
road segment length, and the land cover types of shrub, agriculture, and open/natural. All
variables were scaled and centered prior to modeling and all were treated as fixed effects. We
included a random effect intercept for year.

We calculated the centroid locations of the road segment crossings to assess spatial
autocorrelation. This was done by constructing non-spatial models from which Moran’s |
could be calculated using the ‘DHARMa’ package (Hartig 2021). We found the set of
segments crossed by deer were significantly spatially autocorrelated in the vast majority of
the non-spatial models (Appendix S1: Table S3). Therefore we accounted for spatial
autocorrelation in all models using the ‘glmmTMB’ package to fit mixed effects models with
spatial effects (Brooks et al. 2017).

Our first set of models, which considered whether a given segment was crossed or
not, used mixed effects logistic regression, with road segments being coded as 0 or 1 based

on if the segment was crossed by at least one mule deer. The logistic models did not
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converge properly when considering the spatial structure so we accounted for the spatial
distances among road segments by including the easting and northing of each road segment
centroid to account for spatial effects. Our second set of models, which assessed the factors
influencing the intensity of road crossings for all crossed segments, again used a mixed
effects structure. We used the log value of crossing intensity as our response variable with
the same group of covariates considered in the first set of models. However, we considered
non-linear fits of certain covariates by including natural cubic splines with 2 degrees of
freedom via the ‘splines’ package (R Core Team 2021). Doing so produces two coefficients
for each covariate fit using splines; these are denoted using “1”” and “2” after the name in the
results section below. Spatial effects were accounted for in this set of models with an
exponential correlation structure using the ‘exp’ function and the road segment centroids (R
Core Team 2021). For each set of models (seasonal by time of day), we assessed which of
the candidate spatial scales best explained mule deer road crossing behavior by comparing

the Akaike’s Information Criterion (AIC)(Bozdogan 1987) values of the global model fits.

Road Mortality Analysis

We used mule deer road mortality data from 2011 — 2018 from the State of Utah
Wildlife-Vehicle Collision (WVC) Data Collector repository (Figure 1) to model mortality
probability among road segments using the same set of landscape factors (Table 1). When an
animal carcass on a roadway is reported to or found by state contractors, they record the
species, estimated age class, and GPS coordinate location of the animal in addition to other
ancillary information, which is aggregated in the WVC repository. We filtered the dataset to
include only instances of mule deer road mortality within each seasonal home range during

the same time period as the study (summer: n = 93, winter: n = 500). We only included roads
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with at least one mule deer carcass found in a given season because carcass collection is
limited primarily to highways along set routes. We were then able to associate a count of
mortality events with each road segment. Using this information, we fit a mixed effects
logistic regression with road mortality as the response variable (0 = no mortality events, 1 =
at least one mortality even for a given road segment) and the same predictor variables and
random effects structure (year as the random effect) as above to model how our set of
landscape factors relates to the probability a road segment had at least one mule deer killed
by vehicle collision for a given season. Unlike our crossing behavior analyses, we were
unable to divide our road mortality analysis into categories related to time of day, because the
time of each mortality incident was unknown (only the date a carcass was found was
reported).
Results
Spatial and Temporal Characteristics of Mule Deer Road Crossings

In the summer season, all mule deer road crossings (n = 12,544) occurred during the
day (29.9%) or crepuscular periods (70.1%). No summer road crossings occurred at night. In
the winter season, crossings (n =21,215) occurred during the crepuscular periods (72.8%) or
at night (27.2%), with no crossings during the day (Figure 2). When comparing road
segments in the winter and summer ranges, we found that the winter ranges were more urban,
at lower average elevations, had less rough terrain, had far more artificial nightlight, and had
a greater number of both crossings and road mortalities (Appendix S1: Table S1). Mule deer
road crossing decisions were most associated with the landscape and road characteristics
within the daily median movement distance of 573 m from the crossing location (Appendix

S1: Table S4).
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Anthropogenic Factors

Artificial nightlight had one of the largest effects on where mule deer chose to cross
the road in both summer and winter (Figure 3A, Table 2). Deer generally avoided crossing
the brightest road segments. This effect was strongest in darker periods, like night and
crepuscular crossings (Figure 4). Despite this, nightlight level generally had no meaningful
influence on the intensity of mule deer use among crossed segments (Table 3). There were
two exceptions to this: during the winter crepuscular period, when deer surprisingly preferred
the brighter segments out of those they crossed, and during the daytime in the summer, when
it reduced intensity of use but would not have been visible, likely serving as a proxy for
human activity. Nightlight level had a strong negative effect on the risk of deer road
mortality, but the relationship had just enough variation that it was not significant. The effect
of nightlight on mortality was much stronger in summer than in winter (Figure 3C, Table 4).

Higher speed limits only had a positive effect on mule deer road mortality events in
the winter (Figure 3C, Figure 5, Table 4), despite being negatively associated with road
crossings (Figure 3A, Table 2). Speed limit did not appear to alter crossing probability
between times of day, with deer being more likely to cross lower speed limit roads at all
times of day, particularly in summer. Despite its influence on road mortality and crossing
decisions, speed limit had no significant effect on the intensity of use for crossed road
segments (Table 3).
Landscape Factors

Terrain roughness was one of the most influential factors impacting intensity of mule
deer use among crossed segments. In the summer and winter crepuscular periods and daytime

in the summer (Figure 3B, Table 3), mule deer preferentially used road segments in areas
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with less rough terrain. Conversely, this was not the case during winter nighttime crossings
(Figure 3B, Table 3), when deer strongly preferred road segments in areas of rougher terrain.
However, this relationship was nonlinear, as deer tended to avoid crossing the roughest
sections of road at night during winter (Figure 3B, Table 3). Despite its strong negative
relationship with crossing intensity, terrain roughness had a smaller impact on the probability
a road segment was crossed, reducing it in summer (Figure 3A, Table 2), and slightly
reducing it in winter (Figure 3A, Table 2).

Mule deer were much more likely to cross road segments surrounded by a high
proportion of shrubland regardless of season and time of day. In the summer and winter, it
had the strongest effect out of all variables on crossing probability (Figure 3A, Figure 6,
Table 2). In the summer months, the proportion of surrounding shrubland strongly decreased
the probability of deer road mortality events (Figure 3C, Table 4), but had no significant
influence on winter mortality despite being the most impactful summer factor. During the
crepuscular periods of both seasons, mule deer used roads with greater intensity that were
surrounded by more shrubland (Figure 3B, Table 3).

The proportion of surrounding agricultural land was the most significant factor for
winter mule deer road mortality and was also important for mule deer road crossing decisions
in the winter months. Road segments surrounded by more agricultural land had a lower
chance of mule deer road mortality in winter (Figure 3C, Table 4), but also had a lower
chance a mule deer would cross at that segment (Figure 3A, Table 2). Additionally, in the
summer daytime and crepuscular periods, mule deer intensity of use among crossed segments
increased when surrounded by slightly less agricultural land (Figure 3B, Table 3), but it was

not a significant factor during the winter.

18



Surrounding open or natural land had a significant positive impact on which roads
mule deer chose to cross in the summer crepuscular periods (Figure 3A, Table 2) but
conversely a negative impact during the winter night periods (Figure 3A, Table 2). It also had
a positive effect on the intensity of crepuscular use among crossed roads in both seasons and
a small negative effect on daytime use in the summer (Figure 3B, Table 3).

The average snow cover surrounding the roads had a positive impact on the chance
mule deer would cross a given road during winter crepuscular periods (Figure 3A, Table 2)
but a generally negative impact on intensity of winter crepuscular use among crossed roads
(Figure 3B, Table 3). The relationship was non-linear, with the lowest intensity of use
correlating with high snow cover, but higher intensity of use related to increasing snow cover
(Figure 3B, Table 3).

NDVI, or vegetative greenness, had a strong positive relationship with summer
crossing intensity (Figure 3B, Table 3), though began to saturate at higher crossing intensity
values. It also had a positive relationship with winter nighttime crossing intensity (Figure 3B,
Table 3). While NDVI also had a positive effect on which roads deer chose to cross in
summer (Figure 3A, Table 2), it had the strongest effect of all variables on the intensity of
summertime use among crossed segments, with mule deer greatly preferring roads
surrounded by more vegetative greenness. In contrast, NDVI had a negative impact on mule

deer crossing probability in the winter months (Figure 3A, Table 2).

Discussion
We investigated how artificial nightlight—a pervasive and expanding environmental
pollutant—affects patterns of road crossings and mortalities for mule deer. Our analysis led

to four main insights. First, mule deer greatly preferred crossing roads where artificial
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nightlight levels were lower, but this also increased their road mortality risk. Second,
although mule deer preferred to avoid crossing higher speed roads, their winter ranges were
bisected by highways that increased their mortality risk when they inevitably tried to cross.
Third, the proximity of mule deer winter ranges to increased human activity augmented the
risks associated with their preference for dark roads and exposed them to higher speed roads
that were more dangerous to cross. Finally, mule deer were more likely to cross roads
surrounded by their preferred habitat, and in contrast to other species of deer in the forested
eastern United States, this actually reduced their mortality risk. Similar to findings by
Neumann et al. (2012), we found differences between the factors associated with increased
mortality and increased use of road segments.

Artificial nightlight had a strong influence on mule deer road crossing behavior.
During the crepuscular periods of both seasons and winter nights mule deer were most likely
to cross roads where nightlight levels were low. Similarly, Bliss-Ketchum et al. (2016) found
that a subspecies of mule deer (Columbia black-tailed deer, Odocoileus hemionus
columbianus) also avoided using artificially lit areas at fine spatial scales. Given this, it
would seem that reducing artificial nightlight levels would aid mule deer by improving
landscape connectivity and habitat suitability of areas bisected by roads. However, the
associated increase in mortality risk must also be considered. While deer generally chose the
darkest locations to cross, they were also more likely to be involved in fatal collisions in
these areas as they were harder for drivers to see at distances that could prevent collisions.
Other studies support this finding: factors that reduce motorist visibility, such as road
sinuosity or forest cover, are closely tied to the risk of WVCs by influencing driver reaction

times (Gunson et al. 2011, Laliberté and St-Laurent 2020). Future studies could investigate
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whether strategically increasing light on problematic road segments and decreasing it on
others would be effective at reducing WVCs while providing safer movement paths for
wildlife that prefer darkness.

Mule deer also preferred to cross roads with lower speed limits across seasons,
though this preference was only about half as strong in winter. In the summer, deer could
more easily avoid high speed roads and highways because the studied population spends its
summers high in the mountains where overall road density is low. As the winter range is
more urban, there is both a higher density of low speed limit roads to cross and increased
contact with the highways that bisect the region. This meant deer could not always
preferentially avoid crossing high speed roads and faced greater morality risk. Our findings
are in line with many other studies of collision risk which also found higher speed limits
associated with increased WVCs (Ng et al. 2008, Gunson et al. 2011, Meisingset et al. 2014,
Jacobson et al. 2016, Garrote et al. 2018, Zeller et al. 2018, Pagany 2020). Speed limit is
positively associated with another commonly examined variable: annual average daily traffic
(AADT) volume. Although AADT data were incomplete across our study area, it is widely
cited as influencing the extent to which roads act as barriers and increasing the risk of WVCs
(Gagnon et al. 2007, Gunson et al. 2011, Coe et al. 2015, Cramer et al. 2019, Pagany 2020).
Therefore, it is possible that the increase in risk associated with higher speed limits in winter
is reinforced by exposure to higher traffic volumes, which previous studies have linked to
road mortality (van Langevelde and Jaarsma 2005, Abraham and Mumma 2021).

Noticeably, there seemed to be a deadly winter combination of mule deer preference
for dark roads, increased proximity to higher speed roads, and human activity. Compounding

on these characteristics, winter also brings both shorter daylight hours, with deer attempting a
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higher number of crossings at night, and the increase in deer activity and risk-taking behavior
associated with the breeding season (Foley et al. 2015). Cunningham et al. (2022) found a
similar winter spike in deer-vehicle collisions. They attributed this in large part to the
increase in traffic volume after dark that is exacerbated by the end of daylight savings time,
which aligns peak rush hour traffic flow with darkness (Cunningham et al. 2022). Our
analyses also demonstrate a five-fold increase in mortality events in winter as compared to
summer, supporting the findings of Cunningham et al. (2022). Deer preference for the
darkest available roads during the darkest time of year, combined with their seasonal
migration to ranges overlapping with human activity, helps explain this seasonal spike in
WVCs during the winter period. Instituting permanent daylight savings time could mitigate
some winter collision risk on high speed or dark roads by divorcing traffic volume from
times of increased deer road crossing behavior (Cunningham et al. 2022).

Mule deer were, perhaps unsurprisingly, more likely to cross roads that were
surrounded by shrub cover given their association with shrub and scrub plant communities in
the region (Utah Division of Wildlife Resources 2019a). However, shrub cover also strongly
decreased the chance a given road segment would have mortality events associated with it,
particularly in the summer. This finding contrasts with a review of WVC characteristics by
Gunson et al. (2011), who found WVCs commonly took place where roads bisected
favorable cover or conventional foraging habitat for a species. These differences can likely
be explained by variation in preferred habitat across species and regions and subsequent
variation in the effects on motorist visibility. For example, while mule deer may prefer

crossing roads surrounded by shrub cover, white-tailed deer (Odocoileus virginianus) prefer
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crossing near forest cover, where trees reduce visibility and the increase in crossings leads to
increased mortality (Nielsen et al. 2003, Ng et al. 2008).

The presence of predators or the perceived risk of predation, particularly from
cougars (Puma concolor), may also influence mule deer movement and behavior. Cougars
are the primary predator of mule deer, even in the urban-wildland interface (Ditmer et al.
2021b, Stoner et al. 2021). Deer in this region may use areas with more human activity and
higher nightlight levels not only for forage, but also to avoid higher predation pressure just
outside of more urbanized areas (Ditmer et al. 2021b, Stoner et al. 2021). In this case,
increased urbanization, nightlight, and road density could act as a predator shield (Berger
2007) for the deer, though research has shown cougars will still follow and hunt deer up to a
point in the urbanization and nightlight gradient (Ditmer et al. 2021b). Cougar presence,
movement, or mule deer predation locations could therefore be relevant factors that future
researchers may wish to explore.

It is important to note that the mortality data used in our study were collected by
contractors along a small number of collection routes (primarily highways), thus limiting our
causal inferences. The actual number of collisions with deer resulting in animal mortality is
likely much higher and occurs across a greater diversity of road types. While some studies,
such as by Snow et al. (2015), claim the predictive power of collision models is not hindered
by underreporting of WVCs, it remains true that our data represent an underestimate and may
not capture all the subtleties of mule deer road mortality in our study region. Future studies
could expand on ours by examining reports of deer-vehicle collisions in addition to carcass
location data, or by supplementing state-collected data with a tailored carcass collection

survey in the area of interest.
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Our findings add support to the need for collision mitigation and conservation
interventions. Managers could target roadways for mitigation that see both high mortality and
high use, such as roads in the winter ranges. Darker and higher speed roads are the most
dangerous to deer and drivers, and roads bisecting crucial shrub habitat see high levels of
use. Targeting these roads would help reduce the risks associated with low driver visibility,
short stopping distances, and increased deer presence. UDWR has already identified and
categorized mule deer habitat across the state and assessed their importance (Utah Division
of Wildlife Resources 2021). In our study region, crucial winter habitat is neighbored by
growing metropolitan areas such as South Jordan, listed as one of the top 5 growing cities in
2020 (United States Census Bureau 2020). This combination could mean more roadways
have or will expand into important mule deer habitats.

Artificially brightening problem roads may be a novel way to reduce mule deer
crossings, especially if a safer and darker crossing option exists nearby. This could be a cost-
effective way to repel deer from certain roads while attracting them to cross at other sections.
Our findings also support seasonal or nightly speed limit reductions on high mortality roads.
Though some novel but limited research suggests that reduced nighttime speed limits are not
effective if the road was designed for higher speeds (Riginos et al. 2022), because of the
increased risks to drivers and deer it may be worth further exploring crepuscular and nightly
winter speed reductions on problematic stretches of road. This type of mitigation could also
be a cost-effective option in places where erecting a crossing structure is not feasible and
would correlate well with observed mule deer activity periods and seasonal fluctuations in
risk. Wildlife crossing structures with fencing are the most expensive, but also most effective

way to reduce collisions and increase landscape connectivity for mule deer, in some cases
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reducing collisions by more than 80% (Sawyer et al. 2012). Utilizing crossing structures in
combination with artificial light and speed limit adjustments on high use or high risk road
segments could help maximize their benefits to wildlife and drivers. Finally, our findings
suggest that managers and researchers should not underestimate the impact of artificial
nightlight on habitat connectivity, use, and selection by wildlife species (Ditmer et al.
2021a). Artificial nightlight could be a powerful tool for encouraging or discouraging
movement through certain spaces and roadways, particularly in high mortality risk locations

and time periods.
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Table 1: Landscape, human, and environmental variables used in modeling mule deer road

crossing behavior and mortality

Variable Short Name Description Derived from
Artificial Nightlight | Nightlight Year-specific seasonal composites of daily average | Roman et al.
Index estimates of anthropogenic artificial nightlight 2018
from NASA’s Black Marble product suite at a
500m spatial resolution
Housing Density Housing Estimates of 2010 housing density at 100m? sub- National Park
Density census block units modeled based on U.S. Census | Service 2010
Bureau following Theobald (2005)

Road Density Road Density Density of the road network represented as the U.S. Geological
proportion of each 1 km? cell with at least one road | Survey 2021
segment when divided into 50m? pieces

Speed Limit Speed Limit Posted speed limit in miles per hour (mph) as Utah Geospatial
maintained by UDOT Resource Center

2021
Road Segment Seg. Length Length (in meters) of the road segment, as Utah Geospatial
Length represented in the dataset Resource Center
2021

Bare Earth Elevation Bare Earth elevation in meters from the Digital U.S. Geological

Elevation Elevation Model (DEM) Survey 2019

Terrain Roughness Terr. Terrain roughness index represented as the mean U.S. Geological

Index Roughness of the absolute differences between a cell’s Survey 2019
elevation and that of its 8 neighboring cells

Composite Snow Snow Cover Year-specific snow cover winter composites Hall and Riggs

Cover Index calculated by taking the mean of each winter’s 2016
snow cover values, which represent an 8-day mean
percentage snow cover in each 500m cell

Normalized NDVI or Year-specific seasonal composites of mean NDVI | Didan 2015

Difference vegetative derived from MODIS 16 day estimates at 250m

Vegetation Index greenness spatial resolution

Forest Forest Aggregated forest land cover types (NLCD values | U.S. Geological
41-45) Survey 2016

Shrub/Scrub Shrub or Aggregated shrub and scrub land cover types U.S. Geological

Shrubland (NLCD values 51, 52) Survey 2016

Developed/Urban Developed/Urb | Aggregated developed/urban land cover types U.S. Geological

an (NLCD values 21-24) Survey 2016

Agriculture Agriculture Aggregated agricultural land cover types (NLCD U.S. Geological
values 81, 82) Survey 2016

Open/Natural Open/Natural Aggregated open/natural land cover types, U.S. Geological
including herbaceous, open water, and other Survey 2016

“open” land types (NLCD values 11, 31, 71, 72,
90, 95)
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Table 2: Model coefficients () and 95% confidence intervals for summer (day, crepuscular)

and winter (crepuscular, night) road crossing probability at a scale of 573 m.

Variable Summer Winter

Day Crepuscular Crepuscular Night

B 95% CI B 95% CI B 95% CI B 95% CI

Artificial -0.17 -0.39,0.05 | -0.60 -0.82,-0.39 | -0.29 | -0.42,-0.16 | -0.32 -0.47,-0.17
Nightlight
Speed Limit | -0.14 -0.21, -0.06 | -0.19 -0.25,-0.12 | -0.06 | -0.11,-0.01 | -0.07 -0.14, -0.01
Terrain -0.32 -0.45,-0.19 | -0.13 -0.24,-0.03 | -0.05 | -0.09,-0.01 | -0.03 -0.08, 0.02
Roughness
Shrubland 0.92 0.78,1.07 0.80 0.67,0.92 | 0.66 0.59, 0.73 0.56 0.48, 0.64
Agriculture 0.05 -0.04,0.14 | -0.04 -0.13,0.04 | -0.21 | -0.34,-0.08 | -0.43 -0.60, -0.26
Open/Natural | 0.06 -0.04, 0.17 | 0.11 0.02,0.20 | 0.03 -0.02, 0.09 | -0.16 -0.23, -0.09
Snow Cover - - - - 0.13 0.07, 0.18 0.05 -0.02,0.13
NDVI 0.20 0.07, 0.32 0.08 -0.02,0.19 | -0.21 | -0.27,-0.14 | -0.22 -0.29, -0.14

Note: Statistically significant values appear in boldface.
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Table 3: Model coefficients () and 95% confidence intervals for summer (day, crepuscular)

and winter (crepuscular, night) road crossing intensity at a scale of 573 m.

Variable Summer Winter

Day Crepuscular Crepuscular Night

B 95% CI B 95% CI B 95% CI B 95% CI

Artificial -1.46 -1.97,-0.94 | 0.08 | -0.40,0.56 | 0.73 0.39, 1.07 0.07 -0.83,0.97
Nightlight 1
Artificial -0.72 -1.32,-0.12 | 0.06 | -0.79,0.91 | 0.15 -0.28,0.58 | -0.28 -1.20, 0.63
Nightlight 2
Speed Limit 1 | -0.09 -0.82, 0.63 -0.16 | -0.83,0.51 | -0.10 | -0.45,0.26 | -0.30 -0.70, 0.11
Speed Limit2 | -0.31 -0.76, 0.14 -0.20 | -0.62,0.22 | -0.17 | -0.41,0.07 | -0.16 -0.43, 0.10
Terrain -0.73 -1.25,-0.21 | -0.75 | -1.19,-0.32 | -0.09 | -0.37,0.19 | 0.77 0.18, 1.37
Roughness 1
Terrain -0.72 -1.39,-0.04 | -0.73 | -1.32,-0.14 | -0.82 | -1.37,-0.27 | -0.18 -0.76, 0.40
Roughness 2
Shrubland -0.06 -0.15, 0.04 0.20 | 0.12,0.28 | 0.18 0.12, 0.25 0.01 -0.11, 0.13
Agriculture -0.08 -0.14,-0.02 | -0.06 | -0.12,-0.00 | -0.01 | -0.05,0.03 -0.01 -0.07, 0.05
Open/Natural | -0.07 -0.14,-0.00 | 0.13 | 0.07,0.19 | 0.11 0.06, 0.16 0.06 -0.03, 0.15
Snow Cover 1 -0.40 -0.71, -0.09 | -0.05 -0.45, 0.35
Snow Cover 2 0.27 -0.03,0.57 | 0.23 -0.11, 0.57
NDVI 1 1.60 0.40, 2.81 1.09 | 0.61,1.56 | 0.06 -0.40,0.53 | 0.57 -0.09, 1.24
NDVI 2 0.49 -0.58, 1.56 0.34 | -0.18,0.85 | 0.16 -0.19,0.50 | 0.45 0.00, 0.89

Note: Statistically significant values appear in boldface. Because the crossing intensity
models used natural cubic splines, some covariates are reported with a “1” or “2” following
the variable name, as two coefficients were returned; if one of these two values was found to

be significant, the variable was considered significant.
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Table 4: Model coefficients () and 95% confidence intervals for summer and winter road

mortality probability at a scale of 573 m.

Variable Summer Winter

f; 95% CI f} 95% CI
Artificial Nightlight -0.53 -1.07, 0.01 -0.21 -0.43, 0.01
Speed Limit 0.15 -0.25, 0.55 0.17 0.01, 0.33
Terrain Roughness -0.03 -0.62, 0.56 -0.01 -0.16, 0.14
Shrubland -0.78 -1.37,-0.20 0.02 -0.18, 0.22
Agriculture -0.10 -0.42,0.21 -0.25 -0.43, -0.06
Open/Natural -0.16 -0.58, 0.26 -0.06 -0.21, 0.10
Snow Cover -0.02 -0.17,0.14
NDVI -0.13 -0.77, 0.52 -0.10 -0.29, 0.09

Note: Statistically significant values appear in boldface.
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Figure 1: a) Study area location relative to county boundaries, showing its overlap with Salt
Lake, Utah, Tooele, and Juab counties. The crossing intensity of mule deer across the study
area is shown overlaid on the road network and elevation data for the region. b) Mule deer
carcass locations as reported by state contractors to the UDWR within our study area
boundaries from 2011 — 2018, shown over road and elevation data.

Figure 2: Density plot showing mule deer road crossings by time of day based on the sun’s
elevation (degrees up from the horizon) for n = 67 mule deer near Salt Lake City, UT
recorded from 2012 — 2018. Sun positions less than -20° represent night, between -20° and
20° represent the crepuscular periods, and greater than 20° represents day.

Figure 3: Results showing estimated coefficients and 95% confidence intervals for a) the
probability of a road segment being crossed, b) the intensity of use among crossed segments
and c) the probability of a road segment having at least one mule deer mortality event.
Covariates are scaled and centered for the purposes of comparison. Red dashed line at x =0
highlights the transition between positive and negative estimated coefficients. Because the
crossing intensity models used natural cubic splines, some covariates in B are reported with a
“1” or “2”, as two coefficients were returned.

Figure 4: Modeled relationship (solid line) and 95% confidence interval (dashed lines)
between nightlight level (scaled and centered) and the probability that a segment was crossed
during the day, night, or crepuscular period for summer and winter. At all times of day for
both summer and winter increased nightlight levels were associated with a lower probability
that a mule deer would cross a given segment.

Figure 5: Modeled relationship (solid line) and 95% confidence interval (dashed lines)

between a road segment’s speed limit (scaled and centered) and the probability that at least
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one mule deer road mortality event occurred. In both summer and winter, higher speed limits
were associated with an increased chance of mule deer road mortality.

Figure 6: Modeled relationship (solid line) and 95% confidence interval (dashed lines)
between the proportion of shrubland (scaled and centered) within a 573 m buffer of a road
segment and the probability that at least one mule deer crossed it. At all times of day in both
summer and winter, higher proportions of surrounding shrubland were associated with a

higher probability of a mule deer crossing a given road segment.
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