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also indicated a strong association between elk cross-
ings and EVIs by milepost. While the spatial distri-
bution of elk sub-herds was a good predictor of EVI 
risk zones, EVI frequency was not associated with an 
increase in elk population.
Conclusions Classifying EVI and road crossing dis-
tributions as high risk zones is the first step preceding 
mitigation and protection measures to prevent elk-
vehicle collisions. Specific identification of hotspots 
will result in more effective and successful installa-
tions of high cost mitigation efforts such as wildlife 
crossing structures.

Keywords Elk road crossing · Habitat 
connectivity · Collision hotspot · Home range · Road-
killmitigation · Spatiotemporal distribution

Introduction

Road networks can negatively impact wildlife by 
creating barriers to habitat connectivity and causing 
mortality and habitat loss that could affect popula-
tion viability (Trombulak and Frissell 2000; Forman 
et  al. 2003; Baguette and Van Dyke 2007). Brady 
and Richardson (2017) state that roads are the largest 
human artifact on the planet, covering approximately 
20% of the U.S. landscape. How species adapt to road 
networks can have a considerable impact on popula-
tion persistence and sustainability. Movement is key 
to survival for large mammals, such as elk (Cervus 

Abstract 
Context Identifying risk zones for wildlife-vehicle 
incidents is essential for creating effective mitiga-
tion efforts on major road networks. Wildlife-vehicle 
collision data are often used to identify hotspot areas 
without consideration of species spatial distributions.
Objectives Evaluating both can reveal spatiotempo-
ral patterns that can improve mitigation success.
Methods We summarized elk-vehicle incident 
(EVI) data on State Route 20 (SR 20) in Washington 
State between 2012 and 2019. We also collared 23 
elk residing in the vicinity of SR 20 and used GPS 
location data to identify home ranges and road cross-
ings. We compared EVI and elk road crossing data 
to identify hotspot locations on SR 20 to help inform 
mitigation.
Results Our EVI and elk crossing data had a non-
random distribution along a 38 km section of SR 20 
associated with the 95% home ranges of 8 female elk 
sub-herds. We found EVI data alone were an effective 
indicator of elk spatial distribution and movement in 
relation to collision hotspots along SR 20. Our results 
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elaphus), and roads can decrease survivorship and 
cause behavioral shifts that are costly to individuals 
and populations (Fahrig and Rytwinski 2009; Proko-
penko et  al. 2017). Major road networks that bisect 
home ranges and migration corridors can be det-
rimental to elk herds and can alter habitat selection 
and movement patterns on the landscape (Biggs et al. 
2004; Dodd et al. 2007; Gagnon et al. 2007).

In addition to impacts on wildlife populations, 
managers must consider the human safety aspect 
associated with road networks that intersect home 
range and corridor habitats. Elk-vehicle incidents 
(EVI, collision reports and carcass removals) can 
lead to human injury or death as well as economic 
costs associated with vehicle damage, human injury, 
accident investigation, and carcass removal (Conover 
et  al. 1995; Myers et  al. 2008; Huijser et  al. 2009). 
Elk-vehicle incidents can also lower social tolerance 
for elk in developed areas and increase public pres-
sure to reduce elk populations. The North Cascades 
elk herd (NCEH) is experiencing a relatively high 
incidence of collisions with vehicles in the Skagit 
Valley area along State Route 20 (SR 20) in Washing-
ton State.

The NCEH is a native herd that was harvested to 
near extinction in the early 1900s and is now recov-
ering following multiple augmentation efforts (Murie 
1951; WDFW 2015). As the NCEH population 
increases, managers are challenged with promot-
ing herd growth and addressing human-elk conflicts. 
Continued growth and expansion of the NCEH could 
result in greater numbers of elk along major road 
systems creating the need for mitigation strategies in 
response to EVIs.

A recent study on the NCEH found that female 
elk sub-herds were relatively sedentary and did not 
display seasonal migratory behavior (Sevigny et  al. 
2018). This was true for female sub-herds in upland 
managed forests and in lowland agricultural areas 
along SR 20. The SR 20 corridor includes a 37 km 
reach that falls within Elk Area 4941, which is des-
ignated as a special hunt area because it is consid-
ered a human-elk conflict zone due to elk presence 
on agricultural properties. Collared female elk within 
this area maintained small, discrete year-round home 
ranges with consistent boundaries regardless of delib-
erate human disturbance (Sevigny et al. 2018). There 
was little spatial overlap between sub-herds and col-
lared elk spent ≥ 50% of their time in areas ≤ 11% of 

their overall home range areas. Elk sub-herds also 
displayed a high level of site fidelity, which could 
lead to persistent use of established travel corridors 
and road crossing locations (Bruggeman et al. 2007; 
Bunnefeld et al. 2011; Neumann et al. 2012).

Successful management strategies within conflict 
areas must address EVI hotspot locations and spa-
tiotemporal patterns in elk crossing activity along 
major road networks. While many studies have 
focused on the identification of wildlife-vehicle hot-
spots on road systems (Ramp et  al. 2005; Morelle 
et al. 2013; Garrah et al. 2015), few have investigated 
elk crossing patterns in relation to major road net-
works (Dodd et. al. 2007, Gagnon et al. 2007), geo-
graphic distribution, and temporal patterns (Dodd 
et al. 2006). An EVI occurs when an elk and a vehi-
cle coincide in space and time and understanding the 
probability of these events is essential for mitigation 
planning. Elk-vehicle incident probabilities depend 
on the space use patterns of both elk and traffic, land-
scape characteristics, elk and driver behavior, and 
various seasonal influences (Johnson et  al. 2002; 
Morelle et al. 2013).

Often EVI datasets are incomplete because many 
are not reported so we combined EVI data with elk 
distribution data to evaluate how each dataset contrib-
utes to the identification of high collision risk zones 
(Dyer et  al. 2002; Waller and Servheen 2005; Dodd 
et  al. 2007). Our primary objective was to use EVI 
data to identify collision hotspot areas on SR 20 and 
compare hotspots with elk locational data to assess 
whether EVI data alone can determine high risk areas 
for mitigation. We also looked at spatiotemporal pat-
terns in both EVI and elk crossing data.

Study area

We conducted this study in northwest Washington 
State on the west side of the North Cascades Range 
in northern Skagit County (Fig.  1). The study area 
encompassed approximately 400  km2, and was 
located within Game Management Units (GMUs) 418 
and 437 (including Elk Area 4941). Elk Area 4941 
occurred within GMU 437 and was designated a spe-
cial hunt area by the Washington Department of Fish 
and Wildlife (WDFW) with elk harvest occurring 
between July 1 and March 31. Multiple elk sub-herds 
resided in this area year-round and traffic rates varied 
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with higher volumes during morning and evening 
commute hours and summer months when there was 
open access to Washington Pass. The valley bottom 
included mostly private residential and agricultural 
lands with some state, federal, and private forestlands 
interspersed throughout the region. Land cover con-
sisted primarily of agricultural crops, riparian forest, 
and rural residential development. Agricultural uses 
included hay, food crops, and livestock. The indus-
trial forest lands were primarily private ownerships 
with some state forest parcels. These were dominated 
by Douglas fir (Pseudotsuga menziesii) and western 
hemlock (Tsuga heterophylla) with western red cedar 
(Thuja plicata), alder (Alnus rubra) and maple (Acer 
spp.) also occurring throughout the upland regions. 
Upland topography was rolling foothills with eleva-
tions ranging from 100 to 750  m. The climate was 
maritime (Franklin and Dyrness 1988) with annual 
precipitation ranging from 120 to 300 cm and annual 
temperatures from − 4 ºC to 27 ºC (U.S. Climate Data 
https:// www. uscli mated ata. com/ clima te/ mount- ver-
non/ washi ngton/ united- states/ uswa0 288).

Methods

EVI data

Our EVI data analysis focused on the SR 20 corridor 
between Interstate 5 and Washington Pass (mileposts 
59.5–162.50). We obtained EVI data from Janu-
ary 1, 2012–December 31, 2019 for the entirety of 
Washington State highways, including SR 20 in the 
Skagit Valley west of Washington Pass. We assem-
bled EVI data from three sources, carcass removal 
reports, salvage reports, and collision reports and 
removed duplicate records to avoid representing the 
same incident with multiple data sources. Elk car-
cass removal records were generated when a Wash-
ington State Department of Transportation (WSDOT) 
employee removed an elk carcass from the highway 
and documented its location using either a paper form 
(pre-2015) or an iPad (post-2015). Carcass removal 
records accounted for the majority of our EVI data 
and were managed by WSDOT and evaluated using 

Fig. 1  Location of study 
area on State Route 20 
within Game Management 
Units (GMU) 418 and 437 
(including Elk Area 4941) 
in northwest Washington 
State, USA

https://www.usclimatedata.com/climate/mount-vernon/washington/united-states/uswa0288
https://www.usclimatedata.com/climate/mount-vernon/washington/united-states/uswa0288


1688 Landscape Ecol (2021) 36:1685–1698

1 3

a rigorous vetting process. Every carcass removal 
record was verified for species and spatial accuracy 
and questionable records were rectified by contacting 
the WSDOT staff member who originally reported 
the event. Elk salvage records were generated when 
a citizen took possession of an elk killed by a vehi-
cle and submitted the details to the WDFW. Citizens 
were required by the Washington State Salvage Law 
(WAC 220 400 40), enacted July 1, 2016, to obtain a 
free online permit through the WDFW when salvag-
ing an elk. The WDFW provided raw salvage data to 
WSDOT where it was subjected to the same rigor-
ous vetting process as the carcass removal data, and 
then merged with WSDOT’s Carcass Removal Data-
base. We therefore considered elk salvage reports as 
carcass removal reports because both were managed 
and vetted by WSDOT. Collision data were gener-
ated from officer-submitted collision reports (primar-
ily Washington State Patrol) created when an officer 
responded to a collision. Elk-vehicle collisions were a 
subset of WSDOT’s statewide collision database.

We used Kernel Density Estimation Plus (KDE+) 
to identify statistically significant clusters of EVIs 
(Bíl et  al. 2015; Bartonička et  al. 2018; Favilli et  al 
2018) using the total EVI dataset on SR 20. Clus-
ters were associated with strength and therefore were 
ranked by significance. To determine the relative risk 
of a road segment, we combined our KDE + clusters 
with conventional KDE Utilization Distributions 
(UDs, Seaman and Powell 1996; Danks and Porter 
2010; Kociolek et  al. 2016; Favilli et  al. 2018) and 
EVI frequencies by milepost to verify EVI hotspots. 
Hotspot areas were identified based on the presence 
of significant EVI clusters, greater than average EVI 
frequencies, and higher KDEs. We evaluated EVI 
frequency distributions and KDEs on an annual basis 
to determine if hotspot locations were consistent 
over time. We then compared the EVI hotspots with 
road crossings generated from elk locational data in 
the study area. We also calculated the correlation 
coefficient between annual elk population estimates 
(WDFW Status and Trends Reports 2012–2019) and 
EVI annual totals in Excel 2016.

Elk location data

We targeted female elk groups for capture on the 
valley bottom and in the urban-wildland interface 

north and south of the SR 20 corridor. We applied 
GPS collars to 21 female elk (≥ 1  year old) and 
2 male elk (1  year old) in targeted sub-herds 
throughout the study area using modified 1.2  m 
wide × 1.8  m high × 2.4  m long collapsible (Roper 
et  al. 1971; McCullough 1975; Thompson et  al. 
1989) clover traps (Clover 1954) baited with apples 
and mineral licks. We did not collar adult male elk 
due to low survivorship associated with harvest. We 
selected our trap sites at known elk use areas across 
the landscape using local knowledge and past elk 
observations.

We captured elk following animal handling 
guidelines described in Sikes et al. (2016) between 
November 1 and March 31 for each capture year. All 
trap sites were monitored with cameras and Vec-
tronic trap transmitters were used to monitor trap 
activity. We placed traps on public and private lands 
based on elk use and landowner support. We used 
Vectronic GPS Plus and Vertex Lite-4D collars pro-
grammed to take multiple fixes each day (fix inter-
vals ranged from 5 to 115 min) with data uploaded 
via the Iridium or Globalstar satellite systems. The 
WSDOT provided three Iridium collars outfitted 
with a user-defined virtual fence and proximity sen-
sors. The virtual fence option allowed us to collect 
more GPS points depending on the location of the 
animal in relation to SR 20. These collars were used 
on four elk between 2014 and 2017 with a default 
sampling interval of 1  h 55  min that was reduced 
to 50 min once an elk was within 200 m of SR 20. 
Unlike the virtual fence, the proximity sensing elec-
tronics monitored a VHF frequency for pulses from 
proximity transmitters that were deployed along the 
highway at select locations. If a proximity transmit-
ter was detected, GPS fix interval was dropped to 
5 min.

We collected elk locational data from 2013 to 
2019 and assumed locations from one or more col-
lared animals were representative of the entire sub-
herd given the aggregated structure of female elk 
(Craighead et  al. 1973; Van Dyke 2007). The two 
yearling male elk were assumed to be representative 
of their associated female sub-herd. Elk were moni-
tored daily for capture myopathy for four weeks fol-
lowing capture (Beringer et  al. 1996) with no cap-
ture myopathy mortalities detected for captured elk. 
During the study period, 3 collared adult female elk 
were killed by vehicles on SR 20.
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Data analysis

We imported our data into Excel 2016 for sort-
ing and removal of latitude and longitude values of 
zero for each animal. We analyzed a total of 137,417 
fixes (x̄ = 5,975, SD = 761) for all elk combined. We 
assigned collared elk to 8 known sub-herds (Sevigny 
et  al. 2018) in order to pool road crossings by sub-
herd. Number of collars per sub-herd ranged from 1 
to 7 and some collars within groups had overlapping 
periods between 2013 and 2019. For a comparison 
between EVI hotspot locations and elk sub-herd spa-
tial distributions along the SR 20 corridor study area, 
home range (HR) and core areas were calculated for 
individuals and sub-herds respectively and data were 
pooled across years (2013–2019) for all analyses.

We estimated HR using the Kernel Density Esti-
mation (KDE) tool of the Spatial Analyst Tool Exten-
sion in ArcMap 10.5.1 at the 95% exceedance value 
(Seaman and Powell 1996; Kernohan et  al. 2001; 
Powell and Mitchell 2012). We also estimated core 
use areas at a 50% isopleth to identify the most fre-
quently used spaces within each HR. We estimated 
HR and core areas for the entire period of record for 
each female elk group, as represented by the com-
bined collared animals in each group. In Arc 10.5.1, 
we calculated the search radius (bandwidth h) based 
on spatial configuration and the number of input 
points using the Solve-the-Equation (STE) method 
(Wand and Jones 1994; Jones et  al. 1996). This 
approach corrected for spatial outliers and was most 
appropriate given the size of our dataset (Silverman 
1986; Hemson et al. 2005).

For each collared individual, we assigned a value 
of 1 for consecutive fix locations that intersected SR 
20 to indicate a crossing or a 0 if track lines did not 
intersect the highway (Danks and Porter 2010; Neu-
mann et  al. 2012). Of our 23 collared elk, 22 (20 
females, 2 yearling males) exhibited crossings on SR 
20. We then sorted crossings for individuals and sub-
herds by year, month, and time block and compared 
location data to EVI data. Because we did not have 
GPS collars on the landscape in 2012, comparisons of 
EVIs to road crossings for hotspot identification were 
made between 2013 and 2019. Given our maximum 
fix interval of 115 min, we used time bins of two hour 
intervals to group crossings and elk-vehicle colli-
sions based on the 24-h time clock. We were inter-
ested in identifying whether more EVIs andcrossings 

occurred during periods of low light (crepuscular/
night) compared to daylight hours. We summarized 
crossings by milepost by counting the lines between 
consecutive fixes that intersected SR 20 for each mile 
segment.

Results

From 2012 to 2019, we obtained 2,527 EVI records 
for Washington State and found a total of 2,457 asso-
ciated with the 10 elk herd ranges occurring within 
the state (Fig. 2). Within the NCEH range, a total of 
248 EVIs occurred, which accounted for 10% of state-
wide totals. Of the 248, 229 EVIs (92%) occurred 
along SR 20, west of Washington Pass within a 
37 km (23 mile) reach between mileposts 66 and 89. 
The 229 EVI records identified on SR 20 were com-
prised of 55 elk-vehicle collision records and 174 car-
cass removal records. We found relative frequencies 
of 42% female, 21% male, and 37% unknown in our 
EVI data during the project period. Age classes were 
largely unknown with relative frequencies of 53% 
unknown, 29% adult, and 17% juvenile.

Compared to statewide totals, EVIs on SR 20 show 
a similar pattern in terms of elk killed on a monthly 
basis (Fig. 3). The EVI annual average for SR 20 was 
29.5 (SD = 12.9) and the average EVI rate/mile/year 
was 1.2 (SD = 0.6). We compared annual EVI totals 
to annual population estimates for the NCEH and 
found greatest EVIs occurred in 2012 and 2013 when 
elk population estimates were lower than current esti-
mates (Fig. 4). We found a weak negative correlation 
between EVI totals and elk population estimates (r =   
0.3).

Using KDE+, we analyzed the 229 EVIs between 
2012 and 2019 and detected 29 total clusters with 
26 clusters occurring within the hotspot areas. From 
these clusters, we identified 4 EVI hotspots on SR 
20 between mileposts 65 and 89 using 95% KDE, 
KDE + (cluster strength) and EVI frequencies col-
lectively (Fig. 5). Within the 38 km reach of SR 20 
where the EVIs occurred, the identified hotspots 
covered a total of 24  km (15 miles) of SR 20 and 
accounted for 215 (93%) of the total records between 
2012 and 2019. Hotspots were identified as 1: MP 
67–70 (8 clusters, EVI = 47), 2: MP 75–78 (6 clus-
ters, EVI = 69), 3: MP 79–82 (7 clusters, EVI = 71), 
and 4: MP 84–86 (5 clusters, EVI = 24). We used our 
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elk locational data to identify spatiotemporal patterns 
of crossing activity and compared the position and 
consistency of identified EVI hotspots along SR 20.

We obtained 137,428 GPS fix locations with an 
average of 5,975.1 (SD = 642.3) fixes per elk. Our 95% 
HR distributions for 6 of the 8 female elk sub-herds 
were located near or within the identified EVI hot-
spots (Fig. 6). The remaining 2 sub-herds were located 
either south of the Skagit River (sub-herd 2) or east of 
Elk Area 4941 (sub-herd 8) in more rural and forested 
habitats. As described in Sevigny et  al. (2018), the 8 

sub-herds were relatively sedentary, displayed strong 
site fidelity, and showed little to no spatiotemporal 
overlap in 95% HR areas. Female sub-herd hotspot 
associations and range areas are described in Table 1.

Home range areas (95%) ranged from 1.55  km2 
to 32.37  km2 and core areas (50%) ranged from 0.05 
 km2 to 2.27  km2. Our elk locational data indicated 
that all sub-herds, except sub-herd 6, had road cross-
ings on SR 20 associated with their fix locations. 
Collared elk in sub-herds 3 and 8 had the largest HR 

Fig. 2  Elk-vehicle Incident 
(EVI) totals by elk herd (70 
records were not associ-
ated with a specific herd) 
in Washington State, USA 
(2012–2019)
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and core areas. Core use (50%) areas for 5 sub-herds 
between mileposts 75 and 101.5 were < 1  km from 
SR 20. We found that 74% of recorded EVIs occurred 
within the 95% HRs of these 5 sub-herds. Sub-herds 

7 and 8 had the longest road segments associated with 
their 95% HRs, 11.02 km and 7.66 km respectively. 
However, we found that only 13% of EVIs occurred 
within these road segments.

Fig. 5  Elk-vehicle Incident 
(EVI) hotspots derived 
using 95% KDE (EVI 
density), KDE + (ranked by 
cluster strength) and EVI 
frequency (including line 
average) by milepost for 
State Route 20 (2012–2019) 
in Washington State, USA

Fig. 6  Elk sub-herd 95% 
home range and 50% 
core areas associated 
with elk-vehicle incident 
hotspots on State Route 20 
in Washington State, USA 
(2012–2019)
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Elk crossings occurred between mileposts 
67.5 and 99 on SR 20 with a total of 774 cross-
ings from 22 of our 23 collared elk (x ̄ = 33.7, 
SD = 41.4). Locational data associated with 
crossings accounted for 2% of the total data ana-
lyzed for all elk. We obtained an average of 720.4 
(SD = 225.2) locations per elk ≤ 200  m from SR 
20, which accounted for 12% of overall data. Total 
road crossings per sub-herd ranged from 0 to 382 
(x ̄ = 96.8, SD = 119.6). Our collared elk had an 
annual average of 110.6 crossings (SD = 64.7) from 
2013 to 2019. Monthly crossing frequencies varied 
with the lowest number crossings occurring in June 
and October. For crossings with fix intervals < 2 h, 
91% occurred during night and crepuscular time 
periods. Similarly, 99% of elk-vehicle collisions 
occurred during those time periods (Fig. 7).

The majority of crossings (99%) were from col-
lared elk in sub-herds 1, 3, 4, 5, and 7 and were 
associated with hotspots 1–4 (Table  2). The other 
3 sub-herds had crossing totals ranging from 0 to 
6. Hotspot 3 had 50% of the total crossings and 
31% of total EVIs during our study period and fell 
within the 95% HR of sub-herd 5. We found that 
73 crossings (9.4%) occurred outside of the 95% 
EVI KDEs. Of the 73, 57 of those crossings were 
west of Hotspot 4 at the eastern end of Elk Area 
4941 (Fig.  8). Between 2013 and 2019, the num-
ber of elk crossings by milepost ranged from 1 to 
315 (x ̄ = 45.4, SD = 71.3) within the study area and 
we found a strong association between crossings 
and EVIs by milepost (r = 0.80) as well as between 
crossings and EVIs by hotspot (r = 0.80; Fig. 9).

Table 1  Elk sub-herds with 
associated road segments, 
elk-vehicle incident (EVI) 
hotspots, home range (95%) 
areas, core (50%) areas, and 
core use area distances from 
State Route 20 (SR 20) in 
Washington State, USA 
(2013–2019) Sub-herd

Associated 
milepost seg-
ments

Road seg-
ment length 
(km)

Associated 
EVI hotspot 
#

95% 
HR area 
(km2)

50% Core 
area  (km2)

Distance from 50% 
cores to SR 20 (km)

1 67–71.5 5.20 1 8.46 0.14 2.72
2 74–74.5 2.25 –- 8.26 0.44 2.25
3 75–78 4.83 2 32.37 0.79 0.37
4 76–78 3.22 2 4.26 0.09 2.62
5 78.5–80.5 3.62 3 1.55 0.05 0.05
6 80.5–82.5 3.01 3 1.90 0.07 0.21
7 83.5–91 11.02 4 7.66 0.44 0.19
8 96–101.5 7.66 –- 15.72 0.93 0.42
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Discussion

This study showed that EVI data were an effective 
indicator of elk-vehicle collision hotspots and elk 
crossing activity on SR 20. We found that 9% of state-
wide EVI totals between 2012 and 2019 occurred 
along a 38  km reach of SR 20. This portion of the 
highway falls within Elk Area 4941 and the HRs of 
at least 6 female elk sub-herds. With 93% of the EVIs 
associated with the NCEH occurring in a relatively 
small reach of SR 20, it is likely that hotspots are 

Table 2  Crossing totals by 
elk sub-herd with milepost 
ranges, road segment 
lengths, and associated 
elk-vehicle incident (EVI) 
hotspots on State Route 20 
in Washington State, USA 
(2013–2019) Sub-herd

Crossing total Crossing milepost ranges Crossing road seg-
ment length (km)

Associated 
EVI hotspot 
#

1 40 67.5–68.5; 69.5–70.5 3.22 1
2 6 73–73.5 0.80 –
3 100 76–76.5;77.5–78 1.61 2
4 90 75.5–76.5; 77.5–78 2.41 2
5 382 79–81.5 4.02 3
6 0 – – 3
7 154 82.5–88 8.85 4
8 2 99–99.5 0.80 –

Fig. 8  Elk crossings asso-
ciated with elk-vehicle inci-
dent (EVI) hotspots (based 
on 95% KDE) on State 
Route 20 in Washington 
State, USA (2013–2019)

Fig. 9  Frequency of elk road crossing and elk-vehicle inci-
dents (EVI) by milepost and hotspot (HS) on State Route 20 in 
Washington State, USA (2013–2019)
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related to sub-herd HRs in this region. Considering 
range areas along with EVI data will make mitigation 
measures more effective. Both EVI and crossing data 
were clustered on SR 20 and annual totals had similar 
spatial distributions throughout our study period.

Annual totals indicated the highest numbers of 
EVIs occurred in 2012 and 2013 when elk popu-
lation estimates were at their lowest levels for the 
study period. Given the decrease in the elk popula-
tion estimate for 2015, it is possible the relatively 
aggressive conflict-related harvest that occurred in 
the 2012–2013 season caused an increase in elk road 
crossings and consequently EVIs. Our crossing data 
do not reflect this in 2013, however we had no GPS 
collars on the landscape in 2012. We suspect there 
may be a link between elk crossings and hunting/haz-
ing activities, but this is difficult to quantify given the 
length of the conflict harvest season and the effects of 
other biologically significant seasons such as rutting 
and calving. Elk Area 4941 was created to address 
human-elk conflicts in the Skagit Valley and antler-
less elk are often the target of this hunt. We found 
that 99% of EVIs and 99% of crossings occurred on 
SR 20 within the 4941 boundary. The majority of 
our GPS collars were applied in 4941, which could 
explain the crossing frequency in this area. However, 
elk collared outside of the 4941 boundary crossed SR 
20 less frequently.

We found EVI totals on SR 20 peaked during 
the months of August and September from 2012 to 
2019, which is contrary to other summarized elk-
vehicle collision data for western Washington where 
peak months were January and February (Myers 
et al. 2008). Gunson and Clevenger (2003) attributed 
increases in elk-vehicle collisions in the fall to calf 
recruitment and an overall increase in elk numbers. 
Other studies involving ungulate-vehicle collisions 
suggest an increase in collisions in late summer and 
fall due to the breeding season, migration, and onset 
of hunting seasons (Puglisi et  al. 1974; Romin and 
Bissonette 1996; Huijser et  al. 2008). In our case, 
the EVI peak months could be associated with calf 
recruitment, breeding season and the onset of harvest 
seasons.

Temporal patterns for road crossings differed from 
EVIs in terms of monthly distributions. We found 
fewer crossings occurred in June and October, pos-
sibly related to calving and rutting activities. We did 
not collar adult males so crossing patterns associated 

with adult male elk are unknown along the SR 20 
corridor. Male elk may be using the landscape differ-
ently so there are unknowns associated with mature 
bull movement and landscape use. Similar to EVI 
results, we found that the distribution of crossings 
corresponded with hours of darkness. Both EVI and 
crossings were more widely distributed over a 24-h 
period during winter months due to longer periods of 
darkness and confined to a smaller daily time window 
associated with hours of darkness during summer 
months. It is likely that EVIs along SR 20 are a com-
bination of increased elk activity during crepuscular 
and nighttime periods and reduced visibility of driv-
ers during those time periods.

Hotspot lengths were similar in size and did not 
vary annually in relative position from 2012 to 2019, 
indicating they were fairly stable and predictable on 
the landscape. Home range and core use areas were 
relatively small for sub-herds in the vicinity of SR 
20 (Sevigny et al. 2018) and elk spent much of their 
time in close proximity to the highway. Even with the 
close proximity to SR 20 and 12% of total fixes for all 
collared elk occurring ≤ 200 m from SR 20, we found 
that only 2% of fixes collected were associated with 
crossings between 2013 and 2019. Further, our 50% 
core areas for each sub-herd were located either north 
or south of SR 20 and did not occur on both sides for 
any sub-herd. While core areas for collared elk were 
associated with EVI hotspots, crossing frequencies 
were lower than we anticipated given the habitat use 
in proximity to SR 20.

Hotspots 2 and 3 were adjacent to each other and 
associated with sub-herds 3, 4, 5, and 6. We chose 
to separate these hotspots due to a gap between the 
areas with no EVIs or road crossings between 2012 
and 2019. This gap may indicate a spatial boundary 
between sub-herd ranges because there was no physi-
cal barrier preventing elk from accessing and crossing 
this segment of SR 20. Sub-herds 3 and 4 displayed a 
small amount of spatial overlap and shared the same 
segments of SR 20 within their ranges indicating 
mitigation measures in this area could impact both 
groups. We did not detect any crossings in sub-herd 6, 
however that group’s HR was adjacent to SR 20. Elk 
in this sub-herd could be crossing within hotspot 3 
and accounting for the EVIs that occurred east of sub-
herd 5′s HR. Interestingly, we found 63% of crossings 
associated with sub-herd 7 occurred west of associ-
ated hotspot 4 in a reach of SR 20 with no reported 
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EVIs. This segment of highway is relatively forested 
and curved, so drivers may reduce their speed due to 
road conditions and visibility. This reach is also near 
a posted elk-viewing area, so drivers may be more 
aware that elk crossings may occur.

Conclusions

Studies indicate that road-kill can contribute substan-
tially to population trends and changes in vital rates 
(Braden 2005; Bissonette and Rosa 2012). The EVI 
sex distribution of 42% female and 37% unknown 
indicates that EVIs along SR 20 could contribute con-
siderably to the survivorship and productivity of the 
NCEH. Not all elk involved in vehicle collisions die 
instantly on the highway and therefore recorded EVIs 
represent a minimum mortality rate associated with 
road-kill. As female elk sub-herds are likely to con-
tinue to use habitat along SR 20, mortality associated 
with road-kill should be a consideration in harvest 
modeling.

The Skagit Valley contains high quality forage 
habitat that is attractive to elk. Previous studies have 
concluded that elk demonstrate road avoidance based 
on a variety of factors including traffic, land cover, 
and road type (Ager et al. 2003; Benkobi et al. 2004; 
Rowland et  al. 2005). In contrast, our elk location 
data show sedentary female sub-herds acclimated to 
residing year-round along the SR 20 corridor. Cook 
et  al. (2013) found that elk captured in agricultural 
pastures had considerably higher body fat levels com-
pared to other coastal elk herds. These results could 
explain elk preference for floodplain pasture habitat 
and our observed small HRs for sub-herds along SR 
20.

Elk have historically resided in the Skagit Valley 
and were present even when the population was expe-
riencing declines (Davison 2002; Bender et al. 2006). 
Because these elk occupy what is believed to be 
high quality habitat, removal or drastic reduction of 
elk in the short-term could result in other sub-herds 
moving into available lowland habitat (Link 2004; 
Sevigny et al. 2018). For this reason, we should use 
EVI and crossing data to strategize mitigation plan-
ning that will reduce or prevent EVIs. In addition, 
given that 99% of EVIs on SR 20 occurred within 
the 4941 boundary, it would be worthwhile to review 

harvest and hazing related activities in relation to EVI 
occurrence.

Identifying EVI hotspots is the first step preced-
ing the development of mitigation measures to pre-
vent elk-vehicle collisions. Specific identification of 
high-risk areas will result in more effective and suc-
cessful installations of high cost mitigation efforts 
such as wildlife crossing structures. We recommend 
the installation of crossing structures in conjunc-
tion with fencing at the 4 identified hotspot locations 
on SR 20 to effectively reduce the number of EVIs, 
maintain habitat connectivity, and improve elk survi-
vorship (Bissonette et al. 2012; Gagnon et al. 2015). 
Planning for these mitigation efforts should include 
discussions on ways to reduce elk damage to private 
property along with addressing other local concerns 
to increase stakeholder support. Exclusionary fencing 
as stand-alone measure could act as a barrier within 
HRs, but short segments are effective when used in 
conjunction with crossing structures (Fairbank 2014; 
Simpson et  al. 2016). Proper placement of crossing 
structures within known home range areas will help 
facilitate elk movement across the landscape while 
reducing EVIs (Bissonette and Adair 2008). Huijser 
et  al. (2009) concluded that the benefits of crossing 
structures may exceed the associated construction 
costs for some road segments experiencing concen-
trated collisions between vehicles and large ungulates.

Other mitigation measures such as speed reduc-
tion zones, experimental lighting, and signage could 
also be effective on certain segments of SR 20. The 
speed limit within the segment of SR 20 containing 
hotspots 1–4 is 55 mph. Wang et al. (2010) concluded 
that road segments with speeds ≥ 50 mph had higher 
rates of animal-vehicle collisions and Ng et al. (2008) 
concluded that driver speed was the prime indica-
tor of deer-vehicle collisions. However, unless speed 
limits are enforced they are unlikely to significantly 
lower travel speeds. Most studies involving road-
way lighting to reduce wildlife-vehicle collisions are 
inconclusive (Huijser et  al. 2008), however a Trans-
port Canada Report (2003) stated that lighting tech-
nology was an effective mitigation measure in high 
crash locations because it offered drivers a longer 
reaction time. While artificial lighting can improve 
driver visibility, it could also deter wildlife activity 
(Shilling et  al. 2016; Ciach and Frӧhlich 2019) and 
cause road crossings to occur in new areas. Lighted 
signs in the vicinity of known hotspots may be a more 
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cost effective approach (Sullivan et al. 2004; Huijser 
et  al. 2008). Along with lighted signs, EVI hotspot 
areas may benefit from dynamic message signs that 
indicate the number of animals killed along that road 
segment (Bond and Jones 2013).

In addition to creating effective mitigation strate-
gies for each hotspot, we recommend improving EVI 
data collection on SR 20 by requiring sex information 
for all collision and carcass removal reports, install-
ing traffic counter strips, considering multi-species 
benefits in mitigation planning, continuing with elk 
GPS collar monitoring in lowland habitat, and moni-
toring EVIs in relation to damage-related harvest and 
hazing activities.
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