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ABSTRACT 

 

Crossing Corridors: Wildlife use of jumpouts and undercrossings along a highway with 

wildlife exclusion fencing 

 

Alex Joseph Jensen 

 

Roads pose two central problems for wildlife: wildlife-vehicle collisions (WVCs) and 

habitat fragmentation. Wildlife exclusion fencing can reduce WVCs but can exacerbate 

fragmentation.   In Chapter 1, I summarize the relevant studies addressing these two 

problems, with a focus on large mammals in North America. Chapters 2 and 3 summarize 

field assessments of technologies to reduce WVCs and maintain connectivity, specifically 

jumpout ramps and underpasses, along Highway 101 near San Luis Obispo, CA. In a 

fenced highway, some animals inevitably breach the fence and become trapped, which 

increases the risk of a wildlife-vehicle collision. Earthen escape ramps, or “jumpouts”, 

can allow the trapped animal to escape the highway corridor. Few studies have quantified 

wildlife use of jumpouts, and none for >2 years. We used wildlife cameras to quantify 

wildlife use of 4 jumpouts from 2012-2017. Mule deer were 88% percent of our 

detections and jumped out 20% of the time. After accounting for pseudoreplication, 33% 

of the events were independent events, and 2 groups of deer accounted for 41% of all 

detections at the top of the jumpout. Female deer were 86% of the detections and were 

much more likely than males to return to the jumpout multiple times. This is the first 

study to document use of jumpouts for more than 3 years, the first to account for 

pseudoreplication, and the first to quantify differences in jumpout use between male and 

female mule deer. We recommend a jumpout height between 1.75m-2m for mule deer to 

increase the jumpout success rate.  Chapter 3 addresses factors that may affect the use of 

undercrossings by mule deer and other wildlife. Wildlife crossings combined with 
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wildlife exclusion fencing have been shown to be the most effective method to reduce 

wildlife-vehicle collisions while maintaining ecological connectivity. Although several 

studies have quantified wildlife use of undercrossings, very few have exceeded 24 

months, and the factors affecting carnivores use of the undercrossings remain unclear. 

We quantified mule deer, black bear, mountain lion, and bobcat use of 11 undercrossings 

along Highway 101 near San Luis Obispo, California from 2012-2017. We constructed 

zero-inflated Poisson general linear models on the monthly activity of our focal species 

using underpass dimensionality, distance to cover, substrate, human activity, and location 

relative to the wildlife exclusion fence as predictor variables. We accounted for temporal 

variation, as well as spatial variation by quantifying the landscape resistance near each 

undercrossing. We found that deer almost exclusively used the larger underpasses 

whereas the carnivores were considerably less selective. Bears used undercrossings more 

that were within the wildlife exclusion fence, whereas mountain lion activity was higher 

outside the wildlife exclusion fence. Bobcat activity was highest and most widespread, 

and was negatively associated with distance to cover. Regional connectivity is most 

important for bear and mountain lion, and the surrounding habitat may be the most 

important predictor for their use of undercrossings. We recommend placing GPS collars 

on our focal species to more clearly document fine-scale habitat selection near the 

highway. 
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Chapter 1 

 

LITERATURE REVIEW: HOW ROADS AFFECT WILDLIFE AND TWO WAYS 

HUMANS HAVE TRIED TO MITIGATE THOSE EFFECTS 

 

Man holds the awesome power to alter his environment  

and the occasional ability to manage the results.  

 -Michael Puglisi (1974) 

 

INTRODUCTION 

Habitat fragmentation is one of the most harmful and ubiquitous consequences of 

human development, and in the long run, it may be just as disastrous as direct habitat 

destruction (Harris and Scheck 1991). Fragmentation is harmful because an individual 

may not be able meet all of its biological needs (i.e., finding food and/or mates) within a 

single patch in a fragmented habitat. Moving between patches exposes individuals to 

increased risks, assuming they are able to move between patches at all. At the population 

level, fragmented habitat has a higher proportion of lower quality habitat (edge effects), 

impedes recolonization and dispersal, while increasing the chances of inbreeding within 

populations (Spencer et al. 2010, Clevenger and Huijser 2011).  

While some sources of fragmentation are natural (e.g., rivers and mountain 

ranges), anthropogenic fragmentation is a major conservation concern. The effects of 

human development are wide-ranging and extensive, but none have modified the natural 

landscape like the construction and maintenance of roads (Noss and Cooperrider 1994). 

Roads are one of the most potent agents of ecological destruction worldwide, affecting 

habitat structure and wildlife populations (Forman and Alexander 1998). In 1997, roads 

covered about 1.1% of U.S. land area, with 0.6% being the actual road and 0.5% being 

the roadside (Forman et al. 2003).  
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Although roads physically cover a significant amount of land, not all roads have 

the same ecological effects. With some exceptions (such as roadkills; see below), traffic 

volume and ecological effect are positively correlated. While 80% of the roads in the 

U.S. are considered “low volume” (serving <400 vehicles/day; Forman et al. 2003), 

major roads such as highways and freeways can pose significant barriers to wildlife 

movement (Lee et al. 2012, Riley et al. 2006). Arterial roads (mainly for long distance 

travel) and highways have been focal in regard to their ecological impacts because they 

frequently cut through natural areas and serve 72% of all U.S. road travel while 

consisting of only 11% of the U.S. road system (Forman et al. 2003).  

Part I of this literature review breaks down the direct and indirect effects that 

roads have on wildlife, focusing on wildlife-vehicle collisions and habitat fragmentation. 

Part II summarizes ways that road ecologists have mitigated for these effects, with a 

focus on jumpouts and undercrossings. Included in Part II are gaps in knowledge where 

further research is needed.  

 

PART I: HOW ROADS AFFECT WILDLIFE 

The ecological effects of roads are diverse but generally fall into 4 categories: 1) 

vehicle-wildlife collision mortality; 2) loss of habitat due to the physical footprint of the 

road; 3) reduced habitat quality adjacent to roads (Forman and Alexander 1998, 

Beckmann et al. 2010); 4) habitat fragmentation due to roads’ barrier effects. Factors 1 

and 2 are physical effects that are often easier to quantify than 3 and 4.  
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Direct effects: Wildlife-Vehicle Collisions 

Wildlife-vehicle collisions (hereafter WVCs) and resulting animal mortalities 

(“roadkill”) are the most familiar and socially relevant consequences of interactions 

between roads and wildlife. In the United States, WVCs with mammals, birds, and 

reptiles were recorded as early as 1924 (Stoner 1925). As vehicular traffic has increased, 

the number of WVCs has increased as well. In Pennsylvania from 1969-1982, officials 

reported 313,338 collisions with white-tailed deer (Odocoileus virgnianus) across all 

highways (Bashore et al. 1985). In the entire United States from 1990-2004 WVCs 

increased by 50%, while deer (Odocoileus spp.) accounted for 77% of the increase 

(Huijser et al. 2007) and approximately 5% of all reported collisions (Clevenger and 

Huijser 2011). Clevenger and Huijser (2011) attributed this increase to more “vehicle 

miles traveled” and general deer population growth. Deer are often involved in 

potentially fatal WVCs due to a combination of their large size, ubiquity across the 

landscape, and the dazzling effect of headlights.  

Forman and Alexander (1998) estimated that one million vertebrates are killed on 

United States roads every day. Most of these deaths are rodents and birds, which 

reproduce faster than the rate they are killed by vehicles. Nonetheless, WVCs can be a 

significant mortality source for those species with relatively low population densities, 

which are typically large bodied, and often listed under the Endangered Species Act. 

Before 1991, WVCs accounted for ~10% of Florida panther (Puma concolor coryi) 

mortality, and ~16% of key deer mortality (Odocoileus virginianus clavium; Forman and 

Alexander 1998). By 1991, wildlife crossings were constructed to increase the highway’s 

permeability, which significantly reduced the number of WVCs with these species. In 
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Tasmania, WVCs became a significant source of mortality for Eastern quolls (Dasyurus 

viverrinus) and Tasmanian devils (Sarcophilus harrisii) after a road was widened and 

traffic speed allowed to increase (Jones 2000). Alarmingly, it has been estimated that 

only half of all large mammal collisions and virtually none of the WVCs with smaller 

species are reported (Garbutt 2009).  

There is variation across and within species when considering likelihood of a 

WVC. Metapopulation theory suggests that more mobile species would better be able to 

adapt to habitat loss and fragmentation. Yet when barriers within the habitat matrix are 

deadly, more mobile species may actually be more vulnerable to habitat loss (Clevenger 

and Huijser 2011). Generally, roadkill is nonspecific in regard to age, sex, and condition 

of individuals within a species (Bangs et al. 1989). A probable exception is mountain 

lions (Puma concolor); roads are probably the largest source of mortality for dispersing 

subadult males between 10 and 33 months (Beier et al. 1995, Hemker et al 1984, Maehr 

et al. 1991). Young dispersers are not only inexperienced, but are generally traveling 

through unfamiliar territory, and thus are more likely to be struck by a vehicle.  

Temporal Variation 

It may be intuitive that WVCs vary in space, but they also vary in time. Season 

seems to be an important predictor for carnivores. Small and medium sized carnivore use 

of culverts under roads in Portugal was highest in the spring (Grilo et al. 2008) and 

bobcat (Lynx rufus) vehicle mortality in Southern California was highest during the 

breeding season (September-March; Jennings 2013). Given that deer (Odocoileus spp.) 

are involved in most serious WVCs, several groups have documented how seasonal 

variation in their behavior might affect the rate of WVCs. Most evidence points towards 
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deer collisions being highest during the breeding season: October - December. In 

Virginia, 52% of the annual collisions with deer from 2013-2015 occurred in October and 

November alone (Donaldson et al. 2015). Similarly, two-thirds of annual deer collisions 

in New York state occurred in October-December (New York Department of Motor 

Vehicles 2006). In some cases, there were spikes in deer-vehicle collisions during both 

fall and spring. In Pennsylvania, there were significantly more deer collisions in the 

spring and fall of 1979 and 1980 than the rest of the year (Puglisi et al. 1974, Bashore et 

al. 1985). Puglisi et al. (1974) attributed these spikes to increased agitation due to hunting 

activity (in fall) and increased grazing (new vegetation next to highways) and post winter 

dispersal (in spring). WVC rate may also depend on variation in seasonal vehicular traffic 

as well. For example, roadkills in Alberta, Canada were highest in the summer months, 

due to higher animal activity and vehicular traffic levels (Clevenger et al. 2003). The 

highest rates of WVCs are during the fall, although there can be spikes during other times 

of the year depending on the focal species and human activity.   

Animal activity patterns also vary throughout the day, which could lead to 

varying collision risk. Some species exhibit crepuscular activity (most active during the 

hours around dawn and dusk), which combined with intermediate traffic levels during 

those times could lead to higher rates of collision. In Central California, Snyder (2014) 

found that collision potential was highest for mule deer (Odocoileus hemionus) during the 

morning and evening, and highest for mesocarnivores in the evening during most of the 

year, and highest in the morning during the summer. In Colorado, Siemers et al. (2015) 

also found that mule deer activity as highest during the crepuscular time periods. Lastly, 
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collision risk may go up during the night because human detection ability is probably 

worse at night.     

Human health and economics 

WVCs involving large mammals can cause substantial vehicle damage as well as 

human injury or death. Every year in the United States deer (Odocoileus spp.) cause 150-

200 human deaths, more than 29,000 human injuries, and $1.1 billion in personal 

property damage (Stull et al. 2011, Mastro et al. 2008). Several studies have quantified 

the economic cost of WVCs. As calculated by the National Highway Traffic 

Administration (Blincoe et al. 2002) a single human traffic fatality or serious injury has 

lifetime economic costs of around $1,000,000. Huijser et al. (2009) estimated that the 

average collision with a deer and a vehicle costs society $6,671, and argued that that 

measures to mitigate WVCs make economic sense not even considering the benefits to 

conservation. 

 

Indirect Effects 

The fact that roads cover 1.1% of the United States does not take into account the 

numerous effects that reach beyond the physical footprint of roadways. Forman (2000) 

estimated that roads ecologically affect 15-20% percent of the land area in the United 

States, which is the same as the combined area of Alaska (15%) and California (5%). 

Roads can have significant barrier (Poessel et al. 2014) or filtration (Clevenger and 

Waltho 2005) effects on the movement of wildlife. When roads are barriers, they can 

divide populations by physically stopping animals from crossing the road. Roads act like 

filters when they are permeable to some species yet not others, or reduce movement rates 
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across the landscape. In recent decades, traffic noise has been found to have a negative 

impact on some species (Shilling and Waetjen 2012). Birds may be most impacted by 

traffic noise, as it can interfere with vocal signaling (Forman and Deblinger 2000). Roads 

can also facilitate the spread of invasive species, promote erosion, and pollute nearby 

land and waterways (Forman et al. 2003). 

Carnivores are often more impacted by habitat fragmentation than other species 

because of their relatively large ranges, low population density, and conflicts with (and 

persecution by) humans (Crooks 2002). Thus large and medium sized carnivores have 

been focal in fragmentation research, and several studies have documented carnivores 

actively avoiding areas with roads. In Utah and Arizona, mountain lion home ranges 

tended to be in areas with lower densities of improved dirt and paved roads, suggesting 

either they either tended to avoid these types of roads or they do not tend to be built in 

prime mountain lion habitat (Van Dyke et al. 1986). In the Netherlands, high road density 

was explicitly linked to European badger (Meles meles) population declines, suggesting 

that badgers avoided disturbed habitat and vehicle collisions contributed to the decline 

(Van der Zee et al. 1992). In Southern California, bobcat home ranges were larger in 

areas that included roads, suggesting that these areas were lower quality habitat (Riley et 

al. 2003).  

Even within carnivores, there is variation in road avoidance among and within 

species. Mesocarnivores (such as bobcats) exhibit moderate sensitivity to fragmentation, 

and therefore may be the best ecological indicators of habitat connectivity because they 

can tolerate some levels of disturbance without disappearing from the landscape (Poessel 

et al. 2014). In Montana, wolverine (Gulo gulo) home ranges were not impacted by the 
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presence of highways (Hornocker and Hash 1981), and in Florida, female Florida 

panthers were more road-averse than males (Cramer and Portier 2001). Body size may be 

an important predictor of extinction probability for carnivore species within a fragmented 

ecosystem (Brown 1986, Belovsky 1987). In addition to body size, Crooks (2002) found 

that sensitivity to fragmentation was also dependent on the species’ response to urban 

development. Crooks conducted carnivore track surveys in coastal Southern California on 

different sized patches of land, and found that mountain lions tended to disappear from 

smaller and more isolated patches, coyotes (Canis latrans) were hardly affected, and the 

bobcat response was somewhere in the middle. Therefore, while body size is probably an 

important predictor, some species are less sensitive to anthropogenic fragmentation than 

others.  

Another reason carnivores have been focal in fragmentation research is their 

“keystone” role in ecosystems (Crooks and Soulé 1999), as the presence of top predators 

such as mountain lions is often an indicator of ecological integrity (Thorne et al. 2002). 

Top predators play important “top-down” roles, by controlling the quantity, activity, and 

distribution of their prey species (Ripple et al. 2014). When habitat becomes too 

fragmented for top predators, subordinate “mesopredators” can undergo “ecological 

release” and increase in quantity and activity (Crooks and Soulé 1999), which can have 

cascading effects down trophic levels. This is evidenced by the increase of raccoons 

(Procyon lotor; and deer) in areas where their predators have been removed (Thorne et al. 

2002).  

At a more local scale, road avoidance patterns can also depend on traffic volume. 

In Arizona, elk (Cervus canadensis) were more likely to be near the highway when traffic 
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volumes were low (~100 vehicles/hr; Gagnon et al. 2007), and in Banff National Park in 

Canada, grizzly bears (Ursus arctos) tended to be closer to roads with lower traffic 

volumes (Chruszcz et al 2003). Large mammals avoid higher traffic volumes for a couple 

of reasons, primarily traffic noise. Noise effects can extend several hundred meters to 

nearly 3 km in a variety of California landscapes (Shilling and Waetjen 2012). Roads that 

have a combination of intermediate traffic volume traveling at high speeds may have the 

highest rates of WVCs. Low traffic volume probably allows animals to cross safely most 

of the time, while animals simply avoid the road entirely when traffic volumes become 

too high. 

Roads can have complicated secondary ecological effects. The area immediately 

adjacent to the road (the “right of way”) can serve as important habitat and even facilitate 

movement for some species. In Pennsylvania, significant numbers of white-tailed deer 

(Odocoileus virginianus) crossed intact interstate fences to gain access to vegetation on 

highway margins when food was limited in the forest (Bashore et al. 1985). The 

population density of small mammals is sometimes positively associated with roads, 

possibly because of the relatively higher negative effects of roads on their predators 

(Rytwinski unpublished). Lastly, roadkill can be a fatal attraction for scavengers that are 

then at risk of being struck by a vehicle as well.  

In summary, roads pose two central problems for wildlife: 1) death due to being 

struck by vehicles, which can be a significant source of mortality for low density and/or 

endangered species and 2) reduced habitat size from roads acting as barriers or animals 

behaviorally avoiding roads. Part 2 will summarize ways to mitigate these effects, with a 
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focus on jumpout ramps as a relatively novel method to reduce WVCs, and 

undercrossings as the leading method to provide safe passage for wildlife across roads.  

 

Part 2: MITIGATION 

Wildlife exclusion fencing 

Transportation planners are increasingly interested in ways to mitigate the costs of 

WVCs and reduced connectivity for wildlife. Wildlife exclusion fencing has been found 

to be the most effective way to reduce WVCs. In a 2015 review, Huisjer et al. found that 

well designed, implemented, and maintained wildlife exclusion fencing can reduce 

collisions with large animals by 80-100%. A 2016 meta-analysis by Rytwinski et al. 

showed that fences reduce WVCs by 54%, with or without associated crossing structures. 

Other studies found that wildlife fencing is the most effective nonlethal method for 

reducing collisions with deer specifically (Falk et al. 1978, Clevenger and Huijser 2011).  

Despite these advantages, fencing can present additional problems. Although 

WVC rate often decreases within the fenced zone, WVCs can be clustered at fence ends 

(Clevenger et al. 2001). Further, in areas with development, gaps in fences are often 

necessary to accommodate side roads leading to homes or utility infrastructure. Gates are 

a solution for low volume side roads, although they can be left open. For higher volume 

roads, various types of wildlife guards have been tested, and seem to be more effective 

for ungulates (deer and other hooved mammals) than other taxa. For example, in 

Montana, wildlife guards (in this case – essentially cattle guards) were found to be 85% 

effective at deterring deer and 33-55% effective at deterring black bear (Ursus 

americanus) and coyote (Allen et al. 2013). Electrified mats (“Electro-mats”) are an 
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emerging technology designed to also exclude plantigrade animals (e.g., bears) and other 

species that easily cross traditional wildlife guards (Perrine 2015). Another potential 

problem is prey entrapment; there is anecdotal evidence that reported an instance where 

wildlife fencing blocked big horn sheep (Ovis canadensis) from escaping from predators 

(Huisjer et al. 2015). Lastly, cost may be a factor, wildlife fencing is expensive. 

However, Shilling and Waetjen (2015) argued that the savings in lives, injury, and 

property damage from WVCs outweigh the cost.  

 

Jumpouts 

The goal of wildlife exclusion fencing is to significantly reduce the number of animals on 

the highway, but complete elimination is impractical. Animals will enter the fenced zone 

through side roads, fence ends, or gaps. This is dangerous because the animal is now 

trapped between the road and the fence, increasing the probability of a WVC. There is 

evidence that ungulates usually travel parallel to roads before attempting to cross (Puglisi 

et al. 1974, Bashore et al. 1985), so many fencing projects also include lateral escape 

measures. One-way gates are one method primarily designed for ungulates. Passive one-

way gates allow ungulates to “push” open the gate from the inside but not the outside, 

while active one-way gates can either be opened by a patrolling wildlife manager or 

triggered by a sensor activated by an animal (Huijser et al. 2015). These one-way gates 

are generally not effective for medium or small animals, so Kruidering et al. (2005) 

designed a smaller escape gate for the European badger (Meles meles), which works like 

a one-way “doggie door”.  
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A newer solution to animals being trapped on the highway side of the fence is 

earthen escape ramps, or “jumpouts”. Jumpouts are sloped mounds of earth that angle up 

to near the height of the fence, then abruptly drop off, essentially becoming a 

continuation of the fence on the non-highway side (Figure 1.1). They are sometimes set 

back from the fence a few meters and can have auxiliary fencing that guides animals 

towards them. Jumpouts have been installed in several places across the United States, 

but only a few groups have monitored them, and none >2 years. Bissonette and Hammer 

(2000) found 1.5 m high jumpouts to be 8-11 times more effective than one-way gates for 

deer. Clevenger et al. (2002) reported use of jumpouts by deer, elk, and coyote, although 

they documented only 32 detections in 33 months. In Arizona, bighorn sheep jumped out 

96% (332/337) of the time when detected at the top of the ramp (Gagnon et al. 2013). 

Huijser et al. (2013) reported differences between two deer species using 1.7-2.4 m high 

jumpouts; 25-60% of the mule deer used the jumpouts, but white-tailed deer hardly used 

them at all. In Colorado, the addition of 11 jumpouts significantly reduced the number of 

mule deer collisions per mile per year (Siemers et al. 2015). Before installation, there 

were 1.94 collisions/mile/year, which dropped to 1.53 after installing 3 jumpouts, and to 

1.12 after 5 more were installed. They also documented 27 reversals (jumping over the 

wall and into the right-of-way) out of 2,965 visits across the 11 jumpouts. Jumpouts seem 

to be the most effective and efficient lateral escape measure, although only a few studies 

have quantified their success. All of the studies have focused on ungulates, with varying 

jump out success rates. However, none of these studies have marked individual animals 

so it is impossible to know how many individuals are returning to the same jumpout more 
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than once, which means that these rates are not based on true replicates, but instead 

“pseudoreplicates” (Hurlbert 1984).  

Ideal jumpout height is not established, and may very well be species dependent. 

This is a critical part of the design because the height of the jumpout is probably the main 

determining factor when animals are deciding whether to jumpout (at lease the first time 

they do so). The jumpout must be high enough to discourage use to enter the highway 

corridor, yet low enough that animals are willing to use it. The Arizona Department of 

Transportation (2013) recommended a height of 1.7-1.8m (any lower and elk can reverse 

the ramp), while Huijser et al. (2015) suggested jumpouts between 1.5 and 2.1m high 

appear to function best for mule deer, elk, and bighorn sheep.  

Factors other than height also likely affect wildlife use of jumpouts. In Colorado, 

distance to cover from the landing area was negatively correlated with mule deer jumpout 

success (Siemers et al. 2015). They recommend the landing area, as well as the 

surrounding 5-10 meters, be free from shrubs and other cover. Other important 

considerations are the quantity and spacing of the jumpouts. The Arizona Department of 

Transportation (2013) recommends a jumpout every 800m on both sides of the road, 

while others have recommended one every 400m (Huijser et al. 2015). There may not be 

a universal ideal spacing between jumpouts, but placement may be most effective in areas 

where animals are most likely to enter the road corridor (i.e.,, near fence ends and access 

roads).  

We know wildlife use jumpouts to escape the highway corridor, but jumpout 

success has varied in the limited number of studies that have been done. In order to 

obtain a true jumpout rate, psuedoreplication needs to be accounted for by marking 
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individual animals. Jumpout success rate is probably principally determined by the height 

of the jumpout wall, and more research is needed to determine the ideal height for 

different species, as well as what other factors are important in determining jumpout 

success. 

 

Wildlife crossings 

Although fencing has been shown to decrease WVCs (Falk et al. 1978, Clevenger and 

Huijser 2011), fencing alone surely compounds the fragmentation effect of roads. 

Therefore, fencing can be used to funnel animals towards suitable crossing structures 

(Huijser et al. 2015). Fencing combined with wildlife crossings has been shown to be the 

most effective overall strategy for reducing WVCs while maintaining ecological 

connectivity (Loberger et al. 2013). The fence should lead wildlife to the crossing 

structure (Glista et al. 2009), which often entails invaginating the fence line towards the 

road. McCollister and Van Manen (2010) found that WVCs (primarily white-tailed deer) 

within a fenced zone were lowest near underpasses and increased with distance from the 

underpasses. Donaldson et al. (2015) cited several other studies and found that crossings 

combined with fencing reduced WVCs by more than 80%. For example, in Florida, a 

culvert system integrated with a barrier wall reduced wildlife road mortality by 93.5% 

(Dodd et al. 2004). From a connectivity perspective, elk did not exhibit road avoidance 

behavior in sections of an Arizona highway with underpasses, yet did avoid the highway 

in sections without them (Gagnon et al. 2007). Ideally, managers should understand the 

relative impact of WVCs and reduced permeability when planning to mitigate their 

effects.  
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 Overcrossings and undercrossings have become the standard methods to increase 

a roads permeability. Compared to undercrossings, wildlife overcrossings are less 

common and often more expensive, yet seem to facilitate crossing by a broader suite of 

species. Sometimes referred to as “green bridges”, wildlife overcrossings are typically 

planted with natural vegetation and are generally designed to provide large mammals 

with landscape level connectivity across the road (Glista et al. 2009). Wildlife overpasses 

are probably the most effective strategy to increase permeability for ungulates. In the 

Netherlands, red deer (Cervus elaphus) and wild boar (Sus scrofa) frequently used a 

wildlife overpass; the authors suggested that the 3-fold increase in use by red deer over 

time was an indicator of adaptation (Van Wieren and Worm 2001).  

Undercrossings are far more common, and typically fall into two categories: 

culverts and underpasses. Culverts are essentially tunnels originally designed to carry 

water under roads; they vary in size and makeup from 0.3m diameter corrugated metal 

pipes to drive-through sized concrete boxes. Although drainage culverts can be retrofitted 

to promote use by wildlife (e.g., installing ledges that will remain dry; Meese et al. 2009), 

passages built for the sole purpose of facilitating animal use across the road are 

increasingly being incorporated into highway construction projects as well. Compared to 

culverts, underpasses are often taller, and much wider than culverts, thereby providing 

much less confined passage for wildlife. Not surprisingly, underpasses tend to be used by 

more species than culverts (Glista et al. 2009). Sometimes roads are built over 

waterways, which can provide a road-crossing opportunity for species traveling along the 

riparian corridor.  
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The best crossing structures would facilitate movement of a wide range of species 

(Clevenger and Waltho 2000, Cramer and Bissonette 2005), particularly those that tend to 

be road averse, and/or of conservation concern. Managers are interested in why certain 

species decide to use or not use certain types of undercrossings. Below I summarize the 

literature on what factors are useful in predicting wildlife use of undercrossings.  

 

Dimensionality 

Of the many factors that can affect wildlife use of crossing structures, the most apparent 

is the structure’s physical dimensions: height, width, and length. These factors can be 

combined into an “openness index”: 

ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑤𝑖𝑑𝑡ℎ ÷ 𝑙𝑒𝑛𝑔𝑡ℎ = Openness 

where larger values indicate a more open undercrossing (Meese et al. 2009). Ungulates 

tend to use larger, more open undercrossings. A review by Mastro et al. (2008) found that 

Mule deer were more active in undercrossings with openness indexes greater than 0.8, 

and tended to avoid anything less than 0.6. In Virginia, white-tailed deer activity was 

higher on the roadside near a box culvert compared to a bridge overpass, suggesting deer 

more readily used the overpass because they were less likely to be detected on the 

roadside near there (Donaldson et al. 2015). In Canada, deer, grizzly bear, grey wolves 

(Canis lupus), and elk also selected more open undercrossings (Clevenger and Waltho 

2005). In contrast, Clevenger and Waltho (2000) found that ungulates selected smaller, 

less open undercrossings; yet more open culverts were significantly noisier, and closer to 

human habitation which likely confounded the results. However, in a recent report also 

from Canada, Clevenger and Barrueto (2014) again found that mule deer preferred more 
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open crossing structures. Clevenger and Waltho (2005) suggested that structural 

attributes are the best predictors of large predator and prey species when there is not high 

human activity. Despite the ubiquity of the openness index in the literature, Clevenger 

and Huijser (2011) note that it is highly correlated with length, and therefore recommend 

using raw dimensions rather than the index.     

Carnivores seem to more plastic in their use of undercrossings compared to 

ungulates. Clevenger and Waltho (2000) found that, with the exception of coyotes, all 

carnivores’ activity was higher in small, less open culverts. In contrast, Grilo et al. (2008) 

found that carnivores preferred larger passages. In Banff National Park, Canada, bear and 

mountain lion activity was higher in longer and narrower underpasses (Clevenger and 

Waltho 2005), a pattern replicated for bear in a 17-year study (Clevenger and Barrueto 

2014), but not found for mountain lion. At the very least carnivores do not seem to avoid 

smaller, less open undercrossings, and may actually select for them.  

Human activity 

Human activity can influence wildlife use of undercrossings. In Spain, ungulate tracks 

were never detected in any passages underneath a railway, likely due to human activity 

(Rodriguez et al. 1996). In a 17-year study in Canada, large mammals habituated to 

vehicular traffic over time, yet remained sensitive to human use of undercrossings 

(Clevenger and Barrueto 2014). Human activity had a slight negative impact on deer and 

mountain lion use, but no impact on bear use of crossing structures. In general, carnivores 

seem to be more disturbed than ungulates by human activity; even if undercrossings are 

placed in good habitat, too much human activity may preclude their use by carnivores 

(Clevenger and Waltho 2000).  



18 

 

Temporal and spatial variation 

The natural variation in landscape use by wildlife across spatial and temporal scales 

likely affects their use of undercrossings. Depending on the region, some species vary 

their movement rate significantly throughout the year. Crossing structures are typically 

used more in warmer times of the year (Sparks and Gates 2017), due to a general increase 

in activity during the warmer months. For example, in Canada, deer and mountain lion 

activity was highest in warmer months (Clevenger and Barrueto 2014).  

Habitat suitability may be the strongest predictor of a particular species use of the 

culvert; if the culvert is in poor habitat, it is probably less likely to be used, and vice versa 

(Yanes et al. 1995, Clevenger and Waltho 2000). One way to model habitat suitability is 

based on vegetative community, topography, and human development density (including 

road density; Thorne and Huber 2011). In general, wildlife tend to use areas with flat 

slopes, and low topographic density (Alexander and Waters 2000). In Canada, mountain 

lions activity was higher in crossing structures with less vegetative cover in a 1 km radius 

around the culvert (Clevenger and Barrueto 2014). Mountain lions in particular are 

known to travel along streams that lead into undercrossings (Beier et al. 1995). In 

Southern California, bobcats and coyotes tended to use passages in areas surrounded by 

less human development (Ng et al. 2004). Andis et al. (2017) compared large mammal 

movement between arch-style underpasses and the surrounding habitat. They found that 

mule deer used the underpasses significantly more, while black bear and coyote were 

detected as expected based on movement through the surrounding habitat. Managing the 

surrounding habitat around undercrossings may be a cost-effective way to increase use by 

wildlife (Grilo et al. 2008).  
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On a more local scale, Ng et al. (2004) found that habitat type within a 250m 

semicircle on either side of passage was important for predicting use by bobcats and 

coyotes. Grilo et al. (2008) also reported that surrounding habitat, vegetation height at 

crossing entrances, and distance to forest cover were important for some carnivores. In 

Canada, distance to cover was positively correlated with use by mountain lion, grizzly 

bear, elk, and deer (Clevenger and Waltho 2005). This pattern may be inversely true for 

small to mid-sized mammals that prefer the safety of cover (Rodriguez et al. 1996). 

Likewise, Beier et al. (1995) found that mountain lions used undercrossings with “ample 

woody cover”. 

Adaptation time 

When wildlife crossing structures are installed or retrofitted, it may take some time for 

wildlife to adapt to the new infrastructure. Large mammals can take 5-6 years to adapt to 

crossing structures, although ungulates typically adapt faster than carnivores (Clevenger 

and Huijser 2011). However, monitoring studies average 17 months (Clevenger et al. 

2009), rarely long enough to capture long term adaptation. To date, only one study 

examines long term adaptation: a 17-year study by Clevenger and Barrueto (2014), who 

found that mule deer use of crossing structures increased with time up to year 8, then 

leveled off.  

Community interactions 

Little is known about how community interactions affect wildlife use of undercrossings, 

such as if competitors exhibit any avoidance of the same undercrossings, or whether prey 

species avoid undercrossings used by predators. In Florida, Foster and Humphrey (1995) 

suggest that deer avoided a particular underpass because it was frequently used by 
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Florida panther, bobcat, and humans. Little et al. (2002) found little evidence that 

predators use undercrossings as prey traps – rather, most predatory events were 

opportunistic. Moreover, undercrossings that are used more by predator or prey may 

decouple predator-prey relationships, particularly if undercrossings can serve as prey 

refuges (Clevenger and Waltho 2005). In Canada, carnivores tended to use 

undercrossings close to drainage systems, while ungulates avoided them (Clevenger and 

Waltho 2000). Also in Canada, there were positive correlations between wolf & grizzly 

bear, and wolf & deer (Clevenger and Barrueto 2014). The authors suggested that the 

former pairing indicated shared preference, while the latter may be an indication of 

predatory intentions.  

Other factors 

In an experiment on the effect of artificial light on underpass use, Columbia black-tailed 

deer (O.h. columbianus) were much more likely to use unlit sections of an underpass than 

sections lit with artificial lights (Bliss-Ketchum et al. 2016). Beier et al. (1995) reported a 

similar pattern: mountains lions tended to use undercrossings that lack artificial lighting. 

In Canada, bear used culverts that were farther away from water (Clevenger and Barrueto 

2014). In this same study, distance to water, and tree cover within a 1-km radius were 

both found to no have no impact on deer crossing use. “Clarity of exit” (being able to see 

the exit from the culvert entrance) may be important for some species (Rosell et al., 1997, 

Knapp et al. 2004).  

 In summary, ungulates and carnivores seem to select for somewhat different 

undercrossings. Ungulates use larger, more open undercrossings more than smaller, less 

open ones, while carnivores (especially large ones) either are not as affected by 
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dimensionality or select for smaller, less open undercrossings. The surrounding landscape 

probably plays a major role in determining how often different species will be near a 

particular undercrossing in the first place. Human activity likely negatively affects use of 

undercrossings by most species to some extent, albeit carnivores are probably more 

deterred than ungulates. More research is needed in how interspecific interactions are 

affecting wildlife use of undercrossings, as well as long term acclimation to retrofitted 

crossing structures.  
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Figure 1.1: Jumpout ramp along Highway 101 in San Luis Obispo County, California 

(TjCk-N site). 
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CHAPTER 2 

WILDLIFE USE OF JUMPOUTS ALONG A HIGHWAY WITH                    

WILDLIFE EXCLUSION FENCING 

 

INTRODUCTION 

Roads can pose serious problems for wildlife. At the ecological level, roads fragment 

habitat which can hinder dispersal and recolonization, increase the chance of inbreeding 

within populations, and decouple predator-prey dynamics (Clevenger and Huijser 2011, 

Spencer et al. 2010, Clevenger and Waltho 2005). At the population level, roads can 

cause significant mortality because wildlife-vehicle collisions (hereafter WVCs) often 

result in the death of the animal involved. An estimated 1,000,000 vertebrates are killed 

on United States roads every day (Forman and Alexander 1998). Most of these species 

are r-selected (like rodents and most birds), that reproduce fast enough for vehicle 

mortality to have marginal effects on their populations. However, WVCs can be a 

significant mortality source for species that are lower density across the landscape, 

typically large bodied, and sometimes listed under the Endangered Species Act. For 

example, WVCs accounted for 50% of Florida panther (Puma concolor coryi) mortality 

and were a serious mortality factor for Key white-tailed deer (Odocoileus virginianus 

clavium) before mitigation measures were put in place (Forman and Alexander 1998). 

Collisions with wildlife also affect humans. In the United States every year WVCs 

involving deer (Odocoileus sp.) cause 150-200 human deaths, >29,000 human injuries, 

and monetary damages averaging >$6,600 per collision (Huijser et al. 2009, Mastro et al. 

2008, Stull et al. 2011).  



24 

 

Various strategies have been implemented to reduce WVCs, usually by 

attempting to modify animal behavior near the road. The most successful strategy has 

been the installation of wildlife exclusion fencing combined with crossing infrastructure 

(Stull et al. 2011, Rytwinski et al. 2016). In some areas, wildlife fencing reduced WVCs 

involving large mammals by 80-100% (Huijser et al. 2015). However, despite well 

designed and maintained wildlife exclusion fencing, complete elimination of WVCs is 

impractical if animals can enter the highway corridor at the ends of the fence or via 

access roads within the fence (Clevenger et al. 2001). In these scenarios, the probability 

of a WVC in certain areas (often near fence ends and access roads) is increased because 

the animals are now trapped between the fence and the road. For example, in Canada, 

WVCs were associated with fence ends, and were actually higher than in non-fenced 

parts of the road (Clevenger et al. 2001). This same pattern was also found for wildlife in 

Montana (Huijser et al 2016).  

Several strategies have been implemented to solve this problem, such as one-way 

gates (see Huijser et al. 2015) and earthen escape ramps (“jumpouts”). Jumpouts are 

sloped mounds of earth that angle up to near the height of the fence, then abruptly drop 

off, essentially becoming a continuation of the fence on the non-highway side (Figure 

2.1). Jumpouts are designed to encourage animals to walk up the ramp and jump out to 

the safe side of the fence, while preventing them from traversing the ramp in the other 

direction. In Utah, Bissonette and Hammer (2000) compared mule deer (Odocoileus 

hemionus) use of one-way gates and jumpouts and found 1.5m high jumpouts to be 8-11 

times more effective than one-way gates. In the time since the Bissonette and Hammer 

(2000) study, several studies have examined ungulate use of jumpout ramps and the 
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associated reduction in WVCs. For example, bighorn sheep (Ovis canadensis) in Arizona 

jumped out in 96% of their detection events on the ramps (Gagnon et al. 2013), and in 

Colorado, installing jumpouts caused a significant reduction in the rate of WVCs 

involving mule deer (Siemers et al. 2015). However, important questions remain 

regarding wildlife use of jumpouts, even by closely-related species. Ideal jumpout height 

has not been standardized and may very well be species dependent (Huijser et al. 2015). 

Additionally, studies <2 years may not allow sufficient time to document how species to 

learn to use the jumpouts (Clevenger and Huijser 2011). 

The objective of our study was to quantify wildlife use of jumpouts along a major 

highway, with mule deer (Odocoileus hemionis californicus) as our focal species. 

Considering how important mule deer are from a highway safety perspective, we decided 

to investigate their activity more deeply. A preliminary analysis of the first two years 

(2012-2014) of data by Perrine (2015) revealed that deer clearly used the jumpouts, but 

this only happened 6% of the time. For this study, we expected the jumpout rate (the 

proportion that jumpout when detected at the top of the ramp) to remain below 50%, but 

to increase over time as the population became accustomed to the jumpout. Further, 

Perrine (2015) found that estimating the probability of jumping out was confounded by 

the same individuals returning day after day (“pseudoreplication”). If the same 

individuals are returning day after day, the observed proportion of events that result in 

jumping out would not be a reliable indicator of the probability of any given deer using 

the jumpout ramp, but the same individuals would instead be pseudoreplicates (Hurlbert 

1984). To our knowledge, no previous research on jumpouts has attempted to account for 

pseudoreplication as we do here.  
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We were also interested in how deer demographics relate to jumpout use. Perrine 

(2015) suspected that male and female deer were using the jumpouts differently but did 

not investigate further. We expected male deer to jump out more often than female deer, 

and juvenile deer to jump out less than adults because of the risk associated with jumping 

out. No previous research has addressed how sex and age relate to jumpout use for any 

species. 

 

METHODS 

Study Site 

Our study site was a 4 km section of US Highway 101 in San Luis Obispo County, 

California (latitude 35.365, longitude -120.638), which is a major regional transportation 

corridor with traffic volume of up to 4,000 vehicles per hour (Snyder 2014). Just north of 

the city of San Luis Obispo, the highway crosses through the Santa Lucia Mountains, an 

area dominated by natural land cover and part of the Los Padres National Forest (Figure 

2.2). The surrounding landscape is indicative of the California Woodland Chaparral 

Ecoregion, which is characterized by oak woodland and chaparral with annual and 

perennial grasslands, and relatively small amounts of riparian habitat (deVos et al. 2003). 

Here, the dominant species in oak woodland habitat are Coast live oak (Quercus 

agrifolia), Poison oak (Toxicodendron diversilobum), Toyon (Heteromeles arbutifolia), 

Ceanothus spp. (e.g., California lilac), and Artostaphylos (Manzanitas and Bearberries; 

Barbour et al. 2007). The dominant species in the Chaparral habitat are California Sage 

(Artemisia californica), Black Sage (Salvia mellifera), Coyote Bush (Baccharis 

pilularis), and Mountain Mahogany (Cercocarpus spp.; Barbour et al. 2007). The climate 
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is “Mediterranean”, with hot dry summers, mild wet winters, and substantial annual 

variation in precipitation (Sommer et al. 2007).  

Recent habitat suitability modeling has identified this area as an important 

regional and local movement corridor for large mammals such as mountain lion (Puma 

concolor), mule deer and black bear (Ursus americanus; Thorne et al. 2006, Thorne and 

Huber 2011), and roadkill surveys have indicated that this area is a hotspot for roadkills 

of these taxa (Siepel et al. 2013). To minimize large-mammal roadkills and protect 

human safety, the California Department of Transportation (hereafter, CalTrans) 

constructed a 4 km wildlife exclusion fence, including 4 2m high jumpout ramps, through 

the wildlife hotspot in April 2012 (Figure 2.2). For more details on the fencing project 

and its infrastructure, see Siepel et al. 2013 and Perrine 2015. 

Data collection 

Wildlife activity at each jumpout was monitored using Reconyx HC600 Hyperfire 

(Reconyx, Holmen, WI, USA) cameras with a motion activated trigger and infrared flash. 

Cameras were deployed continuously from July 2012 through August 2017. The cameras 

were aimed at the top of the jumpout, and set to take 3 photos per trigger event with “no 

delay” between triggers. We checked each camera monthly, which entailed swapping out 

data cards, replacing low batteries, and ensuring that the camera was aimed correctly and 

in good working order. 

Data analysis 

After reviewing the photographs, we recorded the number of detection events, 

which represented one or more individuals of the same species at a jumpout at a certain 

time. A single detection event could range from 3 photos (1 trigger) to hundreds of 
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photos. To account for potential dependence between events we set a 15-minute buffer 

period before another detection of the same species at the same site was considered a 

different event. For each event at each jumpout, we recorded the date, time, species, 

number of individuals involved, number of juveniles and adults, and how many deer had 

antlers or not. We also assigned each event one of the following 4 outcomes: 1. The 

animals approached from outside the wildlife exclusion fence and stayed outside; 2. The 

animals approached from outside and went inside (i.e., they scaled the jumpout wall to 

enter the fenced highway corridor; 3. The animals approached the ramp from inside the 

fence and stayed inside (i.e.,, they did not jump out, but rather returned back down the 

ramp toward the highway); 4. The animals approached the ramp from inside and went 

outside (i.e.,, they jumped out). Detection events with ambiguous outcomes were 

excluded from subsequent analyses. We counted animals of the same species traveling 

together as one detection event, because their activity was likely interdependent (Allen et 

al. 2013). We recorded all events consisting of large and medium sized mammals. We 

also detected birds, reptiles, rodents, rabbits, humans, and domestic cats and dogs but did 

not include them in subsequent analyses.   

In order to quantify the amount of pseudoreplication we aimed to identify 

individual deer (or groups of deer). Differentiating adult males and females during the 

months that males bear antlers was straightforward, and we could differentiate males 

from each other by antler length and point count. Male mule deer bear antlers during 

most of the year, shedding them in January or early February and starting to re-grow 

them in late spring (California Department of Fish and Wildlife 2018). There is some 

variation in the timing of antler growth and shedding, which seems to be dependent on 
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the nutritional quality of the individual’s diet (Chapman and Feldhamer 1982). Our 

photographs were consistent with the literature; antlered deer were relatively rare during 

February through April, so we removed those months from the comparative analysis. We 

used ear shape (location of folds and notches) to differentiate females from each other. It 

was nearly impossible to differentiate individuals without antlers or ear notches (e.g., 

most juveniles), and sometimes fog obscured the image. In these cases, we identified 

those individuals as novel even though some of them were likely to be pseudoreplicates. 

We categorized an individual as a juvenile if it was spotted and/or a small antlerless deer 

clearly associated with a larger doe. Data compilation, analysis, and visualization were 

completed using Microsoft Excel 2016 and JMP 13 (SAS Institute Inc., Cary, NC, USA). 

Analysis consisted of comparisons between groups of deer; we did not conduct any 

statistical tests because we pooled our data across sites and a majority of the events were 

pseudoreplicates. 

 

RESULTS 

We surveyed for a total of 7,361 nights across all 4 sites. The cameras were fully 

operational for 7,132 (97%) of these nights (Table 2.1). There were 1015 total detection 

events at the jumpouts, of which mule deer accounted for 895 (88%) of them. We also 

detected black bear, bobcat (Lynx rufus), coyote (Canis latrans), gray fox (Urocyon 

cinereoargenteus), opossum (Didelphis virginiana), raccoon (Procyon lotor), red fox 

(Vulpes vulpes), striped skunk (Mephitis mephitis) (Table 2.2). With the exception of 

mule deer (895), grey fox (57) and raccoon (12), every other species was detected less 

than 10 times. Grey fox jumped out 9 of the 57 times (16%), and reversed the jumpout 3 
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(5%) times. We never detected mountain lion, feral pig (Sus scrofa), or badger (Taxidea 

taxus) despite them being known to occur in our study area (Siepel et al. 2013, Perrine 

2015). We detected bear at the top of the jumpout 4 times, which resulted in a successful 

jumpout 1 time.  

Deer activity was relatively consistent across years with the exception of 2017 

(Figure 2.3). On average, there were 14-20 deer events per month from 2012-2016 and 4 

events per month in 2017. In 299 of the 895 (33%) deer detection events, the deer were 

detected below the jumpout ramp on the outside of the wildlife exclusion fence, but they 

never jumped up onto the ramp and into the highway corridor. In the remaining 596 

events, the deer were first detected on the ramp inside the wildlife exclusion fence. For 5 

of these, the outcome was ambiguous, so these events were excluded from further 

analysis. Of the remaining 591 events, deer jumped out in 119 (20%) of them. After 

identifying individuals from these 591 events, we found that at most 198 (34%) of them 

were independent events. In other words, at least 66% of the events could confidently be 

identified as previously documented individuals (pseudoreplicates). Of the 198 unique 

individuals or groups, 157 were detected once, 24 were detected twice, and 10 were 

detected from 3 to 7 times. There were 4 individuals/groups that were detected 10-30 

times, one group 89 times, and one group 153 times. The 6 groups that were detected >10 

times accounted for 318 (54%) of the 591 on-ramp detection events, and the last two 

groups accounted for 243 (41%) of the 591 on-ramp detection events. Nearly all of the 

activity occurred at one site (Hwy 58S), which had 553 (94%) of the 591 on-ramp events 

(Table 2.3). We did not detect the same individual or group at more than one site.  
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In order to compare use between male and female deer, we removed detections 

from February-April, (when lack of antlers made identifying sex impossible) and events 

comprised only of juveniles. A total of 473 events remained (Table 2.4). Male deer were 

detected 64 times, of which they jumped out 14 times (22%; Figure 2.4). In general, male 

deer were much less likely to return to the jumpout compared to females; of the 64 

detections, 48 (75%; Figure 2.4) were unique individuals. In other words, 16 (25%) of the 

male detections were repeat visits by the same individual(s). Five individuals were 

detected twice, 2 individuals were detected 3 times, and 2 different individuals were 

detected 4 and 5 times, respectively.  

Female deer were detected 408 times and jumped out 97 (24%) of those times 

(Figure 2.4). Female deer were much more likely to return to the jumpout than males; 

134 of the 408 (33%) events were identified as different individuals, so 67% of the events 

were repeat visits by previously-documented females (Figure 2.4). A total of 113 

individuals were only detected once, yet it is highly likely that some of these individuals 

were pseudoreplicates that could not be differentiated. The group that accounted for 153 

detections we called (“Group A”), and the group that accounted for 89 detections we 

called (“Group B”). Group A consisted of 3 adult females, and Group B consisted of a 

doe and trailing yearling. Group B jumped out 64 (72%) of those times, which inflated 

the overall proportion of successful jumpouts. Both of these groups were only detected at 

one site (Hwy58-S).  

In order to assess acclimation to the jumpouts, we looked at the long term activity 

of Groups A and B. Group A was detected from April of 2013 until August 2017 (when 

the cameras were removed). They were detected 30 out of 48 (63%) months in this 
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period, and their activity was highest in the winter months (December-February). Within 

the 30 months Group A was detected, they were detected an average of 4.4 times per 

month (SE 1.79), with a maximum of 25 detections in a single month. Group A did not 

jump out for the first 107 times they were detected on the ramp then finally did so in 

April 2016, 36 months after their first visit. They then visited the ramp 12 times without 

jumping out, then jumped out again in November 2016. After that, they jumped out in 15 

(47%) of the remaining 32 times they were detected on the ramp. On average, events for 

this group lasted 15 minutes, and 34% of events lasted 1-2 minutes. Nine events lasted 

longer than 60 minutes, and the longest event lasted 4 hours and 33 minutes. 

Group B was detected 89 times from December 2015 through March 2017. They 

were detected in 8 (50%) of the 16 months in this period, and their activity was 

concentrated in early 2016. Within the 8 months Group B was detected, they were 

detected an average of 11.1 times (SE 3.33) per month, with a maximum of 32 detections 

in one month (January 2016). During this month, Group B returned to the jumpout nearly 

every day, and sometimes multiple times per day. They did not jump out the first 2 times 

they were detected on the ramp (in December 2015), but then proceeded to jump out the 

next 3 events. These first 5 events contained only the doe, then its fawn appeared in the 

6th detection. The pair did not jump out the first time they were detected together at the 

jumpout, but then proceeded to jump out together for the following 7 events. Of the 

remaining 76 detections, they jumped out 52 times (68%), but there was no clear pattern 

across time. Additionally, sometimes this group would loiter at the top of the ramp for an 

extended amount of time during a single detection event (Figure 2.5). On average, this 

group stayed on and near the top of the jumpout ramp for 13 minutes, and 63% of events 



33 

 

lasted 1 minute or less. Four events lasted more than 1 hour, and the longest was 7 hours 

and 11 minutes.   

Four other groups of females and fawns were detected between 10 and 30 times 

each (Groups C-F, Table 2.5), totaling 75 events. These groups never jumped out. There 

were 4 other groups of deer that contained at least one buck (Groups G-I, Table 2.5), 

which accounted for a total of 15 events. Three of these groups consisted of a single buck 

and a single female, and 1 “group” was a solitary buck. In contrast to the 4 female 

groups, 2 of these “with buck” groups jumped out on their 3rd visit to the jumpout (Table 

2.5).  

 Juvenile deer were present in 142 (24%) of the 591 events that began on the ramp, 

and they jumped out 47 times (33%). However, 43 (91%) of the 47 times a juvenile was 

detected jumping out can be attributed to Group B (consisting of a doe and one trailing 

juvenile).   

 

DISCUSSION 

Jumpouts are a promising advance in reducing WVCs, but remain relatively 

untested. To our knowledge, our study is the first to monitor long enough to document 

acclimation over multiple years (Clevenger and Huijser 2011), the first to account for 

pseudoreplication, and the first to explore how intraspecific differences may influence 

jumpout use.  

Compared to deer, there were a handful of bear detections and no mountain lion 

detections. Mountain lion and bear were certainly less abundant than deer in our area, but 

we have detected them at other locations nearby (see Perrine 2015 for more details). We 
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have evidence that bear and mountain were crossing electrified wildlife guards (“electro-

mats”) near 2 of the jumpouts, and on 2 occasions bear were subsequently detected at the 

jumpout (Perrine 2015). Deer usually travel parallel to roads before attempting to cross 

(Puglisi 1974), while bear and mountain lion may try to cross sooner, thus limiting their 

chances of encountering a jumpout. Likewise, deer may feel more comfortable closer to 

the highway than mountain lion and bear (Rytwinski unpublished), and further, we have 

evidence that carnivores may use some undercrossings more than deer (Perrine 2015), 

and therefore be less likely to cross the highway itself.  

The height of the jumpout is probably the primary factor in determining the jump 

out rate, as well as how often the jumpout is reversed. The jumpout wall must be high 

enough to discourage wildlife from jumping over the wall and entering the highway 

corridor. Despite 4 reversals by mesocarnivores, we never detected a deer reversal in 299 

detections below the ramp on the non-highway side of the fence. This number probably 

underestimates deer activity at the base of the ramp because our cameras were aimed at 

the top of the ramp rather than the base. To our knowledge, only 2 other studies have 

reported ungulates reversing jumpouts, and their jumpouts were different heights from 

ours. In Arizona, desert bighorn sheep reversed 1.83m jumpouts in 44 (3%) of 1312 

detections on the outside of the fence; the reversals stopped after horizontal bars were 

added at the appropriate height above the top of the wall (Gagnon et al. 2013). In 

Colorado, there were 27 (0.9%) mule deer reversals out of 2,965 visits to their 11 

jumpouts from 2012-2014 (Siemers et al. 2015). The jumpouts in Colorado varied in 

height between 1.4m and 2m, and some had horizontal bars which raised their effective 

height from 1.8m to 2m. The bars were installed about 0.5m above the jumpout wall, and 
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were intended to raise the effective height of the jumpout from perspective of the non-

highway side without hindering animals from jumping out (Jeremy Siemers pers. 

comm.). The Arizona Department of Transportation (2013) recommends a height of 1.7 -

1.8m, and Huijser et al. (2015) suggest jumpouts 1.5m - 2.1m high appear to function 

best for mule deer, elk, and bighorn sheep. The jumpouts in our study were 2m, which 

was clearly high enough to discourage use to enter the highway corridor, yet perhaps too 

high to encourage jumping out by a majority of individuals. Ideal height may very well 

be species dependent, as different species have different jumping and climbing 

capabilities. 

In addition to its height, the texture (e.g., ease of purchase) of the jumpout wall is 

relevant for species that can climb (Clevenger and Huijser 2011). The walls of our 

jumpouts were made of plastic polymer planks buttressed by metal fence posts, which 

provided minimal purchase for climbing species. Additionally, when our jumpouts were 

first constructed they had a wooden plank that created a lip at the top of the jumpout wall 

to discourage animals from climbing or jumping in. However, this plank was removed in 

2015 after we obtained photo sequences that suggested that the flexion of the board may 

have deterred deer from standing on it to jump out. We cannot conclusively determine 

whether removing the plank had any effect on the jumpout rate because it is confounded 

by pseudoreplication.  

If the wildlife exclusion fence had worked perfectly, there would have been no 

deer detected on top of any of the jumpout ramps. We did not expect this, and indeed, 

deer did enter the highway corridor somehow and accessed all 4 jumpouts. Not 

accounting for pseudoreplication, deer jumped out about 20% of the time. This is a 
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similar to a study in Canada that documented successful “escapes” by deer (19%), elk 

(67%), and coyote (25%), however, there were only 33 total detections across these 3 

species (Clevenger et al. 2002). Subsequent studies have reported higher rates of jumping 

out. For example, in Arizona, bighorn sheep jumped out using 1.83m jumpouts 95% (322 

of 337 events) of the time (Gagnon et al. 2013), and in Colorado, mule deer jumped out 

51.5% (1333/2588) of the time using 1.3-2m jumpouts during a 2 year study (Siemers et 

al. 2015). The wide variation in jumpout height for the Siemers et al. (2015) study was 

due in part to the addition of horizontal bars which raised the effective height of the 

jumpout. Further, there appear to be differences between the 2 deer species in the U.S.: a 

study in Montana found that mule deer were 17 times more likely to jump out than white-

tailed deer (Huijser et al 2013). However, these studies did not account for 

pseudoreplication, which could have potentially inflated the ratio of successful escapes in 

those studies. 

Ideally, we would have liked to explore relationships between successful jumpout 

use and characteristics of the jumpouts. Unfortunately, this was impossible given our 

sample size of 4 jumpouts. A study in Colorado with 11 jumpouts was able to quantify 

some relationships, and suggested that the presence of a guide fence, shrubs closer to (but 

not in) the landing area, and proximity to the highway all positively affected jumpout 

success (Siemers et al. 2015). Location and spacing of jumpouts may be just as important 

as characteristics of the jumpouts themselves. The Arizona Department of Transportation 

(2013) recommended a jumpout every 0.8km on both sides of the road, while others have 

recommended one every 0.4km (Huijser et al. 2015). Our jumpouts were ~3.2km apart on 

one side of the highway and ~1.6km apart on the other side. There may be no universal 



37 

 

ideal spacing between jumpouts, but placement may be most effective in areas where 

animals are most likely to enter the road corridor (i.e., near fence ends and access roads).  

Group dynamics 

If the same individuals return to the same jumpout multiple times, those events 

are not independent, but instead pseudoreplicates. We identified at least 386 (66%) of the 

584 deer detection events as individuals or groups that returned to the same jumpout 

more than once. In fact, just two groups of deer (totaling 5 individuals) accounted for 

47% of the deer detections over 5 years. This phenomenon is not unique to this project: in 

Georgia, a single individual white-tailed deer accounted for >50% of 1,400 highway 

crossings recorded in one year (Stickles et al. 2015).  

 Group A consisted of three female deer. This group was not always together; a 

single deer identified by a unique ear notch pattern was detected more often than the 

other two, but they were all detected together frequently enough to warrant grouping. In 

comparison, Group B (more details below), was detected less frequently yet over a period 

of time that was three times as long (51 vs. 16 months). Group A in particular appeared to 

“learn” to use the jumpout. They were detected at the jumpout 107 times in 3 years 

before jumping out for the first time. During the last 10 months of the study, they jumped 

out 15 (47%) of 32 times suggesting that they had grown somewhat comfortable with this 

behavior.  

Group B consisted of a doe and yearling pair that would return to the same 

jumpout day after day. Apparently, the jumpout became a part of their daily movement 

patterns. This pair foraged at the top of the jumpout, and even bedded down at times. In 

contrast to Group A, this pair jumped out more often and jumped out for the first time in 
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the first few visits to the jumpout. It’s possible they felt threatened during the first jump 

outs, then learned that they could safely jump out after that. A more likely explanation is 

that once the doe learned that jumping out was safe, her fawn simply followed suit. The 

raised ramp provided food, visibility in all directions, and the option to return down the 

ramp or jump out depending on where the deer might feel threatened.  

We answered the question of whether deer used the jumpouts rather quickly; after 

the first week of monitoring we obtained photo sequences of a deer using one of the 

jumpouts to escape the highway corridor. Using Groups A and B, we were able to 

explore long term acclimation to the jumpout that these groups used. Interestingly, these 

two groups’ long term patterns were quite different: Group A appeared to learn to use the 

jump out, while Group B starting jumping out relatively soon after their initial detection. 

Monitoring for 5 years gave us previously unknown insight into how resident deer use 

jumpouts over an extended time, since large mammals can take 5-6 years to acclimate to 

new highway infrastructure (Clevenger and Huijser 2011). 

Deer behavior  

Deer in our area are most likely non-migratory, staying in the same general 

vicinity while taking advantage of different microclimates within their home range 

(Taber and Dasmann 1958). Further, deer home ranges tend to be relatively small; studies 

on other subspecies of Mule deer have found that they range from 0.5 – 3 km2, with 

males having larger home ranges than females (Harestad and Bunnel 1979). In general 

mule deer are habitual animals, which includes their daily activity patterns (Chapman and 

Feldhamer 1982). This probably explains why Group B would return to the jumpout day 

after day: they incorporated it into their daily activity pattern. Further, there can be 
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significant variation in behavior between individual deer (Chapman and Feldhamer 

1982), which is potentially why some groups would return to the jumpout over and over 

and others were only detected once.  

Except for during the mating season, male and female deer are generally 

segregated from each other (Main and Coblentz 1990). The leading hypothesis is that this 

is primarily due to sex-specific strategies to maximize fitness. In Oregon, female mule 

deer tended to use areas with low coyote activity, security benefits, palatable browse 

resources, and proximity to water, whereas males used areas that optimized foraging 

opportunities (more biomass and species richness of forbes; Main and Coblentz 1996). 

The factors that are associated with female space use are all likely to maximize offspring 

survival. Roads can have a stronger negative effect on predators than their prey species, 

which may be a factor in why small mammal population density can be positively 

associated with roads (Rytwinski unpublished), and possibly why female deer (and their 

fawns) were detected more frequently at the jumpouts in our study.   

Management Implications 

Jumpouts have been shown to be effective escape opportunities for large 

mammals. Based on our data in the context of previous research, we recommend a 

jumpout height lower than 2m, but probably not lower than 1.75m for mule deer (similar 

to Huijser et al. 2015), yet the ideal height might very well be different for other species. 

Jumpouts slightly lower than 2m may increase jumpout rate while still discouraging 

animals from jumping in. The addition of horizontal bars seems to decrease how many 

animals reverse the jumpout, while still allowing them to jump out safely, (Gagnon et al. 

2013) but more research is needed into what factors contribute to successful jump outs. 
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Jumpout use by one group of deer suggests that they may acclimate to the jumpouts over 

time. A necessary step is to radio collar individual animals to quantify habitat selection 

and determine how animals are using the landscape near and around the highway so that 

jumpout placement could be optimized. This true for deer, as well as mountain lion and 

bear, especially given the amount of individual variation in behavior in deer we have 

described above.  
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Table 2.1: Camera performance across all 4 sites. “Day active only” indicates that the 

camera was not functional at night due to flash failure.  

 

Site Total Survey Nights Active Not active Day active only 

Hwy58-N 1840 1840 0 0 

Hwy58-S 1840 1698 25 117 

Wat-Dist 1840 1779 61 0 

TjCk-N 1841 1815 26 0 

Total 7361 7132 112 117 
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Table 2.2: The number (%) of detection events per species by site. These numbers are 

irrespective of group size.  

 

Species TjCk-N Hwy58-N Hwy58-S Wat-Dist Total 

Bobcat 1 (16%) 0 4 (67%) 1 (16%) 6 

Bear 2 (40%) 1 (20%) 0 2 (40%) 5 

Coyote 1 (16%) 1 (16%) 4 (67%) 0 6 

Mule deer 102 (11%) 157 (18%) 573 (64%) 83 (9%) 887 

Grey fox 38 (67%) 0 15 (26%) 4 (7%) 57 

House cat 3 (68%) 1 (16%) 0 1 (16%) 5 

Opossum 2 (29%) 0  2 (29%) 3 (43%) 7 

Raccoon 7 (58%) 1 (8%) 1 (8%) 3 (25%) 12 

Red fox 2 (100%) 0 0 0 2 

Skunk 0 0 2 (100%) 0 2 

Turkey 0 3 (38%) 5 (62%) 0 8 

? - Unidentifiable 0 14 (93%) 1 (7%) 0 15 

Total 158 178 607 97 1007 
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Table 2.3: Number (%) of deer detection events by site. 4 different outcomes relative to 

the wildlife exclusion fence: II means approached from inside and stayed inside (did not 

jump out), IO means approached from inside and went outside (jumped out), OO means 

approached the jumpout from outside and stayed outside, I? means the event started on 

the inside (on top of the jumpout ramp) but the outcome was ambiguous, and OI means 

approached the jumpout from outside and jumped in.  

Site 

Number of 

Deer Detection 

Events 

Outcome 

II IO OO I? OI 

Hwy 58-N 157 33 (21%) 6 (4%) 118 (75%) 0 0 

Hwy 58-S 553 410 (74%) 109 (20%) 29 (5%) 5 (1%) 0 

Wat-Dist 83 6 (7%) 2 (2%) 75 (90%) 0 0 

TjCk-N 102 23 (23%) 2 (2%) 77 (75%) 0 0 

Total 895 472 (53%) 119 (13%) 299 (33%) 5 (1%) 0 
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Table 2.4: Outcomes of events that began at the top of the jumpout ramp for male and 

female deer. II means approached from inside and stayed inside (did not jump out), and 

IO means approached from inside and went outside (jumped out). Detections during the 

months of February, March, and April were removed. 

 

  Female Male 

Site Total II IO II IO 

Hwy58-N 36 17 (47%) 1 (3%) 14 (39%) 4 (11%) 

 

Hwy58-S 

 

447 

 

312 (70%) 

 

101 (23%) 

 

28 (6%) 

 

6 (13%) 

 

Wat-Dist 

 

8 

 

1 (13%) 

 

0 

 

5 (63%) 

 

2 (24%) 

 

TjCk-N 

 

19 

 

14 (74%) 

 

0 

 

3 (16%) 

 

2 (11%) 
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Table 2.5: Initial outcomes and jumpout ratios of 10 groups of deer detected multiple 

times. Groups A-F are composed of females and juveniles that were detected at least 10 

times, groups G-J have a male deer in the group and were detected multiple times. IO 

indicates events where the group successfully jumped out.   

 

Group Detections IO IO% 

First 

Event 

Events 

until IO Composition 

A 153 17 11 II 107 3 adult females 

B 89 64 72 II 2 Doe and trailing yearling 

C 28 0 0 II Never 2 adult females 

D 24 0 0 II Never 2 adult females and 1 fawn 

E 12 0 0 II Never 3 adult females 

F 11 0 0 II Never 2 spotted fawns 

G 5 0 0 II Never Buck and female 

H 4 1 25 II 2 Buck and female 

I 3 0 0 II Never Buck and female 

J 3 1 33 II 2 Buck 
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Figure 2.1: Jumpout ramp along Highway 101 in San Luis Obispo County, California 

(TjCk-N site). 
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Figure 2.2: Four jumpouts along Highway 101 between San Luis Obispo and Atascadero, 

California. The wildlife exclusion fence is 4 km long.  
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Figure 2.3: Deer activity at all 4 jumpouts irrespective of group size.  
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Figure 2.4: Comparison of male and female deer with the months of February-April 

removed. Total detections only includes events that started at the top of the ramp. Red 

bars indicate how many groups/individuals jumped out, and green bars indicate how 

many detections were unique groups/individuals.  
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Figure 2.5: Male deer about to jump out at the Hwy58-S site.  
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Figure 2.6: A doe and yearling fawn pair (Group B) bedded down the Hwy58-S jumpout. 
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CHAPTER 3 

WILDLIFE USE OF UNDERCROSSINGS ALONG A HIGHWAY WITH     

WILDLIFE EXCLUSION FENCING 

 

INTRODUCTION 

Roads have significant ecological impacts, including direct and indirect effects 

upon wildlife populations and habitat structure (Forman and Alexander 1998). Wildlife-

vehicle collisions (hereafter WVCs) and the associated injuries and deaths to both wild 

animals and humans are the most apparent effects. It has been estimated that 1,000,000 

vertebrates are killed on United States roads every day (Forman and Alexander 1998). 

The majority of these deaths are small, r-selected taxa like rodents and songbirds, which 

can reproduce faster than the rate they are killed by vehicles. However, for species that 

are less abundant (often large bodied and k-selected taxa), WVCs can be a significant 

population-level mortality factor. For example, 50% of Florida panther (Puma concolor 

coryi) mortality, and a significant proportion of Key white-tailed deer (Odocoileus 

virginianus clavium) mortality was attributed to WVCs before safe crossing opportunities 

were constructed (Forman and Alexander 1998). WVCs involving large-bodied mammals 

such as deer (Odocoileus sp.) also affect human safety; every year in the United States 

deer-vehicle collisions cause >29,000 injuries (about 80 per day), 150-200 human deaths, 

and damages averaging >$6,600 per collision (Mastro et al. 2008, Huijser et al. 2009, 

Stull et al. 2011).  

In addition to direct mortality, roads can be significant barriers (Poessel et al. 

2014) or filters (Clevenger and Waltho 2005) to the movement of wildlife. Forman 

(2000) estimated that 15-20% of U.S. land is ecologically affected by roads. Animals 
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may not only hesitate to cross roads when encountered, but actively avoid them as well. 

Further, large mammals (especially carnivores) are vulnerable to habitat fragmentation 

because of their relatively large home ranges, lower population densities, and conflicts 

with humans (Crooks 2002). For example, in the Southwest U.S., mountain lion (Puma 

concolor) home ranges tended to be in areas with relatively lower densities of improved 

dirt and paved roads (Van Dyke et al. 1986). Similarly, in the Netherlands, high road 

density was explicitly linked to European badger (Meles meles) population declines, 

which was attributed to avoidance of disturbed habitat as well as vehicle mortality (Van 

der Zee et al. 1992).  

Various mitigation measures have been used to modify animal behavior to reduce 

WVCs. Wildlife exclusion fencing has been found to be the most effective (non-lethal 

control) method for reducing collisions with deer (Clevenger and Huijser 2011). Despite 

reducing WVCs, wildlife fencing may further decrease a road’s permeability for wildlife; 

therefore, it is suggested that fencing be designed to funnel animals towards crossing 

structures (Huijser at al. 2015). In some areas, well designed, implemented, and 

maintained wildlife exclusion fencing combined with wildlife crossings has resulted in an 

80-100% reduction in WVCs involving large mammals (Huijser et al. 2015).  

Wildlife overcrossings and undercrossings have become the standard methods to 

increase road permeability. When compared to undercrossings, overcrossings seem to be 

used by a broader suite of species, although they are less common probably due to being 

more expensive to build (Clevenger and Waltho 1999, Van Wieren and Worm 2001). We 

categorize undercrossings into two categories: culverts and underpasses. Culverts are 

usually originally designed to carry water under roads, although they can be retrofitted or 
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even built for the purpose of wildlife use. They can vary in size and composition from 

0.3m corrugated pipes to 4mx4m concrete box culverts. In contrast, underpasses are often 

taller, and much wider than culverts, providing much more open passage for wildlife. 

Further, underpasses are often built over natural substrate (as opposed to culverts which 

are often concrete or metal), which probably further facilitates wildlife use. As with the 

overcrossings, underpasses tend to accommodate a wider suite of species than culverts 

(Glista et al. 2009).  

Our objective was to determine which factors are related to use of undercrossings 

by mule deer (Odocoileus hemonius californicus), black bear (Ursus americanus), 

mountain lion (Puma concolor), and bobcat (Lynx rufus). We chose deer as a focal 

species because a combination of their large size and abundance make them a significant 

safety concern for drivers. Mountain lion and bear are also a concern from a human 

safety standpoint, and regional connectivity is important for these wide-ranging species. 

Bobcats were a focal species because they can be an ecological indicator species for 

habitat fragmentation in California (Jennings 2013) by providing insight into connectivity 

on a sub-regional scale, and are representative of the mesocarnivore guild, which plays 

important ecological roles such as mediating trophic cascades (Roemer et al. 2009).  

Many studies have documented wildlife use of undercrossings, but far fewer have 

attempted to correlate use with features of the undercrossings. Several studies have found 

that deer use larger and more open undercrossings (Mastro et al. 2008, Clevenger and 

Waltho 2005), and we expected to find these same patterns in our study area (see below). 

However, despite decades of research, it is still unclear which factors are associated with 

use by carnivores in particular. Some studies have found that large carnivores used 
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smaller and longer undercrossings more than larger and shorter ones(e.g., Clevenger and 

Waltho 2005), but the associations were not as consistent as for deer. We expected 

mountain lion and bear to use smaller culverts more than larger ones, and surrounding 

habitat to have an effect on use. We expected bobcats to use smaller culverts more than 

larger culverts.  

Most wildlife crossing monitoring projects may not be long enough to account for 

yearly variation and wildlife acclimation. The average monitoring duration of wildlife 

crossing projects is 17 months, while some species can take 5-6 to adapt to new 

infrastructure in their enviroment (Clevenger and Huijser 2011). We monitored most of 

our undercrossings for more than 4 years, and all but one for 2 years or more, which 

allowed us to account for yearly variation as well as long term acclimation to wildlife 

exclusion fencing.  

 

METHODS 

Study site 

Our study was along a 19.3 km section of U.S. Highway 101 in San Luis Obispo 

County, California (latitude 35.365, longitude -120.638), between the cities of San Luis 

Obispo and Atascadero (Figure 3.1). In this region, Highway 101 is a major regional 

transportation corridor, with traffic volume of to 4,000 vehicles per hour (Snyder 2014). 

Just north of San Luis Obispo, the highway passes through the Santa Lucia mountains, 

which is part of a relatively narrow band of the Los Padres National Forest. The 

surrounding landscape is representative of the California Woodland Chaparral Ecoregion, 

which is characterized by oak woodland and chaparral communities, interspersed with 
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annual and perennial grasslands, and some riparian habitat (deVos et al. 2003). Here, the 

oak woodland habitat is composed of Coast live oak (Quercus agrifolia), Poison oak 

(Toxicodendron diversilobum), Toyon (Heteromeles arbutifolia), Ceanothus spp. (e.g., 

California lilac), and Artostaphylos (Manzanitas and Bearberries; Barbour et al. 2007). 

The dominant species in the Chaparral habitat are California Sage (Artemisia 

californica), Black Sage (Salvia mellifera), Coyote Bush (Baccharis pilularis), and 

Mountain Mahogany (Cercocarpus spp.; Barbour et al. 2007). The region’s climate is 

“Mediterranean”, with hot dry summers, mild wet winters, and considerable annual 

variation in precipitation (Sommer 2007).  

Computer modeling has identified this area as an important regional and local 

movement corridor for mountain lion, mule deer and black bear (Thorne et al. 2006, 

Thorne and Huber 2011), and field surveys have indicated that this area is a hotspot for 

roadkills of these taxa (Siepel et al. 2013, Shilling and Waetjen 2015). In particular, the 

roadkills were concentrated in a 4km section of the highway where the surrounding 

habitat was relatively forested, and the computer models indicated higher levels of 

landscape connectivity for our focal species. To minimize large-mammal roadkills and 

protect human safety in this area, the California Department of Transportation (hereafter 

CalTrans) constructed a 4 km wildlife exclusion fence along the roadkill hotspot that was 

completed in April 2012 (Siepel et al. 2013; Figure 3.1).  

Data collection 

There were dozens of undercrossings along Highway 101 within and adjacent to 

the wildlife exclusion fence zone. Since our focal species were medium to large sized 

mammals we chose to document activity in only those with a width and height ≥1.2 m (4 
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ft) that were not clogged by debris. These criteria were met by 11 undercrossings (9 

culverts and 2 underpasses) between San Luis Obispo and Atascadero. Of these, 4 of the 

culverts were inside the wildlife exclusion fence zone, 5 were outside, and the 2 

underpasses were at the ends of the fenced zone. 

Wildlife activity at each undercrossing was documented using Reconyx HC600 

Hyperfire (Reconyx, Holmen, WI, USA) or Bushnell TrophyCam HD (Bushnell Outdoor 

Products, Overland Park, KS, USA) wildlife cameras with a motion activated trigger and 

infrared flash. We programmed each Camera to take 1-5 photos per trigger depending on 

the site. Data collection began in Fall 2012; 5 sites were monitored continuously until 

Fall 2017, and the other 6 were monitored for less time due to theft or risk of theft (Table 

3.1). In general, one camera was mounted near the center of each culvert to document 

animals passing through the culvert, although this did not allow us to quantify how many 

animals approached the culvert and decided not to enter. However, at one site (Woods) 

the camera was mounted at one end facing the nearest entrance. Underpasses, being 

larger and wider, required multiple cameras to document wildlife use: 2 cameras at the 

railroad undercrossing (RR) site, and 3 cameras at the Santa Margarita Creek (SM) site. 

We checked the cameras every 4-6 weeks, which entailed swapping out data cards, 

replacing low batteries, and ensuring the camera was properly aligned and in good 

working order. 

Data Analysis 

After reviewing the photographs, we recorded the number of detection events, 

which represented one or more individuals at an undercrossing in a certain time frame. A 

single detection event could range from 1 photo to hundreds of photos. For each animal 
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detection event at a site, we documented the date, start time and end time, species, 

number of individuals, and age class (adult or juvenile). For deer we also noted whether 

each individual had visible antlers or not. We counted animals of the same species 

traveling together as one detection event, because their activity was likely interdependent 

(Allen et al. 2013). To account for potential dependence between events we set a 15-

minute buffer period before a detection of the same species at the same site was 

considered a different event. We recorded each camera’s performance by month and 

excluded months when the camera was active for < 10 nights. We excluded photos from 

periods when the camera was inactive or otherwise malfunctioning (i.e., diurnal photos 

when the camera failed to flash at night). Reasons the camera was inactive included 

battery failure, full data cards, theft, and being knocked off aim.  

 Our dependent variable was the count of detections of a particular focal species 

per site per month. We chose 9 predictor variables: YEAR, SEASON, LANDSCAPE 

RESISTANCE, LENGTH, OPENNESS, DISTANCE TO COVER, SUBSTRATE, 

whether the undercrossing was in the wildlife exclusion FENCE zone, and HUMAN 

ACTIVITY. We used YEAR and SEASON in every model in order to account for 

temporal variation among and within years. We collected data in 6 different years: 2012-

2017. SEASON had four categories: Winter (December-February), Spring (March-May), 

Summer (June-August), and Fall (September-November).  

 We used LANDSCAPE RESISTANCE in every deer, bear, and mountain lion 

model to account for the likelihood of deer, bear, and mountain lion being near the 

culvert entrances in the first place. Habitat suitability can sometimes be the strongest 

predictor of a particular species use of undercrossings (Yanes et al. 1995, Clevenger and 
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Waltho 2000). No matter the species, if the undercrossing is in poor habitat, it is probably 

less likely to be used, and vice versa. In our case, LANDSCAPE RESISTANCE was 

modeled based on vegetative community, road density, and topography (Thorne and 

Huber 2011). We expected a higher value of LANDSCAPE RESISTANCE to indicate 

lower activity of a given focal species in that area. We followed the same assumption as 

Clevenger and Waltho (2000); namely, that each individual is aware of every 

undercrossing and can choose based on attributes alone. We used ArcMAP 10 (ESRI, 

Redlands, CA, USA) to create a 500m (same distance as Grilo et al. 2008) habitat buffer 

zone around each culvert center. We then split each circle in half using the “split 

polygons” tool with a Highway 101 layer (CalTrans California Highways) buffered by 20 

meters to account for the right of way. We received landscape resistance surfaces for 

mountain lion, deer, and bear from Thorne and Huber (2011), and used the “Zonal 

Statistics” tool to find the average resistance value within each buffer zone (Table 3.2b). 

We chose the higher of the 2 resistance values for each undercrossing to be conservative, 

assuming that the higher value would be the most biologically relevant. Two culverts 

(58N and 58S) were in series with a 20m uncovered drainage between them, so for these 

sites, we used the polygon on the east side of the highway for the culvert under the 

northbound lanes, and the polygon on the west side of the highway for the culvert closer 

to the southbound lanes. A resistance surface was not made by Thorne and Huber (2011) 

for bobcats because they are not a species of concern from a highway safety standpoint 

and landscape-level connectivity is not as important for bobcats as it is for our other focal 

species (Crooks 2002, Jennings and Lewison 2013). 
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Undercrossing dimensionality has been shown to be an important predictor of 

wildlife activity (Clevenger and Waltho 1999, Mastro et al. 2008). We quantified 

undercrossing dimensionality by measuring the length, width, and height of each 

undercrossing (Table 3.2a). At two culverts the height was slightly different at each 

entrance so we averaged the two values. For the two underpasses we used Google Earth 

Pro (Google Inc. Mountain View, CA USA) to measure length and width, and used a tape 

measure to measure the height. Even though the highway was divided above each 

underpass we included the section between the northbound and southbound lanes in the 

length measurement. We used these values to calculate “openness” (Reed and Ward 

1985), an index combining height, width, and length into a single value: 

Openness = (ℎ𝑒𝑖𝑔ℎ𝑡 × 𝑤𝑖𝑑𝑡ℎ) ÷ 𝑙𝑒𝑛𝑔𝑡ℎ 

We also measured the shortest distance to cover from each culvert entrance, and 

averaged those two values for each site (Table 3.2a). We defined cover as any vegetation 

that was at least 1m high and was dense enough to reasonably shelter a medium sized 

animal (like a bobcat). At 1 culvert (N 10.0), there was no cover within 100m of either 

entrance, and both underpasses were too wide to have an “entrance”; for these cases, we 

set the DISTANCE TO COVER to twice the longest distance to cover measured at any 

other site. For SUBSTRATE, we recorded the predominant substrate type in each 

undercrossing, as either concrete or natural sediment (Table 3.2b). Location relative to 

the wildlife exclusion fence refers to whether or not the undercrossing was located 

between the two ends of the wildlife exclusion fence (Table 3.2b). Human activity was 

quantified in nearly the same way as our focal species (Table 3.2b). Because it was much 

easier to differentiate humans from each other, we used a 6-hour buffer before identifying 
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the same individual as a new event. We did not include members of our field team 

checking the cameras because this was consistent across all sites. We also recorded 

whether the culvert’s exit could be seen from its entrance, but decided to remove it from 

the analysis because only one culvert was not see through.  

We built zero-inflated Poisson regression models (Lambert 1994) to determine 

which factors were associated with undercrossing use by our focal species. YEAR, 

SEASON, and LANDSCAPE RESISTANCE were included in all deer, bear, and 

mountain lion models. An example model for deer would be YEAR, SEASON, 

LANDSCAPE RESISTANCE, LENGTH with underpass length being the variable of 

interest in this case. YEAR and SEASON were included in all bobcat models, so an 

example model would be YEAR, SEASON, LENGTH with length as the variable of 

interest. We considered standardizing each month using active nights to control for 

variation in survey effort, but this variance was so minimal (75% of months had 30 

survey days, 90% of months had 28 survey days), that we decided this was not necessary. 

We fit zero-inflated Poisson regressions on the count of each of our focal species with the 

following factors as predictors: LANDSCAPE RESISTANCE, LENGTH, OPENNESS, 

AVERAGE DISTANCE TO COVER, SUBSTRATE, LOCATION RELATIVE TO 

FENCE, and HUMAN ACTIVITY. We used a zero-inflated Poisson model because our 

data were count-based and we had a significant number of months where we did not 

detect a particular focal species.  

With the exception of deer, we ran each of our models twice, once with all 

undercrossings included and the second time after removing the underpasses. The 

underpasses were removed in the 2nd suite of models because they were so fundamentally 
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different in structure and dimensionality than the culverts. For deer, we only ran models 

with underpasses included because deer were almost solely detected at those two 

locations (95.7% of detections). Significance was determined at the 0.05 level, and all 

data analysis was completed in JMP 13 (SAS Institute Inc., Cary, NC, USA).  

 

RESULTS 

Across our 11 sites, the cameras were active a total of exactly 15,000 survey 

nights. There was variance in survey effort due to battery failure, theft, or fear of theft of 

our cameras (Table 3.1). At the maximum, several sites were monitored continuously 

during our 5-year study period (~1800 nights), and at the minimum one site was 

monitored for only 7 months (207 nights; Santa Margarita Creek underpass) due to theft. 

Across all 11 sites, we acquired 2,015 detections of our four focal species. Bobcat were 

most frequently detected (n=1,231), followed by deer (n=610), then bear (n=142) and 

mountain lion (n=32).  

Mountain lion were detected at 6 of 11 sites, with one site (N3.1) accounting for 

46.9% (15/32) of all detections (Table 3.5a). Bear were detected at 8 sites (Table 3.5b), 

and most sites averaged 1 bear detection every 1-3 months. Deer were also detected at 8 

sites (Table 3.5b), with 95% (581/610) of deer detections occurring at the two 

underpasses, where they were detected once every 1-2 days on average. Deer were 

detected at 5 of the culverts <5 times each despite them being monitored for longer than 

the underpasses. Bobcats were detected at every site, but with considerable variation in 

activity between sites, ranging from only 2 detections in 4 years of monitoring (at 58N), 

to averaging 9 visits per month (at N3.1; Table 3.5a). 
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Landscape resistance 

In the models with all undercrossings included, there was no evidence for an 

effect of LANDSCAPE RESISTANCE on mountain lion (p=0.411), or deer (p=0.3026) 

activity, yet LANDSCAPE RESISTANCE had a negative effect on bear activity 

(p=0.0003). After removing the underpasses, there was still no evidence for an effect of 

LANDSCAPE RESISTANCE on mountain lion activity (p=0.250), and the negative 

effect on bear activity remained (p=0.0006). 

Dimensionality 

To avoid collinearity in our model, we removed HEIGHT and WIDTH from the 

analysis because they were significantly (>0.7) correlated with OPENNESS (Figure 3.2). 

The all-undercrossings models indicated no evidence for an effect of OPENNESS on 

mountain lion activity (p=0.270) or bear activity (p=0.062), but OPENNESS was 

positively related to deer activity (p<0.0001) and negatively related to bobcat activity 

(p<0.0001). In the culvert-only models, there was still no evidence for an effect of 

OPENNESS on mountain lion activity (p=0.176) or bear activity (p=0.124), and a 

positive effect on bobcat activity (p<0.0001). In the models with all undercrossings 

included there was no evidence for an effect of LENGTH on mountain lion activity 

(p=0.726) or bear activity (p=0.091), a negative effect on deer activity (p<0.0001), and a 

positive effect on bobcat activity (p=0.0027). In the culvert only models, LENGTH had a 

positive effect on mountain lion activity (p=0.005), and no evidence for an effect on bear 

(p=0.485) or bobcat (p=0.443) activity. 
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Distance to cover and substrate 

The all-undercrossings models indicated no evidence for an effect of DISTANCE 

TO COVER on mountain lion activity (p=0.263) or bear activity (p=0.887), a positive 

effect on deer activity (p<0.0001), and a negative effect on bobcat activity (p<0.0001). In 

the culvert only models, there was still no evidence of an effect of DISTANCE TO 

COVER on mountain lion activity (p=0.145) or bear activity (p=0.102), and had a 

negative effect on bobcat activity (p<0.0001).  

In the all-undercrossings model, mountain lion (p=0.015), deer (p<0.0001), and 

bobcat (p<0.0001) activity was higher in undercrossings with natural substrate, while 

bear activity was not associated with SUBSTRATE (p=0.186). In the culvert only 

models, there was no longer evidence that SUBSTRATE was associated with mountain 

lion activity (p=0.595) or bear activity (p=0.864), but bobcat activity was still higher in 

undercrossings with natural substrate (p<0.0001).  

Fencing and human activity 

In the all-undercrossings model mountain lion (p=0.046), deer (p<0.0001), and 

bobcat (p<0.0001) activity was higher outside the wildlife exclusion fence zone, while 

bear activity was higher inside (p<0.0001). In the culvert-only models, there was no 

longer evidence for an effect on mountain lion activity (p=0.058), but there was still 

higher bear activity inside (p<0.0001), and higher bobcat activity outside (p<0.0001). 

There was human activity at every site, but most sites on averaged <1 event every 

2 months (Table 3.2b; Figure 3.7), while the 2 sites with the most human activity had 

between 1.5 and 2 human detection events per month (N3.1 and SmCk underpass). At 2 

sites (58S and 58N) we only detected one person in ~4 years of monitoring at two sites, 
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and our maximum was 60 human crossings at a site we monitored for ~3 years (N3.1). In 

the all-undercrossings model, there was no evidence for an effect of HUMAN 

ACTIVITY on mountain lion activity (p=0.415), bear activity (p=0.140), or bobcat 

activity (p=0.719), and a positive effect on deer activity (p<0.0001). In the culvert-only 

models, there was still no evidence that HUMAN ACTIVITY had an effect on mountain 

lion activity (p=0.231), bear activity (p=0.130), or bobcat activity (p=0.228). 

 

DISCUSSION 

Wildlife crossings are critical for providing connectivity across highways, 

especially when associated with wildlife exclusion fencing. However, the specific 

characteristics associated with high wildlife use are poorly known, and probably better 

understood for ungulates than for carnivores. We documented mule deer, black bear, 

mountain lion, and bobcat activity at 11 undercrossings along Highway 101 near San 

Luis Obispo, California for 7-61 months between 2012-17. We found significant 

variation between our four focal species regarding undercrossing activity and associations 

with various factors. 

Deer 

Although deer were detected at 8 of the 11 sites, they clearly used the underpasses 

far more than the culverts. After controlling for survey effort, there was 100x more deer 

activity at the 2 underpasses compared to the 9 culverts. Since our cameras were usually 

located in the middle of the culverts, we were unable to determine the extent that deer 

approached culverts but declined to enter. However, at one site (Woods), we mounted the 

camera at the far entrance to minimize the likelihood of human disturbance, and detected 
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several events consisting of deer approaching the culvert entrance but then turning away 

rather than passing through the 1.8m wide, 2.4m high concrete box culvert. Even at the 

large, open, and heavily utilized Santa Margarita Creek underpass, several photo 

sequences suggested that the deer were hesitant to cross under the highway, perhaps due 

to the noise of vehicles that the deer could not see. This hesitant behavior when 

approaching culverts has been documented by others: in Colorado, 61% of the local mule 

deer population used a 3m x 3m culvert to safely cross the highway (Reed et al. 1975). 

Deer are migratory in this area in Colorado (Reed et al. 1975), while in our study area the 

deer are likely resident (Taber and Dasmann 1958). This difference in life history may 

explain why a large proportion of deer were willing to use the culvert in the Colorado 

study. 

Our findings are consistent with multiple studies that have shown that deer avoid 

small confined culverts. Mastro et al. (2008) quantified the effect of culvert openness on 

mule deer activity and found that sites >0.8 were selected, and <0.6 was avoided. All of 

our culverts had openness ratios <0.3 while the underpasses had openness ratios of 

around 13 (Table 3.2a). Oddly, the culvert with the highest deer activity (n=16; Woods) 

had one of the lowest openness ratios (0.1), yet this may be the same individual returning 

over and over. In Canada, deer tended to use more open undercrossings (Clevenger and 

Waltho 2005), and used wildlife overpasses 4-15 times more than underpasses 

(Clevenger and Barrueto 2014). In an earlier study in Canada, ungulates actually selected 

for smaller, less open undercrossings; yet these undercrossings were significantly less 

noisy and further from human habitation than larger undercrossings, which likely 

confounded the results (Clevenger and Waltho 2000).  
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The remaining significant factors (LANDSCAPE RESISTANCE, distance to 

COVER, within the exclusion FENCE zone, SUBSTRATE, and HUMAN ACTIVITY) 

could all be explained by the fact that deer almost exclusively used the 2 underpasses. 

The two underpasses’ approaches were in areas with relatively low movement cost, 

higher than average distance to cover, were at the ends of the wildlife exclusion fence, 

had natural substrate, and average human use. Regarding distance to cover, mule deer in 

Canada selected for undercrossings with higher distance to cover, perhaps feeling safer 

with higher visibility (Clevenger and Waltho 2005).  

Human activity might have an impact on deer activity, but it’s almost certainly 

not as important as dimensionality. In Canada, human activity had a slight negative 

impact on deer use of culverts (Clevenger and Barrueto 2014), and in Spain, ungulates 

never used any passages below a railway, with human activity suggested as the primary 

deterrent (Rodriguez et al. 1996). Our results indicate that both humans and deer tended 

to avoid the smallest culverts, and overall, ungulates are probably less sensitive to human 

activity than most carnivores.  

Bear 

Overall, bear were the least discriminating of our focal species. They used one of 

the two underpasses and, except for the Tassajara Creek culvert, most of the remaining 

undercrossings at relatively similar frequencies. We never detected a bear using the Santa 

Margarita Creek underpass in 7 months of monitoring, which is interesting given than it 

seems to be an important route under the highway for mountain lion, deer, and other taxa. 

Bear have used this underpass in the past (Perrine and Snyder 2011), thus it is possible 
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(and maybe likely) that we would have detected bear there if we had monitored for longer 

given they are moderately infrequently detected.  

The only factor that was significant in both suites of models was whether the 

undercrossing was inside the wildlife exclusion fence zone; bear activity was higher at 

sites within the wildlife fence zone. Considering that the wildlife exclusion fence zone 

was constructed in part due to 5 bears being hit during a 6 week period along a 4 km 

stretch of the highway (Siepel et al. 2013), this is potentially good news. Bear using the 

undercrossings in the wildlife exclusion fence zone is good from a habitat connectivity as 

well as highway safety perspective; unfortunately, no quantification of wildlife use of 

undercrossings occurred prior to the fence construction (Perrine 2015).   

We found no evidence for an effect of length or openness on bear activity in our 

models. In contrast, in Banff National Park, Canada, black bear activity was higher in 

longer and less open undercrossings (Clevenger and Waltho 2005, Clevenger and 

Barrueto 2014). This pattern conforms to evolved behavior and life history trait for black 

bears. The longer, more constricted crossing structures black bears tend to use most (or at 

least not avoid in our case) for safe passage might be explained by these species’ 

requirements for cover and avoidance of exposed, sparsely wooded habitats (Kansas and 

Raines 1990, Lyons et al. 2003).  

If bear are tolerant of undercrossing dimensionality and structure, then the most 

important factor may be habitat suitability. Bear were detected only one time at any of the 

3 drive-through culverts north of the wildlife exclusion fence, strongly suggesting that 

these structures provide little connectivity for bear despite the size of the structures. This 

is perplexing, because these culverts are larger and better-lit than some of the culverts 
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that bear used in the wildlife fence zone. It seems likely that bears cross the highway at 

grade where there is no wildlife exclusion fence and no concrete median barrier, or 

perhaps simply do not use this area very much. The habitat here is somewhat different 

than the rest of the study area to the south, being mostly open rangeland as opposed to 

denser oak woodland. However, landscape models identified the area near these drive-

through culverts as potentially high-connectivity habitat for bears (Thorne and Huber 

2011). Having bear with GPS collars would give us insight into their movement and 

habitat selection near the highway.  

Mountain lion 

Mountain lions have large home ranges and low population densities (compared to 

bobcats and deer at least; Sargeant et al. 1998), so it is not surprising that there were 

relatively few detections (n=32). Ng et al. (2004) detected mountain lion only once 

during 1 year of monitoring 17 undercrossings along ~50km of highway in southern 

California.  

Despite not being detected very often, mountain lions used a variety of 

undercrossing types: they were detected at both underpasses, a large corrugated pipe 

culvert, and 3 concrete box culverts (Table 3.5a). One of the concrete box culverts was 

only 1.2m high, while the others were 3.7m and 2.1m high. In the all-underpasses model, 

there was no evidence that dimensionality had an effect on mountain lion activity. 

However, in the culvert-only models, mountain lion activity was significantly higher in 

longer culverts. There were no drastic differences between the lengths of the culverts 

(Table 3.2a); most were between 38.1m and 53.3m long. There is relatively little 

literature on mountain lion use of undercrossings. In Canada, mountain lions selected for 
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longer and narrower undercrossings (Clevenger and Waltho 2005), but a later study 

found that dimensionality did not have an effect on mountain lion activity (Clevenger and 

Barrueto 2014). 

We expected habitat suitability to be one of the most important factors driving 

mountain lion use of undercrossings. Interestingly, we found no evidence for an effect of 

landscape resistance on mountain lion activity in undercrossings. In Southern California, 

mountain lions selected for woody cover over more exposed habitats (Beier et al. 1995); 

however, in Canada, mountain lion activity was highest at crossing structures with less 

vegetative cover within a 1km radius (Clevenger and Barrueto 2014). Also in Southern 

California, mountain lions were documented traveling along riparian corridors that led 

into undercrossings (Beier et al. 1995). In our study, the site with the second highest 

detections (Wat-Dist) is part of a small stream drainage that may have facilitated 

mountain lion movement. It is also possible that some of these detections were repeat 

visits by one or a few individuals.  

It is slightly surprising that mountain lion activity was evidently not associated 

with more cover near the entrances in either model. Mountain lions usually select 

forested habitat over open habitat (Koehler and Hornocker 1991), and in Southern 

California mountain lions selected for undercrossings with “ample woody cover” (Beier 

et al. 1995). Human activity did not have an impact on mountain lion activity in either 

model. This is not too surprising given how infrequently mountain lions were detected, 

but other studies have found that mountain lions actively avoid humans. For example, 

mountain lions in Northern California spent significantly less time at and were less likely 

to return to carcasses after playback of human voices versus a playback of frog chorus 
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(Smith et al. 2017). In Canada, human activity had a slight negative impact on mountain 

lion use of crossing structures (both over and undercrossings; Clevenger and Barrueto 

2014). 

Bobcat 

Bobcats were the only focal species to use every undercrossing, yet activity was 

higher at less open, longer undercrossings. This is consistent with Clevenger and 

Waltho’s (1999) findings that most carnivores generally select less open undercrossings. 

However, once we removed underpasses, bobcats selected for more open culverts. It may 

be that bobcats do not like how exposed underpasses are, yet prefer culverts that are less 

confined, or other factors are influencing their patterns.  

Bobcats selected undercrossings with a shorter distance to cover in both models. 

This is not surprising; as a mesocarnivore, bobcats generally select for the safety of cover 

over exposed terrain (Rodriguez et al. 1996). Ng et al. (2004) found that suitable habitat 

(within 250m) on either side of the undercrossing was positively related to use by 

bobcats; thus if we define cover as suitable habitat then the results of our study support 

Ng et al.’s (2004) findings. Bobcats were detected more often in undercrossings outside 

our wildlife exclusion fence in both models. If bobcats are crossing the highway in our 

study area on top of the road, we would expect more activity inside the fenced zone, and 

less outside, because bobcats can cross the road at grade outside the fenced zone. This 

either means bobcats do not cross the road at grade (not likely), or that the undercrossings 

they preferred happened to be outside the fence (more likely).  

Human activity did not affect bobcat use of undercrossings in either model. 

Human activity and development can have negative impacts on carnivore use of 
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undercrossings (Clevenger and Waltho 2000, Ng et al. 2004), yet bobcats are probably 

the most urban-adapted wild felid (Riley et al. 2010). Our undercrossings are in a 

relatively rural area, and may have simply not had enough human activity to impact 

bobcat undercrossing use.  

Next steps 

There are more questions we plan to explore with this data set. Given that human 

activity is correlated with culvert dimensions (negatively with height in particular) we are 

planning to examine temporal interactions between humans and wildlife. We are also 

interested in mesocarnivore interactions and use of undercrossings. The majority of our 

detections are mesocarnivores (particularly grey fox, bobcat, skunk, and opossum 

(Didelphis virginiana)), so it may be worthwhile to examine any spatial or temporal 

partitioning between these species. Putting GPS collars on mountain lion, bear, and deer 

in our area is a logical next step. As of this writing (spring 2018), a mountain lion 

collaring project is underway in the greater region containing our study area. GPS collar 

data will reveal further insights into how mountain lions interact with the highway in our 

area.  

Management implications 

We found that dimensionality had significant effects on deer and bobcat use of 

undercrossings, but not mountain lion and bear activity. Deer prefer underpasses over 

culverts, and bobcats seem to prefer larger culverts over smaller culverts but will also use 

underpasses. Surrounding habitat is probably an important factor for bear and mountain 

lion, and on a more local scale, for bobcat.   
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Aside from a long-term wildlife crossing project in Canada (Clevenger and 

Barrueto 2014), we are the first study to document wildlife activity at undercrossing for 

at least 5 years. It is important for projects to last for this long because wildlife can take 

up to 4-6 years to adapt to new infrastructure (Clevenger and Huijser 2011). Our 5-year 

dataset provides evidence that with crossing structures, highways are impenetrable 

barriers to large and medium sized mammals. This is particularly important for mountain 

lions, whose large home ranges (up to 320 square km) can be reduced by the barrier 

effects of roads. Further, roads are one of the biggest sources of mortality for young male 

mountain lions dispersing to new areas (Beier et al. 2005). Given the high degree of 

urbanization in some parts of California, connecting the remaining quality habitat for 

mountain lions (and other species with large movement needs) is critical, especially since 

California mountain lions are composed of separate populations (Ernest et al. 2003). 

Trophic level may have an effect on what type of crossing structures are most 

effective for promoting connectivity. Top predators like mountain lions and black bears 

were not influenced by dimensionality to the same extent that deer and bobcat were. We 

agree with Cramer and Bissonette (2005) that bigger undercrossings are generally better, 

cover is probably important at the ends of undercrossings especially for prey species, and 

deer strongly select for larger underpasses while carnivores are more plastic. In fact, 

underpasses may be so different structurally from culverts that we caution researchers 

from pooling them in the same models in future studies. Grilo et al. (2008) suggests that 

managing the surrounding habitat around undercrossings may be the most cost-effective 

way to increase use by wildlife. If affordable, overcrossings probably provide the most 
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connectivity for multiple species (Clevenger and Waltho 1999, Van Wieren and Worm 

2001).   
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Table 3.1: Total survey effort for each site, including monitoring time frame.  

Type Site Month begin Month end Survey Nights 

Culvert Woods Sep-2012 Sep-2017 1746 

Culvert N3.1 Sep-2012 Oct-2015 1071 

Culvert TjCk Aug-2012 Oct-2015 1163 

Culvert Wat-Dist Aug-2012 Sep-2017 1866 

Culvert 58N Jan-2013 Jul-2016 1301 

Culvert 58S Sep-2012 Jul-2016 1422 

Culvert N8.5 Aug-2012 Sep-2017 1856 

Culvert N9.1 Aug-2012 Sep-2017 1849 

Culvert  N10.0 Aug-2012 Sep-2017 1808 

Underpass RR Jul-2012 Jul-2014 711 

Underpass SM Aug-2012 Mar-2013 207 

 
 

 Total 15,000 
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Table 3.2a: Undercrossing attributes: dimensionality and distance to cover. Openness is 

(width*height)/length. SB indicates the undercrossing entrance on the southbound side of 

the highway, NB indicates the northbound side, and Avg. is the average of the two. 

Type Site 

Dimensions Distance to cover (m) 

Height 

(m) 

Width 

(m) 

Length 

(m) 
Openness SB NB Avg. 

Culvert Woods 2.44 1.83 42.57 0.10 2.67 9.60 6.13 

Culvert N3.1 2.69 2.67 51.21 0.14 3.35 2.44 2.90 

Culvert TjCk 2.96 4.02 49.07 0.24 5.31 6.86 6.08 

Culvert Wat-Dist 1.22 2.44 51.82 0.06 2.39 2.74 2.56 

Culvert 58N 0.99 1.32 66.22 0.02 4.60 9.32 6.96 

Culvert 58S 1.07 1.22 30.12 0.04 1.22 14.65 7.94 

Culvert N8.5 3.57 3.66 43.97 0.30 10.67 2.49 6.58 

Culvert N9.1 2.21 2.53 47.24 0.12 11.28 3.45 7.37 

Culvert N10.0 3.69 2.52 38.20 0.24 22.56 22.56 22.56 

Underpass RR 9.14 54.86 38.10 13.17 22.56 22.56 22.56 

Underpass SM 6.10 33.53 15.70 13.02 22.56 22.56 22.56 

 

 

Table 3.2b: Undercrossing landscape resistance, average number of human detections per 

month, whether or not the undercrossing is within the wildlife exclusion fence zone, and 

the substrate within each undercrossing. Resistance values are calculated from Thorne 

and Huber (2011) and higher values indicate lower connectivity.  

 

Type Site 

Landscape High Resistance 

Value 

Human 

/Month 

Within 

exclusion 

fence? Substrate 

Mtn 

lion Bear Deer 

Culvert Woods 892.30 881.72 880.89 0.41 N Concrete 

Culvert N3.1 886.17 853.34 846.71 1.62 N Concrete 

Culvert TjCk 859.82 845.15 845.30 0.44 Y Sediment 

Culvert Wat-Dist 834.20 841.44 843.24 0.09 Y Concrete 

Culvert 58N 883.79 851.60 859.89 0.02 Y Concrete 

Culvert 58S 885.74 855.65 865.71 0.02 Y Concrete 

Culvert N8.5 858.93 847.56 864.76 0.25 N Sediment 

Culvert N9.1 863.17 851.37 866.70 0.25 N Sediment 

Culvert N10.0 892.66 869.93 893.81 0.47 N Concrete 

Underpass RR 841.82 840.59 841.13 0.16 N Sediment 

Underpass SMCk 883.19 862.61 880.36 2.00 N Sediment 
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Table 3.3: Factor effects for bobcat, mountain lion, bear, and deer models with 

underpasses included. The response is the monthly count of detections of each focal 

species. Effect is the directionality of the factor on activity, p value is whether or the 

effect was significant, and β is the effect size for that factor. Bold values indicate 

significance at the 0.05 level. Effects and beta coefficients are not listed for multi-level 

categorical variables, year and season. For “within fence”, a positive beta indicates more 

use outside the wildlife exclusion fence zone. For “substrate”, a positive value indicates 

more use on concrete substrate.  

 

Factor 

Bobcat Bear Deer 

Mountain 

lion 

p β p β p β p β 

Year <0.0001  0.0025  <0.0001  0.002  

 

Season 0.253  <0.0001  0.01  0.399  

 

Landscape 

resistance NA NA 0.0003 0.036 0.303 0.002 0.411 0.019 

 

Openness <0.0001 0.061 0.062 0.050 <0.0001 0.397 0.270 0.073 

 

Length 0.0027 0.012 0.091 0.016 <0.0001 0.108 0.726 0.011 

 

Distance to 

cover <0.0001 0.042 0.887 0.061 <0.0001 0.203 0.263 0.044 

 

Within fence <0.0001 1.236 <0.0001 1.177 <0.0001 3.862 0.046 2.218 

 

Substrate <0.0001 0.456 0.186 0.296 <0.0001 2.637 0.015 1.749 

 

Human 

activity 0.719 0.009 0.140 0.247 <0.0001 0.321 0.415 0.259 
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Table 3.4: Factor effects for bobcat, mountain lion, and bear models with underpasses 

removed. The response is monthly count of each focal species. Effect is the directionality 

of the factor on activity, p value is whether or the effect was significant, and the β is the 

effect size for that factor. Effects and beta coefficient not listed for multi-level categorical 

variables, year and season. Bold values indicate significance at the 0.05 level. For “within 

fence”, a positive beta indicates more use outside the wildlife exclusion fence zone. For 

“substrate”, a positive value indicates more use on concrete substrate. Deer were not 

included because their activity was clearly associated with the underpasses.  

 

Factor 

Bobcat Bear Mountain lion 

p β p β p β 

Year <0.0001  0.0038  0.001  

 

Season 0.300 

 

<0.0001  0.243 

 

 

Landscape 

resistance NA NA 0.0006 -0.039 0.250 0.039 

 

Openness <0.0001 4.016 0.124 -2.08 0.176 -7.095 

 

Length 0.443 -0.004 0.485 0.007 0.005 0.358 

 

Distance  

to cover <0.0001 -0.0171 0.102 -0.209 0.145 -0.908 

 

Within fence <0.0001 1.319 0.058 -1.467 <0.0001 -0.365 

 

Substrate <0.0001 0.367 0.864 0.052 0.595 -9.490 

 

Human 

activity 0.228 0.031 0.13 -0.264 0.231 0.502 
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Table 3.5a: Count and activity of bobcat and mountain lion at each site. Count is the 

number of detection events for a given species, irrespective of group size. Activity is the 

count divided by the total survey days. “Act*30” is activity multiplied by 30 to estimate 

the number of monthly detections at each site. “-“ indicates zero activity for clarity.  

 

  Bobcat Mountain Lion 

Site 
Survey 

nights 
Count Activity Act.*30 Count Activity  Act*30 

Woods-Culv 1746 295 0.169 5.07 0 - - 

N3.1-Culv 1071 319 0.298 8.94 15 0.014 0.42 

TjCk-Culv 1163 9 0.008 0.23 0 - 0.00 

WatDist-Culv 1866 90 0.048 1.45 10 0.005 0.16 

58N-Culv 1301 2 0.002 0.05 0 - - 

58S-Culv 1422 57 0.040 1.20 0 - - 

N8.5-Culv 1856 287 0.155 4.64 1 0.001 0.02 

N9.1-Culv 1849 100 0.054 1.62 2 0.001 0.03 

N10.0-Culv 1808 4 0.002 0.07 0 - - 

RR-UP 711 55 0.077 2.32 2 0.003 0.08 

SM-UP 207 13 0.063 1.88 2 0.010 0.29 
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Table 3.5b: Count and activity of deer and black bear at each site. Count is the number of 

detection events for a given species, irrespective of group size. “act.” is the count divided 

by the total survey days. “act*30” is activity multiplied by 30 to estimate the number of 

monthly detections at each site. “-“ indicates zero activity for clarity. 

  Deer Bear 

Site 
Survey 

days 
Count Activity Act*30 Count Activity  Act*30 

Woods-Culv 1746 16 0.009 0.27 4 0.002 0.07 

N3.1-Culv 1071 1 0.001 0.03 17 0.016 0.48 

TjCk-Culv 1163 1 0.001 0.03 45 0.039 1.16 

WatDist-Culv 1866 4 0.002 0.06 28 0.015 0.45 

58N-Culv 1301 0 - - 14 0.011 0.32 

58S-Culv 1422 0 - - 18 0.013 0.38 

N8.5 1856 4 0.002 0.06 1 0.001 0.02 

N9.1 1849 0 - - 0 - - 

N10.0 1808 3 0.002 0.05 0 - - 

RR-UP 711 343 0.482 14.47 15 0.021 0.63 

SM-UP 207 238 1.150 34.49 0 - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 

 

 

Figure 3.1: Location of undercrossings along a 19.3 km section of Highway 101 between 

San Luis Obispo and Atascadero, California, USA. The wildlife exclusion fence is 4 km 

long. 
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Figure 3.2: Covariance matrix between 

height, length, width, and openness. Height 

and width were highly (>0.7) correlated with 

openness, so height and width were not 

included in modeling. Open indicates the 

factor “OPENNESS”. 

 

 

 

 

 

 

 

Dimension Correlations 
 

 Height Length Width Open 

Height 1.0000 -0.3095 0.7037 0.9474 

Length -0.3095 1.0000 0.0293 -0.2820 

Width 0.7037 0.0293 1.0000 0.8332 

Open 0.9474 -0.2820 0.8332 1.0000 
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Figure 3.3: Monthly count of deer detections at each site, irrespective of group size. Deer 

almost exclusively used the two underpasses (RR and SM). N=610. 
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Figure 3.4: Monthly count of bear at each site, irrespective of group size. N=142. 
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Figure 3.5: Monthly count of mountain lion at each site, irrespective of group size. N=32. 
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Figure 3.6: Monthly count of bobcat at each site, irrespective of group size. N=1231. 
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Figure 3.7: Monthly count of human at each site, irrespective of group size. N=188. 
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Figure 3.8: Focal species activity at each site. Bars are the average monthly count divided 

by 30 to give an estimate for daily activity. RR and SM are both underpasses, the rest of 

the sites are culverts. 
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