
vi 
 

TABLE OF CONTENTS 

Chapter 

I INTRODUCTION AND LITERATURE REVIEW .............................................1 

Roads and their Associated Impacts on Wildlife ..................................... 1 

Wildlife Crossing Structures ..................................................................... 3 

Bat Ecology ................................................................................................ 5 

Research Objectives and Predictions ........................................................ 8 

II METHODS ........................................................................................................ 10 

Study Species............................................................................................ 10 

Study Area ..................................................... Error! Bookmark not defined. 

Study Sites ................................................................................................ 15 

Acoustic Monitoring ................................................................................ 17 

Acoustic Analysis ..................................................................................... 21 

Mist-Netting.............................................................................................. 22 

Roost Surveys ........................................................................................... 23 

Forest Measurements ............................................................................... 23 

Statistical Analysis ................................................................................... 24 

III RESULTS .......................................................................................................... 26 

Species Composition ................................................................................ 26 

Bat Activity............................................................................................... 28 

Mist netting ............................................................................................... 34 

Roost Surveys ........................................................................................... 35 

Forest Measurements ............................................................................... 36 

IV DISCUSSION .................................................................................................... 40 

Bat Species Composition ......................................................................... 40 

Bat Activity in the Forest vs. along the Highway .................................. 42 

Bat Activity at Mitigated vs. Unmitigated Areas ................................... 45 

Mist-Netting.............................................................................................. 49 

Roosting .................................................................................................... 49 

Conclusion ................................................................................................ 50 

REFERENCES .................................................................................................. 52 

APPENDIXES ................................................................................................... 63 







xi 
 

(p=0.0118) frequency guilds, but the activity was higher in the forest than at the 

highway position for the 50 kHz guild (p=0.0267). Statistical significance was 

determined by generalized linear mixed effects models for each frequency guild 

and associated post-hoc pairwise comparisons.................................................... 33 

7 Panel of activity in response to position grouped by mitigation status (a, total bat 

activity; b, 20 kHz guild activity; c, 20 kHz guild activity, d, 20 kHz guild 

activity, and e, 20 kHz guild activity). ................................................................ 34 

8 Potential urine staining and feces left by roosting bats at Rocky Run Underpass. 

(milepost 56.8). Red arrows are pointing at bat feces that had collected on a 

concrete beam of the underpass. Photo credit: Jordan Ryckman. ........................ 35 

9 Total tree counts in different positions grouped by mitigation status. Tree counts 

were significantly higher at unmitigated-highway sites (p < 0.0001)................... 38 

10 Total basal area (cm2) of different positions grouped by mitigation status. Average 

basal area was significantly higher at unmitigated than at mitigated highway sites 

(p < 0.0001). ...................................................................................................... 39 

 

 

 

 



1 
 

CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

As human populations expand across the globe, reliance on extensive road-

networks for efficient transportation of people and goods has increased. The total length 

of existing roads is expected to increase by 60% from 2010 to 2050, totaling over 25 

million kilometers globally (UNEP 2019). Although roads play an important role in 

connecting societies, they are also responsible for large-scale habitat disturbance, which 

can have severe negative impacts on road-adjacent ecosystems and the wildlife that rely 

on them. These impacts can be attributed largely to habitat loss, degradation, and 

fragmentation as well as wildlife-vehicle collisions (Clevenger and Huijser 2011).   

Roads and Their Associated Impacts on Wildlife  

In the United States alone there are over 6.4 million kilometers (4 million miles) 

of public roads; considering roads with multiple lanes, this totals over 14.2 million 

kilometers (8.8 million lane-miles) (USDOT FWHA 2020). Consequently, roads result in 

the loss of critical habitat, reducing usable space for various species. The area directly 

impacted includes not only the lanes of roads, but also road verges (i.e., the area of 

vegetation and soil along roadsides which form managed borders that separate roads from 

adjacent habitats) (Phillips et al. 2020). These roadside microhabitats tend to consist of 

compacted, low-quality soil and a vegetation community that is often treated with 

herbicides to keep it maintained. Areas alongside roads also promote the spread of and 

colonization by invasive species (Van der Ree et al. 2015; Beckmann et al. 2010). 

Additionally, road verges usually create an abrupt edge that alters the physical and 
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biological environment immediately adjacent to roads. For example, an edge created in a 

once-continuous forest habitat may create hotter and drier conditions that can affect what 

species can persist there (Beckmann et al. 2010).  

Although the physical construction and maintenance of roads directly reduce the 

amount of land available to animals, roads also degrade habitats in the surrounding 

landscape. Noise, light, and chemical pollution produced by roads and associated traffic 

degrade surrounding habitats (Beckmann et al. 2010; Andrews et al. 2015; Van der Ree et 

al. 2015). Additionally, roads can alter stream networks, and the overall hydrology 

surrounding roads through changes in drainage patterns, sediment transport, introduction 

of contaminants and erosion (Coffin 2007; Andrews et al. 2015). The area over which the 

ecological impact of roads and traffic on adjacent ecosystems is detectable is referred to 

as the “road-effect zone” (Van der Ree et al. 2015; Andrews et al. 2015). The road-effect 

zone consists of habitats that are too degraded to support stable populations and can also 

include areas that are avoided by animals due to unsuitable habitat conditions (Bennett 

2017).  

Through the creation of inaccessible and avoided habitats, roads fragment the 

landscape. Fragmentation, when large continuous areas of land are divided into smaller 

more isolated sections, leading to reductions in wildlife movement and connectivity 

(Coffin 2007; Beckmann et al. 2010). Isolated populations that result from fragmentation 

and reduced connectivity have decreased gene flow and less genetic variation, which 

culminates in increased risk of local extinction. Ecological impacts of roads will only 

become increasingly more detrimental for long term persistence and viability of 

populations near roads as they are expanded and upgraded to transport greater traffic 
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volumes (e.g., avoidance becomes greater, successful crossings decrease, habitat quality 

is further reduced, and more fragmentation occurs). 

Wildlife-vehicle collisions pose threats for both humans and wildlife. As animals 

attempt to traverse anthropogenic landscapes to access foraging, breeding, and other 

essential areas, their interactions with roadways become increasingly detrimental, 

dangerous, and often fatal. Collisions with larger animals (e.g., bears, cougars, deer, elk, 

moose) cause the most damage to humans, resulting in economic losses of more than $8.3 

billion annually in the United States (USDOT FWHA 2008). The extent of these impacts 

on humans is what has drawn people to care about the impacts of roads, but not just 

human lives and economies are impacted. Mortality from collisions with cars can have 

negative effects on wildlife movement and connectivity, which can contribute to declines 

that make populations non-viable over time (Andrews et al. 2015; Forman et al. 2010; 

Clevenger and Huijser 2011). 

Wildlife Crossing Structures  

The risks to humans and wildlife and reduction in ecological connectivity 

imposed by roads have motivated transportation agencies and other stakeholders to 

collaborate and implement mitigation strategies to offset road impacts. One of the most 

successful mitigation strategies involves the installation of wildlife crossing structures 

(WCS) (Beckmann et al. 2010; Andrews et al. 2015). WVCs have been used across the 

globe; they have been constructed mostly in Europe and North America, but also in 

Australia. Asia, Africa, and South America (Van der Ree et al. 2007; Smith et al. 2015).  
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WCSs are designed to facilitate safe passage of wildlife across roads and aim to 

increase connectivity and reduce wildlife-vehicle collisions. Structures vary in design, 

shape, and size but they typically take the form of overpasses and underpasses, 

specifically culverts and bridges (Andrews et al. 2005; Van der Ree et al. 2007; 

Beckmann et al. 2010). Fences often accompany these structures to help guide and funnel 

animals towards the structures and deter crossings over unmitigated areas of roads. In 

Washington State, Interstate-90 (I-90), a critical and high-traffic transportation corridor, 

has been the focus of such mitigation efforts. This east-west transportation corridor 

connects large populations of people across the state and region, while at the same time it 

disrupts the north-south movement of wildlife in the Cascade Range. The Washington 

Department of Transportation (WSDOT) and its partner organizations implemented the 

Interstate-90 Snoqualmie Pass East Project (I-90 SPEP), which covers a 24-km (15 miles) 

stretch of I-90. Along with improving road conditions for travelers using the interstate, 

this project involves the creation of multiple wildlife crossing structures that aim to 

increase ecosystem connectivity in the Cascade Range. To evaluate the use of these 

structures and their effectiveness in increasing connectivity, researchers are monitoring a 

diversity of wildlife species within the I-90 SPEP. 

Monitoring efforts are essential in determining the success and effectiveness of 

these structures (WSDOT 2008). Many studies on the usage of WCSs have focused on 

terrestrial animals, namely high-mobility carnivores, and ungulates, but also low-mobility 

wildlife such as small mammals, reptiles, and amphibians. Relatively few studies on the 

use or effectiveness of crossing structures have focused on aerial vertebrates like birds 

and bats. Bats are able to fly over the road, but studies have begun to call attention to the 
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negative impacts roads have on bats and the benefits of WCS in mitigating those negative 

effects. Overall, crossing structure effectiveness will depend on species’ behavior and 

natural history, so effectiveness will vary by species. 

Bat Ecology 

Bats belong to the order Chiroptera, the second largest group of mammals in the 

world (after rodents), with more than 1,447 extant (living) species worldwide (MDD 

2022). “Chiroptera” is derived from Greek words meaning “hand-wing” referring to their 

ability to fly using a membrane stretched across their elongated fingers that form wings 

out of their hands (Harvey et al. 2011). This unique trait sets them apart from all other 

mammals because it makes them the only mammal capable of true powered flight, 

allowing them to access an exclusive aerial niche. This trait is likely the driving factor 

behind their evolutionary success and widespread geographic distribution. Bats are found 

across all continents except Antarctica and come with a rich diversity of ecological 

attributes. Dietary habits range from feeding on insects and other arthropods to feeding 

on fruit, nectar, flowers, frogs, fish, small mammals and even blood (Simmons and 

Conway 2003; Kunz et al. 2011; Harvey et al. 2011). The feeding habits of bats provide 

important ecosystem services, primarily in the form of insect suppression and pollination, 

but also in nutrient transport between aquatic, terrestrial, and cave ecosystems (Kunz et 

al. 2011; Boyles et al. 2011). Although diets vary widely among bat species, more than 

two thirds are insectivorous. In the United States, 44 of the 47 bat species feed on insects, 

leaving only 3 species that depend on nectar and/or fruit (Choeronycterus mexicana, 

Leptonycteris yerbabuenae, and Artibeus jamaicensis; Harvey et al. 2011; Hayes and 

Wiles 2013).   
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In Washington State, all 15 bat species belong to the family Vespertilionidae.  

Many vesper bats are light but range from 4 to 80 grams. Unlike other small mammals, 

bats have a relatively long lifespan of 10-20 years and a low reproductive rate, usually 

giving birth to just one pup per year (Abbott et al. 2015; Harvey et al. 2011). This makes 

it hard for bats to recover from population declines and puts them at a higher risk for 

local extinctions.  

Like most bats, Washington vespertilionids forage at night. To capture their prey, 

they rely on flight and another notably unique characteristic of Chiropterans: 

echolocation. Echolocation is the process in which bats emit high-frequency sounds and 

interpret the returning echoes that bounce off surrounding objects to perceive their 

physical environment (Schnitzler and Kalko 2001; Anderson and Ruxton 2020; Harvey et 

al. 2011). Insectivorous bats use one of three foraging modes when hunting: aerial 

hawking (capturing insects in the air), gleaning (capturing non-flying insects from a 

surface), or trawling (capturing insects on or above water) (Schnitzler and Kalko 2001; 

Jones and Rydell 2003). Foraging habitat varies with species, but many Washington 

species tend to concentrate feeding in lower elevation riparian areas, where insect 

abundance can be particularly high, and along edge habitats, where insect availability is 

still high but clutter from vegetation is reduced (BCME 2016; Lacki et al. 2007; Hayes 

and Wiles 2013). Bats that reside primarily in forests, like those in the forests of the 

Cascade Range, prefer older forests over younger forests because the older forests 

contain natural open gaps that bats can more easily navigate, and they offer more roosting 

opportunities such as under bark and in cavities of snags (Lacki et al. 2007; Hayes and 

Wiles 2013).  
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Roosting habitats are another primary requirement for bat populations. Bats roost 

in a variety of structures to gain shelter from potential predators and adverse 

environmental conditions. Roosting habitat includes trees, snags, talus, caves, mines, 

bridges, buildings, and other sturdy areas with cavities or crevices that can protect bats 

from the elements. Roosts are also vitally important for mating, rearing young, 

hibernating during the winter, digesting food, and conserving energy (Barclay and Kurta 

2007; Hayes and Wiles 2013).  

Road Effects on Bats  

Roads have multiple negative impacts on bats (Fensome and Mathews 2016; 

Altringham and Kerth 2015; Abbott et al. 2015; Berthinussen and Altringham 2011). 

Construction of roads and the associated removal of trees and other natural vegetation in 

the landscape destroy potential roosting habitat and reduce available foraging habitats for 

bats. Roads also act as barriers to movement between roosting and foraging habitat 

because roads can sever existing commuting routes (Limpens and Kapteyn 1991; 

Lesinski 2008), create an open space that deters certain species from crossing (Abbott et 

al. 2012b; Bennett and Zurcher 2013; Laforge et al. 2019), and have increased levels of 

light (vehicle and road lights) and noise (traffic) pollution that leads to road avoidance 

behaviors (Stone et al. 2009; Siemers and Schaub 2011; Bhardwaj et al. 2021; Bennett 

and Zurcher 2013; Bunkley et al. 2015). High nighttime traffic can lead to the reduced 

use of breeding habitats near the road, and the associated road-effect zone has been found 

to operate up to 300 to 500 meters from the road, with some places extending well 

beyond 1,000 m (Medinas et al. 2019; Kitzes and Merenlender 2014; Claireau et al. 

2019). 

https://www.sciencedirect.com/science/article/pii/S016920461200103X#bib0180
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In addition to reducing access to and degrading habitats, roads also lead to bat 

mortality via collision with vehicles; this can increase risk of local population extinction 

for insectivorous bats because of their low reproductive potential (Abbott et al. 2012a; 

Fensome and Mathews 2016). Despite these glaring concerns, few road ecology studies 

in North America have evaluated the use of wildlife crossing structures by bats, which 

are rarely included in monitoring efforts.  

Research Objectives and Predictions  

My primary goal was to assess bat species composition and activity in response to 

the presence of underpasses in an interstate highway (I-90). Specifically, I aimed to 

determine whether a) all or only a subset of bat species in the nearby forest travel through 

habitats immediately adjacent to the highway, b) bat activity along the highway is 

different than in the nearby forest habitat and c) bats are more active at crossing 

structures (i.e., underpasses) than at nearby unmitigated sections of the interstate without 

underpasses. 

I predicted that species detected along the highway (i.e., underpass and 

unmitigated sites) would be a subset of those in the habitats adjacent to I-90. This would 

indicate that the interstate highway deters some species from crossing and would be 

expected because bat species differ in body size, wing morphology, characteristics of 

echolocation calls, and feeding strategies, leading to species-specific effects of the 

highway. Species that are relatively larger and more adapted to foraging in open areas are 

less affected by roads and are more likely to be found near the highway; species that are 

smaller, slower, and adapted to flying in cluttered woodlands and forests are more likely 



9 
 

to avoid the highway (Altringham and Kerth 2015; Berthinussen, and Altringham 2012). 

I predicted myotis species to be absent or relatively less active near the highway because 

they are smaller and tend to rely more on slow, maneuverable flight and have been found 

to avoid open areas (Hayes and Wiles 2013).  Further, I predicted overall bat activity to 

be lower near the highway than in the forest because I anticipated traffic, noise, and light 

produced by the road would deter all bats in general. I also predicted that bat activity 

would be higher at the location of underpasses than at unmitigated areas because 

underpasses provide an area for bats to safely navigate the landscape without obstruction 

from road-related activities. 
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CHAPTER II 

METHODS 

Study Species 

 Washington is home to 15 bat species, all in the family Vespertillonidae. Eleven 

of these potentially occur in my study area described below (Hayes and Wilkes 2013): 

hoary bat (Lasiurus cinereus), Townsend’s big-eared bat (Corynorhinus townsendii), 

silver-haired bat (Lasionycteris noctivagans), big brown bat (Eptesicus fuscus), fringed 

myotis (Myotis thysanodes), western long-eared myotis (M. evotis), long-legged myotis 

(M. 10olans), little brown myotis (M. lucifugus), western small-footed myotis (M. 

ciliolabrum), California myotis (M. californicus), and 10ola myotis (M. yumanensis). 

Ranges of body mass for these species are 2.5-11 grams for the myotis species, 6-19 g for 

Townsend’s big-eared and silver-haired bats, and 8-38 grams for hoary and big brown 

bats (Willig et al. 2003; Hayes and Wiles 2013). All species are insectivorous, using 

aerial-hawking (i.e., capturing moving prey mid-flight), gleaning (i.e., capturing 

stationary prey off of surfaces) or both as their primary feeding strategies (Table 1) 

(Lacki et al. 2007). They rely heavily on echolocation to detect and acquire details about 

position, size, distance, shape, and speed of their prey.  

The Townsend’s big-eared bat, hoary bat, and silver-haired bat are identified as 

“species of greatest conservation need” (WDFW, 2015). The fringed myotis, long-legged 

myotis, western long-eared myotis, and western small-footed myotis are state “monitor” 

species that require management, survey, or data emphasis (Hayes and Wiles 2013).  
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All work on these bats was approved by the CWU Institutional Animal Care and 

Use Committee (Protocol # 2020-056) and the Washington Department of Fish and 

Wildlife (Scientific Collection Permit Ernest 20-152). 

Study Area 

 I conducted this study in the Eastern Cascades ecoregion of Washington State 

(Sorenson 2012a), east of Snoqualmie Pass (elevation 921 m, 3022 ft) between 

Keechelus Lake and Kachess Lake in Easton, WA (Figure 1). The southern end of 

Keechelus Lake (surface elevation 767 m, 2517 ft; USDA n. d.) feeds the Yakima River, 

a tributary of the Columbia River. Most of this area, including the lake, river, and the 

surrounding forest, are in the Okanogan-Wenatchee National Forest. Interstate 90 

traverses this landscape.  My study area comprised habitats immediately adjacent to the 

highway within the I-90 Snoqualmie Pass East Project area (WSDOT I-90 SPEP n.d) and 

the surrounding forest.   

The rain shadow formed by the Cascades causes a prominent east-west 

precipitation gradient across the ecoregion, peaking along the western slopes and rapidly 

declining approaching the Columbia Plateau, the eastern boundary of the ecoregion 

(WRCCa n.d; Sorenson 2012a n.d). Average precipitation ranges from 254 cm (100 

inches) per year at Snoqualmie Pass (western edge of the ecoregion) (WRCCb n.d) to 132 

cm (52 inches) per year at Lake Kachess, located near Easton, WA, 24 km to the east 

(WRCCc n.d). 
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Table 1. Mean characteristic frequency, wing loading, flight behavior, feeding strategies, and foraging habitats of bats species with 

range distributions that fall within my study area in the central Cascade Range of Washington, USA. 

Species Fc Wing 

loading 

Feeding 

strategyc 

Foraging habitatsc Flight behaviord 

Hoary bat (Lasiurus 

cinereus) 

21.2 high Aerial Above canopies, forest 

gaps, clearings 

Fast and direct flight with relatively 

low maneuverability; fly above the 

ground over treetops 

Townsend’s big-eared bat 

(Corynorhinus 

townsendii) 

23.4 moderate Gleaner Riparian forest, forest 

gaps, open fields 

Slow and highly maneuverable flight; 

near and among foliage 

Silver-haired bat 

(Lasionycteris 

noctivagans 

27 low Aerial Above canopies, above 

riparian forest, open 

fields, clearings 

Slow, agile flight; high flight, above 

treetops 

Big brown bat (Eptesicus 

fuscus) 

28.8 low Aerial Generalist, above 

canopies, above 

riparian forest, along 

forest edges, over 

clearings 

Direct and moderately fast flight; Start 

high and often descend lower to about 

15m above ground 

Fringed myotis (Myotis 

thysanodes) 

25.5 low Aerial, 

Gleaner 

Riparian forest, forest 

edges 

Slow and highly maneuverable; 3-10 

m above ground near vegetation 

Western long-eared 

myotis (Myotis evotis) 

34.3 low Aerial, 

gleaner 

Riparian forest, forest 

edge, open fields 

Slow and maneuverable; flexible 

flight behavior 
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TABLE 1 (CONTINUED)      

Long-legged myotis 

(Myotis volans) 

41.6 low Aerial Forest canopies, cliff 

tops, clearings 

Rapid and direct flight; high above 

ground 

Little brown myotis 

(Myotis lucifugus) 

40.8 moderate Aerial Riparian forest, above 

water, forest edge 

Maneuverable flight, typically within 

5m of ground 

Western small-footed 

myotis (Myotis 

ciliolabrum) 

44.3 low Aerial Complex forest, 

riparian forest 

Slow, erratic flight and highly 

maneuverable; 1 m from ground to 

treetops 

California myotis (Myotis 

californicus) 

49.1 low Aerial Over water, withing 

forest canopies 

Slow maneuverable flight; Flight is 

close to the ground, but higher over 

open areas 

Yuma myotis (Myotis 

yumanensis) 

49.2 low Aerial Riparian forest, over 

water 

Slow, maneuverable flight; typically 

low above water or in shrub layer 

aHumboldt University Bat Lab 2018 
bLacki et al. 2007 
c Hayes and Lacki 2007; Hayes and Wiles 2013; BCME 2016  
d Hayes and Wiles 2013
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Figure 1. State boundary of Washington (left) and Snoqualmie Pass East Project area 

(right) located along 15-mile stretch of I-90 (orange line) in the central Cascades of 

Washington, USA. 

 

Average annual snowfall reaches 420 inches (1067 cm) at the pass, the bulk of which 

accumulates between October and March forming a heavy snowpack during the winter 

(WRCCb n.d; Sorenson 2012a n.d). In contrast, Lake Kachess receives on average 419 

cm (165 inches) per year (WRCCc n.d). The mixed-coniferous forest that forms the 

primary vegetation community in the area is dominated by Douglas-fir (Pseudotsuga 

menziesii), western hemlock (Tsuga heterophylla), western redcedar (Thuja plicata), 

pacific silver fir (Abies amabilis), and western white pine (Pinues monticola) (Agee 

2003; Sorenson 2012a; Sorenson 2012b). Understory species often include western 

skunk cabbage (Lysichiton americanus), devil’s club (Oplopanax horridus), vine maple 

(Acer circinatum), alder (Alnus sp.), snowberry (Symphoricarpos sp.), ninebark 
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(Physcocarpus malvaceus), huckleberry (Vaccinium spp.), and bracken fern (Pteridium 

aquilinum). 

 The mosaic of various land use and ownership around the study area exposes it 

to increased anthropogenic disturbance. In particular, I-90, which supports the ever-

increasing demands of people traveling across the state, hosts, on average, 34,000 

vehicles every day (WSDOT, 2019). An 11-km section (7 miles) of the highway was 

expanded to six lanes between 2009 and 2019 during the first two phases of the I-90 

Snoqualmie Pass East Project (WSDOT I-90 SPEP n.d). Existing crossing structures 

were upgraded, and new wildlife crossing structures (underpasses and overpasses) were 

installed as part of the I-90 SPEP in this 11-km section as well. A 13-km (8 miles) section 

remains four lanes until future construction is completed during which more wildlife 

crossings structures will be installed (expected between 2023 and 2029) (WSDOT I-90 

SPEP n.d.).  

Study Sites    

I selected study sites located along and adjacent to a 5-km (3 mile) stretch of the 

highway between mileposts 60.9 and 63.7, in the transition between the complete and 

future construction areas of the I-90 SPEP.  This allowed me to make comparisons 

between sites associated with highway-adjacent locations that have recently-constructed 

underpasses (mitigated) and sites associated with locations that do not have underpasses 

but will in the future (unmitigated). 

I selected six locations along the highway: three mitigated and three unmitigated. 

Underpass locations were selected based on similarity in their design, elevation, and 
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habitat characteristics. Since underpasses were designed to allow for more natural stream 

flow, all underpasses had streams flowing through them. Riparian areas can host a higher 

density of insects as well as provide open areas within structurally cluttered forests that 

bats use to forage and travel above (Lloyd et al. 2006; Seidman and Zabel 2001), 

therefore I chose the unmitigated locations based on the presence of a stream, stream bed, 

or pools of water within 10 meters of each site). Unmitigated locations were also selected 

based on their relatively close proximity to underpass locations in order to keep 

environmental and habitat characteristics (i.e., elevation and vegetation community) as 

consistent as possible across sites. 

Each location had sites at three positions: north of the highway (HN, highway 

north), south of the highway (HS, highway south), and an associated forest site (F) 

further north (Figure 2). HN and HS sites at underpass locations were immediately 

adjacent to underpasses that varied in size (Appendix A). The HN and HS sites at 

unmitigated locations were immediately adjacent to sections of the highway where 

underpasses will be built but at the time of this study had either no culvert or an old, 

restricted box or pipe culvert (Appendix A). Forest sites were located inside the forest 

300-500 meters north of each highway site (mitigated and unmitigated) to compare bat 

species composition and activity levels in more natural habitats less affected by the road. 

This distance was based on findings that the road-effect zone can operate within 300 m of 

the road edge (Claireau et al. 2019; Kitzes and Merenlender 2014) as well as feasibility 

and accessibility to sites. Within a similar distance to the south of the highway, the 

Yakima River and power lines precluded comparable forest sites. Therefore, I chose 

forest sites only north of the highway where habitat characteristics were more consistent 
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to reduce the amount of potential confounding variables. Therefore, I chose forest sites 

only north of the highway where habitat characteristics were more consistent to reduce 

the number of potentially confounding variables.  

 

Figure 2. I-90 Snoqualmie Pass East Project area (left) with an inset (red box) delineating 

the area where my study sites were located (right). Study sites were monitored in groups 

A (triangles), B (diamonds), and C (circles). Each group included forest sites (blue), 

mitigated-highway sites (green), and unmitigated-highway sites (red). 

Acoustic Monitoring   

I sampled bat species composition and activity levels at all sites by recording 

echolocation calls with acoustic detectors (Song Meter SM4Bat FS, Wildlife Acoustics 

Inc.) and pole-mounted SMM-U2 omnidirectional microphones (Wildlife Acoustics Inc.). 

Microphones were set on poles 3-4 meters off the ground to reduce sound interference 
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Table 4. Differences in bat activity between echolocation frequency guilds. Results of 

Dunn’s post-hoc pairwise comparisons. Post-hoc analysis via Kruskal-Wallis non-

parametric tests indicated that bat activity significantly differed among guilds (χ32, P < 

0.0001). Comparisons that had P<0.05 are in bold. 

  20 kHz  30 kHz  40 kHz  

30 kHz  0.20326     

40 kHz  0.005187 0.09817   

50 kHz  0.0000052 0.0007458 0.07771 

 

Bat Activity   

Generalized linear mixed-effect models of bat activity were fit for all species 

combined (total bat activity) and separately for each frequency guild. Highway-south 

sites were removed from these models to provide a more simplistic view of the results 

because models that included highway-south sites gave very similar results. Position (HN 

or F) was a significant predictor of bat activity in all models (Table 5). Mitigation Status 

(mitigated or unmitigated) was a significant predictor for only the total bat activity model 

(P = 0.031) and in the 20-kHz (P = 0.03) and 40-kHz (P = 0. 00163) guild models but 

was retained in all models because it was relevant to my research objectives.   

Bat activity of all species combined (total bat activity) was significantly higher 

along the highway than in the forest (P < 0.0001, Figure 5). This was the same for 

activity of the 20-kHz, 30-kHz, and 40-kHz frequency guilds, but the activity of the 50-
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kHz guild was higher in the forest than it was at the highway position (Figure 6). Activity 

of the 40-kHz guild was significantly higher at unmitigated-highway and mitigated-

highway positions (P=0.011), but total bat activity, 20-kHz, 30-kHz, or 50-kHz bat 

activity did not significantly differ between mitigated-highway (underpass present) and 

unmitigated-highway (underpass absent) sites (Figure 7).   

Table 5. Standard error (SE), degrees of freedom (df), and p-values from post-hoc 

pairwise comparisons between the levels of each fixed categorical variable used in 

GLMMs for total bat activity and activity of the 20-, 30-, 40-, and 50-kHz guild activity. 

Categorical variables Position (Highway or Forest) and Mitigation Status (mitigated or 

unmitigated) were included as fixed effects and the variables Group, Time Period, and 

Site were included as random effects in all models. (Bat Passes ~ Position + Mitigation 

Status+ 1|Group + 1|Time Period + 1|Site). 

Model Variable  Estimate SE df P-value 

Total Position      

 H-F  1.76 0.285 121 <0.0001 

 Status      

 M-UM  0.297 0.277 121 0.2861 

 Position:Status    

 H:M-H:UM  -0.297 0.277 121 0.7076 

 F:M-F:UM  -0.297 0.277 121 0.7076 
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TABLE 5 (CONTINUED) 

20 kHz Position      

 H-F  4.73 0.264 21 <.0001 

 Status      

 M-UM  0.527 0.24 21 0.0396 

 Position:Status      

 H:M-H:UM  -0.527 0.24 21 0.1575 

 F:M-F:UM  -0.527 0.24 21 0.1575 

30 kHz Position      

 H-F  3.17 0.338 23 <.0001 

 Status      

 M-UM  0.449 0.329 23 0.1853 

 Position:Status      

 H:M-H:UM  -0.449 0.329 23 0.5325 

 F:M-F:UM  -0.449 0.329 23 0.5325 

40 kHz Position      

 H-F  1.06 0.393 26 0.012 

 Status      

 M-UM  1.06 0.388 26 0.0111 

 Position:Status      

 H:M-H:UM  -1.05997 0.388 26 0.0509 

 F:M-F:UM  -1.05997 0.388 26 0.0509 

50 kHz Position      

 H-F  -1.17 0.501 27 0.027 

 Status      

 M-UM  -0.0203 0.501 27 0.968 

 Position:Status      

 H:M-H:UM  0.0203 0.501 27 1 
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 F:M-F:UM  0.0203 0.501 27 1 
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Figure 5. Total bat activity (number of passes summed across 3 deployment periods, 6 

nights, for each site) in Forest and Highway positions. Total bat activity was significantly 

higher along the highway than in the forest (P<0.0001). 
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Figure 6. Activity of bats (number of passes summed across three deployment periods, 6 

nights, for each site) in different echolocation-frequency guilds by position (Forest and 

Highway). Bat activity was significantly higher along the highway than in the forest for 

the 20-kHz (P < 0.0001), 30-kHz (P < 0.0001), and 40-kHz (P = 0.012) frequency guilds, 

but the activity was higher in the forest than at the highway position for the 50-kHz guild 

(P = 0.027). Statistical significance was determined by generalized linear mixed effects 

models for each frequency guild and associated post-hoc pairwise comparisons. 
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Figure 7. Panel of activity in response to position grouped by mitigation status (a, total 

bat activity; b, 20-kHz guild activity; c, 20-kHz guild activity; d, 20-kHz guild activity; 

and e, 20-kHz guild activity). 

Mist-Netting 

Mist-netting efforts resulted in the capture and identification of three bats at the 

one mitigated highway site (underpass) where I set nets.  All were post-lactating female 

California myotis (Myotis californicus). No bats were captured in the associated forest 

site.  
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Roost Surveys  

During roost surveys, a field assistant discovered signs of roosting (i.e., urine 

staining and bat feces) at Rocky Run, an underpass at milepost 56.8 along the highway 

(Figure 8). No signs of roosting were observed at the six other structures surveyed. 

 

Figure 8. Potential urine staining and feces left by roosting bats at Rocky Run Underpass. 

(milepost 56.8). Red arrows are pointing at bat feces that had collected on a concrete 

beam of the underpass. Photo credit: Jordan Ryckman. 
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Forest Measurements 

 Total number of trees and average basal area were measured within a 0.1-

hectare (17.8-m) diameter plot for each site (Table 6). Bat activity was negatively 

correlated with the total number of trees (Spearman’s rank correlation test, P < 0.0001), 

and with average basal area (P = 0.02265).  

Total number of trees significantly differed among highway and forest mitigated 

and unmitigated sites (Kruskal-Wallis test, χ3
2 = 96.641, P < 0.0001). Pairwise 

comparisons using Dunn’s post-hoc test indicated that unmitigated highway sites had 

significantly more trees than did mitigated-highway sites (P < 0.0001, Figure 9). 

Similarly, average basal area significantly differed among highway-mitigated and forest-

mitigated sites (one-way ANOVA, F3=31.9, P <0.0001). Average basal area was 

significantly greater at unmitigated highway sites than mitigated-highway sites (Tukey’s 

test for multiple comparisons, P <0.0001, Figure 10).  
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Table 6. Total number and total basal area of understory, midstory, and overstory trees 

within a 0.1-hectare (17.8-m diameter) plot centered on the bat detector at each study site. 

Site Total number of trees Total basal area (cm2) 

Mitigated sites 

60.9 HN 7 20.4 

Price HN 0 0 

Noble HN 0 0 

Unmitigated Sites 

62.5 HN 10 110.3 

Bonnie HN 6 201.2 

Houle HN 27 43.3 

Forest sites 

Townsend Forest 61 46.4 

Price Forest 37 181.7 

Noble Forest 40 115.8 

Bonnie Forest 104 26.6 

Houle Forest 21 151.8 

Swamp Forest 78 61.6 
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Figure 10. Total basal area (cm2) of different positions grouped by mitigation status. 

Average basal area was significantly higher at unmitigated than at mitigated highway 

sites (P < 0.0001). 

  


