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Time of peak bat activity during the night differs among bat species. Foraging 

strategies may differ among species due to prey availability, habitat availability, and/or 

interactions between species. Habitat availability is altered in urban areas, which may 

affect insect prey availability and interspecies interactions. Monitoring changes in bat 

diversity and behavior associated with habitat conversion is important, but some 

traditional bat monitoring methods may not be appropriate for all study sites. Acoustic 

monitoring techniques, including mobile monitoring using driving transects, may be good 

alternatives to study nightly activity in urban bat populations. Acoustic monitoring is an 

important component of many monitoring programs including the North American Bat 

Monitoring Program (NABat). Driving transects that are approximately 25 to 48 

kilometers long within 100 km2 grid cells are used by NABat, but choosing appropriate 

transect routes can be difficult in urban areas. Shorter transects could be used to alleviate 

sampling issues, but a modified protocol may be less effective at sampling some bat 

species. My objectives were to use mobile acoustic monitoring to determine when bat 

species are active in a single night in urban and non-urban sites, if nightly bat activity 

patterns in urban sites differ from nightly bat activity patterns in non-urban sites, and 

whether sampling using a modified mobile acoustic monitoring protocol with reduced 

transect lengths is effective compared to the standardized NABat protocol. I recorded bat 

echolocation calls using Anabat acoustic detectors while driving transects through the 

night at five sites (three “urban” and two “non-urban”) located in the Piedmont region of 
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north-central North Carolina from May through August 2016. Transects were driven 

three times per night in each site starting 45 minutes, 180 minutes, and 300 minutes after 

sunset using a modified NABat protocol with 6 “short” transects (about 3.2 km long 

each). An additional “long” transect (about 25 km long, using NABat protocol) was 

sampled in 4 sites (two of the urban sites and both non-urban sites) starting 45 minutes 

after sunset. Recorded echolocation call sequences were analyzed manually using 

AnalookW and automatically using Bat Call Identification and Echoclass software. Total 

bat activity and Lasiurus borealis activity was decreased later in the night in urban sites. 

There were also fewer Eptesicus fuscus, Lasionycteris noctivagans, and Nycticeius 

humeralis calls on the latest time period. There were more E. fuscus, L. noctivagans, and 

Tadarida brasiliensis calls and fewer L. borealis, N. humeralis, and Perimyotis subflavus 

calls in urban sites than non-urban sites. Fewer short transects were needed to match the 

detection probability on long transects for E. fuscus, L. borealis, and P. subflavus, while 

more short transects were needed for L. noctivagans, N. humeralis, and T. brasiliensis. 

These results suggest that bats in urban areas partition time differently, which is 

important to consider as urbanization impacts bat populations. They also suggest that 

short transects can be used effectively for NABat sampling in urban areas. 
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CHAPTER I 

 

INTRODUCTION 

 

 

Time is an important component of ecological interactions and activity patterns 

can vary from species to species. If species have different activity patterns, they use time 

resources differently, may have varied susceptibility to predation, and are reducing 

competition among sympatric species (Kronfeld-Schor and Dayan 2003).  

Sympatric bat species may alter their foraging behaviors by having different 

foraging spaces and foraging times (Jachowski et al. 2014). Differences in bat foraging 

time seem to be related to diet and foraging technique, which is related to flight speed 

(Rydell et al. 1996, Kunz and Racey 1998).  

Urbanization alters the spatial distribution of foraging habitat, which may only 

allow a few species with certain morphological characteristics and foraging strategies to 

overcome spatial barriers (Pickett et al. 2001, Fabianek et al. 2011). Urbanization has an 

overall negative effect on bat diversity and abundance, but bat species responses to 

urbanization can be complex (Kurta and Teramino 1992, Gehrt and Chelsvig 2004).  

Many studies have looked at differences in species-specific bat activity along 

spatial scales (such as along an urban gradient) but few studies have investigated 

differences in nightly activity along spatial scales. Examining the implications of habitat 

conversion and fragmentation on behavior and conservation of bats should be a priority, 
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including investigating activity pattern changes in urban areas (Schoener 1974, Kronfeld-

Schor and Dayan 2003). 

Urbanization alters biological interactions, but it is not known if bat temporal 

foraging strategies are altered in urban areas (Pickett et al. 2001). While temporal 

partitioning is less common than habitat or dietary partitioning, species in some bat 

communities partition timing of peak activity and habitat space to reduce competition 

(Kunz 1973, Adams and Thibault 2006). There is evidence that bat spatial foraging 

strategies can be altered in urban areas, but it is not known if foraging periods are 

affected by land use changes in a similar way (Threllfall et al. 2011, Jung and Kalko 

2010). 

Common techniques to study bat populations include mist-netting and roost 

watches, but these methods may not be optimal in all monitoring situations (Rodhouse et 

al. 2011). Acoustic monitoring can be used to study nightly activity in urban bat 

populations, but some acoustic monitoring techniques may be difficult to use in urban 

areas. Mobile acoustic monitoring can be implemented in urban areas using driving 

transects, but choosing transect routes can be challenging in areas with high road density 

and many stops. Adjusting the mobile monitoring protocol by reducing transect lengths 

may alleviate some of these issues.  

In order to study nightly bat activity using driving transects in urban areas, 

transects needed to remain effective at detecting bat species even with modifications. The 

objective of my study was to investigate species-specific nightly bat activity between 
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urban and non-urban sites and determine whether a modified protocol with reduced 

transect lengths is effective for sampling bats in urban areas.
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CHAPTER II 

 

DETERMINING NIGHTLY BAT ACTIVITY WITH MODIFIED NABAT DRIVING 

TRANSECTS IN URBAN AREAS 

 

 

Abstract 

 

Time of peak bat activity during the night differs among bat species. Foraging 

strategies may differ among species due to prey availability, habitat availability, and/or 

interactions between species. Habitat availability is altered in urban areas, which may 

affect insect prey availability and interspecies interactions. My objectives were to use 

mobile acoustic monitoring to determine when bat species are active in a single night in 

urban and non-urban sites and if nightly bat activity patterns differ in urban versus non-

urban sites. I recorded bat echolocation calls using Anabat acoustic detectors while 

driving transects through the night at five sites (three “urban” and two “non-urban”) 

located in the Piedmont region of north-central North Carolina from May through August 

2016. Transects were driven three times per night starting 45 minutes, 180 minutes, and 

300 minutes after sunset. Recorded echolocation call sequences were analyzed manually 

using AnalookW and automatically using Bat Call Identification and Echoclass software. 

Total bat activity and Lasiurus borealis activity was decreased later in the night in urban 

sites. There were also fewer Eptesicus fuscus, Lasionycteris noctivagans, and Nycticeius 

humeralis calls on the latest time period. There were more E. fuscus, L. noctivagans, and 

Tadarida brasiliensis calls and fewer L. borealis, N. humeralis, and Perimyotis subflavus 

calls in urban sites than nonurban sites. These results suggest that bats in urban areas 
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partition time differently, which is important to consider as urbanization impacts bat 

populations. 

Introduction 

Competition is an important factor in determining which species are present in 

communities by excluding species that use environmental resources in the same way 

(May and MacArthur 1972). Species may be separated into niches along environmental 

gradients, avoiding competitors, resulting in niche partitioning (Schoener 1974). Niches 

include resources such as space, food, and time, which can be partitioned among 

coexisting species when these species alter their habitat space, diets, or behaviors 

(Schoener 1974, Jachowski et al. 2014). Temporal partitioning strategies are usually 

adaptive, with mechanisms that include avoiding predators, energetic limitations, diet 

quality, and interspecific competition (Bennie et al. 2014). 

Sympatric bat species have different echolocation calls, foraging spaces, and 

foraging times, which correspond to morphological traits in many cases (Jachowski et al. 

2014). For example, aerial insectivorous bats can have different preferred foraging 

habitats based on vegetation clutter (Kunz and Racey 1998, Schnitzler and Kalko 2001). 

Clutter space adapted bats have short broad wings for slow maneuverable flight, while 

open space adapted bats have long narrow wings for faster but less maneuverable flight 

(Kunz and Racey 1998).  

Time of peak bat activity in a single night can differ among species, which may 

correspond to prey, habitat availability, and interactions between species (Kunz 1973, 

Kalcounis et al. 1999, Agosta et al. 2005, Razgour et al. 2011, Jachowski et al. 2014). 
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While temporal partitioning is less common than habitat or dietary partitioning, species in 

some bat communities partition timing of peak activity and habitat space to reduce 

competition among sympatric species (Kunz 1973, Kronfeld-Schor and Dayan 2003, 

Adams and Thibault 2006).  

Overall, insectivorous bats emerge during or after peak aerial insect abundance 

and forage while insect abundance is decreasing (Rydell et al. 1996). Activity during a 

single night can vary among sympatric species, which may be a result of preference and 

selection for different habitat types or specific insect groups and sizes (Kunz 1973, 

Agosta et al. 2005). For example, peak bat activity has been shown to vary vertically in 

mature boreal forests, with uniform intra-night activity within and above the canopy and 

early peak activity below the canopy (Kalcounis et al. 1999). This variation in peak 

activity may be a result of species-specific foraging differences in the habitat types above 

and below the canopy (Kalcounis et al. 1999). Sympatric bat species also partition 

foraging periods spatially and temporally in locations where water is scarce (Razgour et 

al. 2011). 

Natural and anthropogenic environmental changes affect bat species distributions 

and behavior, which can lead to foraging strategy changes in individuals (Jung and Kalko 

2010). White-nose syndrome (WNS) caused species-specific mortality in many bat 

species, allowing Lasionycteris noctivagans to have earlier peak activity and occupy 

empty niches after this rapid decline (Jachowski et al. 2014). 

Urbanization alters bat communities through changes in composition and spatial 

distribution of foraging habitat along with altered prey and roost availability (Avila-
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Flores and Fenton 2005, Russo and Ancillotto 2015). Insect prey populations are reduced 

with increased impervious surfaces in highly urbanized sites, which negatively affects bat 

foraging activity (Threlfall et al. 2011, Russo and Ancillotto 2015). Responses to 

urbanization may also depend on roost preferences because some species are able to use 

roosts that become available in man-made structures when natural roosts are lost (Kunz 

1982, Duchamp et al. 2004). 

As with other taxonomic groups, only a few generalist species with certain 

morphological characteristics and foraging strategies may be able to overcome spatial 

barriers in urban areas (Fabianek et al. 2011). Generalist bat species may be less affected 

by urbanization than specialized ones because they can take advantage of altered habitats 

and changes in insect prey in some landscape types (Gehrt and Chelsvig 2004, Shochat et 

al. 2006, Threllfall et al. 2011, Luck et al. 2013, Russo and Ancillotto 2015). For 

example, open space adapted bat species have more uniform distribution in urbanized 

areas and can take advantage of foraging area around streetlights, unlike cluttered space 

adapted species (Fabianek et al. 2011, Stone et al. 2015, Russo and Ancillotto 2015). 

Urbanization has an overall negative effect on bat diversity and abundance, but 

species-specific responses to urbanization can be complex (Kurta and Teramino 1992, 

Gehrt and Chelsvig 2004). Fewer opportunities may lead to more widespread, generalist 

species, which are recorded more frequently, but because bats are able to move from 

patch to patch, fragmented landscapes can still serve as habitat for several bat species 

(Mendes et al. 2014).  On the other hand, fragmented landscapes may lead to fewer 

opportunities, so bats have to use habitats that are less optimal (Mendes et al. 2014). 
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Examining the implications of habitat conversion and fragmentation on behavior 

and conservation of bats should be a priority, including investigating activity pattern 

changes in urban areas (Schoener 1974, Kronfeld-Schor and Dayan 2003). There is 

evidence that spatial foraging strategies are altered in urban areas, which affects species 

distributions along urban gradients (Threllfall et al. 2011, Jung and Kalko 2010). It is not 

known if changes in species distributions from land use changes also affect bat foraging 

periods. Many bat species have overlapping foraging periods and if urbanization causes a 

rapid decline in species that are not able to adapt to changes in foraging and roosting 

habitat (or spatially partition habitat), the remaining species may be able to shift their 

activity to occupy empty niches and forage at a different time of night in urban versus 

non-urban areas.  

The objective of this study was to investigate species-specific nightly bat activity 

in urban versus non-urban sites. I hypothesized that bat activity patterns would differ in 

urban versus non-urban sites based on predictions for species that are adapted to urban 

foraging. I hypothesized that nightly bat activity patterns in urban sites would differ from 

nightly bat activity patterns in non-urban sites because species that are adapted to urban 

foraging can adjust their nightly activity patterns and potentially occupy empty niches. 

Methods 

I monitored bat activity at 5 different sites in the Piedmont region of north-central 

North Carolina: Burlington (BR; city in Alamance and Guilford Counties; 36°02'37.0"N 

79°29'07.9"W), North Greensboro (NG; city in Guilford County; 36°09'31.6"N 

79°49'57.6"W), Pine Hall (PH; unincorporated community in Stokes County; 
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36°25'15.0"N 80°05'00.2"W), Siler City (SC; town in Chatham County; 35°37'41.3"N 

79°24'00.5"W), and West Greensboro (WG; city in Guilford County; 36°09'31.6"N 

79°49'57.6"W; Figure 2.1). The 5 sites were used as spatial replicates and the two 

sampling sites in Greensboro were used in order to increase the number of spatial 

replicates. 

The acoustic monitoring sites used in the study varied in urban intensity. The 

North Greensboro, West Greensboro, and Burlington sites were in residential/industrial 

areas with surrounding public parks and other greenspaces. The Pine Hall and Siler City 

sites were in areas surrounded by agriculture, pastureland, and small forest patches. The 

urban intensity of study sites was determined using developed land categories from 

National Land Cover Database 2011 (Homer et al. 2015). A 1-km buffer around each 

transect was created in ArcMap GIS (v10.2.2) and FRAGSTATS (v4, McGarigal et al. 

2012) was used to calculate the total percentage of developed land cover classes 

surrounding transects in each site.  

Field Methods 

Anabat acoustic detectors (Anabat SD2, Titley Scientific, Australia) were used for 

mobile acoustic monitoring with driving transects. The Anabat microphone was mounted 

on the roof of the vehicle, while the detector itself remained inside the vehicle (Loeb et 

al. 2015). The microphone was pointed straight up (90 degrees) from the roof to 

maximize sampling potential (Britzke and Herzog 2009). A Global Positioning Satellite 

(GPS) unit (Titley Scientific, Australia) was used to create initial maps of transect routes. 

The data division ratio and audio division ratio used for the Anabat were 8 and 16, 
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respectively (Titley Scientific, Australia). Microphone sensitivity was set between 4 and 

5 (Loeb et al. 2015). All calls were recorded on a compact flash card (SanDisk, USA) 

that was downloaded and backed up after each night of sampling.  

All transects were driven in one direction along roads at approximately 32 

kilometers per hour (Loeb et al. 2015). This speed was chosen because it is 

approximately the upper limit of how fast bats can fly and may help reduce the 

probability of individual bats being detected multiple times (Britzke and Herzog 2009). 

All transects were driven from a set start point to a set end point while following traffic 

rules and without making any extra stops. The Anabat detector was set to only record 

along transect routes and was turned off between transects to ensure that bat calls were 

recorded only along these routes (Loeb et al. 2015). Transects were driven only when 

weather conditions were appropriate (no rain or windy conditions) (Britzke and Herzog 

2009). 

Each driving transect was about 3.2 kilometers (2 miles) long with predetermined 

start and end sites at street intersections. Six transects were used at each site in order to 

maximize the time spent recording bat calls during each time period (Figure 2.1). There 

was minimal overlap of transects within sites, but some transects overlapped slightly in 

areas of high road density. All transects were within approximately a 4 kilometer radius 

where possible (Figure 2.1). Transect length was shorter than in previous studies in order 

to be able to sample in urban areas with high road density (see Figures 2.1b and 2.1e; 

Loeb et al. 2015). Transects of this length were chosen to minimize travel time between 

transects and avoid high traffic areas while being able drive safely at 20 miles per hour 
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even in urban areas. All six transects were driven back to back during one time period in 

a predetermined randomized order. Within each night, transects were driven at three 

different time periods. The first time period (time period 1) was 45 minutes after sunset, 

the second (time period 2) was 180 minutes after sunset, and the last (time period 3) was 

300 minutes after sunset. Each site was sampled during each time period for two nights 

within about one week during each month of May, June, July and August of 2016.   

Acoustic Analyses 

Both automated and manual approaches were used to analyze bat call recordings 

from transects. First, AnalookW (version 4.1t; Titley Scientific, Australia) was used to 

manually screen for unanalyzable files. Unanalyzable files include those without search-

phase echolocation calls or with only noise, too few echolocation pulses, fragments, 

feeding buzzes, and social calls (Morris et al. 2010). Second, automated identification 

programs Bat Call Identification (BCID version 2.7c; Bat Call Identification, Inc., 

Missouri, USA) and Echoclass (version 3.1; U.S Army Engineer Research and 

Development Center, Mississippi, USA) were used to initially identify the species in all 

remaining files with bat calls, including files with multiple species. Finally, each call was 

further examined using AnalookW to verify the automated identification of calls that 

were identified to species. Analyzable bat calls were manually identified to species based 

on frequencies that correspond to specific species or groups of species and other species-

specific call characteristics (such as pulse shape) (Kalcounis et al. 1999). The output from 

the automated identification programs were used as a reference for manual identification. 

For manual identification, a bat call was defined as 4 or more search phase pulses in 
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about one second. Files containing a bat call that was not able to be identified to species 

were labeled “NOID.” All (100%) of the analyzable files containing a bat call were 

manually identified to a species, species group, or NOID. Main target species for the 

sampled region were: Eptesicus fuscus (big brown bat), Lasionycteris noctivagans (silver 

haired bat), Lasiurus borealis (red bat), Lasiurus cinereus (hoary bat), Myotis lucifugus 

(little brown bat), Myotis septentrionalis (northern long eared bat), Nycticeius humeralis 

(evening bat), and Perimyotis subflavus (tricolored bat).   

Statistical Analyses 

The 6 transects driven at one site within one time period was used as a sampling 

unit in all analyses. Each sample had a total number of bat calls from each species 

(including NOID) and a corresponding temperature. This temperature was calculated 

using an average of the temperature recorded at the beginning of the first transect driven 

and the end of the last transect driven in each time period. Temperatures were recorded at 

the study site using the closest recording station in the Weather Underground mobile app 

(The Weather Company 2016). Statistical differences in temperature between time 

periods, months, and sites were determined using a series of individual analysis of 

variance tests (ANOVA). The bat calls from two replicates (time periods driven in the 

same site and same time of night but on different dates) were kept separate, so each 

sample has a unique temperature value. Samples for each time period were taken 2 nights 

per month over a 4 month sampling period in 5 sites resulting in 120 total samples in 

analyses.  



 

13 

Generalized linear regression models were used to analyze the effects of time of 

night (time period 1, 2, 3) and urban intensity (urban/non-urban) and the interaction of 

time of night and urban intensity on bat activity (number of calls) with temperature (°C) 

as a covariate. Bat activity is highly dependent on temperature, so these models included 

temperature as a covariate. There was one model for total bat activity (number of calls 

from all species including NOID) and additional separate models for each individual 

species (except Myotis spp. and L. cinereus). For individual species models without a 

significant interaction term, results were presented from models without the interaction 

term for more statistical power. No individual species models were run for calls from 

Myotis spp. and L. cinereus due to the very low recorded call numbers and inability to 

distinguish the species-specific differences in the Myotis spp. calls. The models were run 

on untransformed data. Initial analyses showed that the data were not linear and had a 

non-normal distribution. A Poisson distribution was used for all generalized linear 

regression models because bat calls on each transect were recorded as count data during a 

fixed time period and each sample was independent. Program R 3.1.1 was used for all 

statistical analyses.  

Results 

The total percentage of developed land cover surrounding transects in North 

Greensboro, Burlington, and West Greensboro was 76.0%, 31.2%, and 99.8% 

respectively. The total percentage of developed land cover surrounding transects in Pine 

Hall and Siler City was 5.8% and 6.8% respectively. Using these land cover percentages, 
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sites in North Greensboro, Burlington, and West Greensboro were defined as urban and 

sites in Pine Hall and Siler City were defined as non-urban. 

A total of 4,145 files were recorded, with 2,618 analyzable bat calls recorded over 

the entire study (Table 2.1). Of the 2,618 analyzable calls, 1,250 were identified to 8 

species (or species groups): Eptesicus fuscus, Lasiurus borealis, Lasiurus cinereus, 

Lasionycteris noctivagans, Myotis spp., Nycticeius humeralis, Perimyotis subflavus, and 

Tadarida brasiliensis. The remaining 1,368 calls (52.3%) were not identifiable to species 

(NOID). The number of bat calls from all 8 species, including bat calls that were not able 

to be identified to species (NOID), were used to represent total bat activity. A total of 

1,233 bat calls were used for individual species analyses from 6 species: E. fuscus, L. 

borealis, L. noctivagans, N. humeralis, P. subflavus, and T. brasiliensis. A total of 120 

samples were used in analyses. The average number of bat calls per sample (including all 

8 species and NOID) was 21.82 (SD 13.95). 

No significant difference in temperature was observed between time periods (df = 

2, p = 0.066). Total bat activity was dependent on temperature, with more calls recorded 

on warmer samples (estimate = 0.093, p < 0.001; Figure 2.2 and Table 2.2). The number 

of bat calls recorded per species increased with an increase in temperature for E. fuscus 

(estimate = 0.167, p < 0.001), L. borealis (estimate = 0.043, p < 0.001), L. noctivagans 

(estimate = 0.142, p < 0.001), P. subflavus (estimate = 0.055, p = 0.045), and T. 

brasiliensis (estimate = 0.095, p = 0.015; Table 2.3). A significant increase in calls was 

not observed in N. humeralis as temperatures increased (estimate = -0.010, p = 0.623, 

Table 2.3).  
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No significant difference in total bat activity was observed in urban sites 

compared to non-urban sites (estimate = 0.052, p = 0.405; Table 2.2). There was also no 

significant decrease in total bat activity later in the night at all sites (estimate = 0.044, p = 

0.542 for time period 2 and estimate = 0.090, p = 0.217 for time period 3; Table 2.3). A 

significant decrease in total bat activity was observed, however, later in the night in urban 

sites (estimate = -0.366, p < 0.001 for urban and time period 2; estimate = -0.410, p < 

0.001 for urban and time period 3; Table 2.3 and Figure 2.3).  

More E. fuscus, L. noctivagans, and T. brasiliensis calls were recorded in urban 

versus non-urban sites (estimate = 1.136, p < 0.001 for E. fuscus; estimate = 1.694; p < 

0.001 for L. noctivagans; estimate = 1.591, p < 0.001 for T. brasiliensis; Table 2.3 and 

Figure 2.5). Fewer L. borealis, N. humeralis, and P. subflavus calls were recorded in 

urban versus non-urban sites (estimate = -0.666, p < 0.001 for L. borealis; estimate = -

0.763, p < 0.001 for N. humeralis; estimate = -1.985, p < 0.001 for P. subflavus; Table 

2.3 and Figure 2.5). 

Fewer E. fuscus calls were recorded in both later time periods versus time period 

1 (coefficient estimate = -0.421, p = 0.008 for time period 2; coefficient estimate = -

0.745, p < 0.001 for time period 3; Table 2.3 and Figure 2.5). Fewer L. noctivagans and 

N. humeralis calls were recorded in time period 3 versus time period 1 (coefficient 

estimate = -0.452, p = 0.009 for L. noctivagans; coefficient estimate = -0.649, p = 0.016 

for N. humeralis; Table 2.3 and Figure 2.5). Fewer L. borealis calls also were recorded 

later in the night in urban sites, with a significant decrease during time period 3 and a 

close to significant decrease during time period 2 (estimate = -0.485, p = 0.023 for urban 
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and time period 3; estimate = -0.418, p = 0.051 for urban and time period 2; Table 2.3 

and Figure 2.5). 

Discussion 

No difference in total bat activity was observed in urban sites versus non-urban 

sites, but there were more E. fuscus, L. noctivagans, and T. brasiliensis calls and fewer L. 

borealis, N. humeralis, and P. subflavus calls in urban than in non-urban sites. There was 

no difference in total bat activity on later time periods, but fewer E. fuscus, L. 

noctivagans, and N. humeralis calls were recorded during the latest time period. Total bat 

activity and L. borealis activity decreased later in the night in urban sites.  

Nightly total bat activity and nightly activity for most species was dependent on 

temperature which was consistent with previous studies (Anthony et al. 1981, Erikson 

and West 2002, Grider et al. 2016). The reduction in overall bat calls later in the night is 

likely due to declining temperatures. There was a significant decrease in temperature for 

time period 3 compared to time period 1 and all species (except N. humeralis) had fewer 

calls with a decrease in temperature.  

I found that urbanization affects nightly bat activity patterns because there was a 

significant decrease in total bat activity and L. borealis activity later in the night in urban 

sites. This decrease in total bat activity may be due to urban associated species roosting in 

urban areas and traveling to non-urban areas to forage. For example, E. fuscus readily use 

buildings for roosts and can cross large areas of urban habitat to reach preferred foraging 

habitat in forested and/or agricultural areas (Geggie and Fenton 1985, Kunz and Racey 

1998, Duchamp et al. 2004). 
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My results are consistent with previous studies that show L. borealis maximizes 

foraging effort in the first 2 hours after sunset (Kunz 1973). Fewer L. borealis calls later 

in the night in urban areas may be due to an early activity period in urban areas and either 

moving to preferred forested habitats to continue foraging or returning to roosts after the 

initial foraging period (Geggie and Fenton 1985). 

A reduction in E. fuscus and L. noctivagans activity later in the night, likely due 

to a reduction in insect prey activity, was verified by this study (Kunz 1973, Agosta et al. 

2005). Specifically, the reduction in activity for L. noctivagans for transects driven 5 

hours after sunset was consistent with a predicted reduction in activity between two 

activity peaks around 2-4 hours and 6-8 hours after sunset (Kunz 1973). There also was a 

reduction in activity for N. humeralis later in the night which is not consistent with results 

from any previous study.  

I verified which species were predicted to be more active or less active in urban 

areas based on species with adaptations for foraging and/or roosting in urban areas. E. 

fuscus, L. noctivagans, and T. brasiliensis are better adapted to forage in open or edge 

habitats and previous studies have found more E. fuscus and L. noctivagans calls in urban 

areas, including areas adjacent to industrial land use (Kunz and Racey 1998, Gehrt and 

Chelsvig 2004). L. borealis and P. subflavus are mostly forest associated species and 

prefer to forage in agricultural land or forest edges (Walters et al. 2007). P. subflavus has 

also been found to concentrate activity in larger greenspaces in urban areas, which may 

not have been adequately sampled in this study using driving transects (Fabianek et al. 

2011). While N. humeralis has been shown to use similar habitats for foraging as E. 
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fuscus in suburban areas, N. humeralis prefers roosting in tree cavities and foraging in 

areas that are less developed (Duchamp et al. 2004). 

The lack of changes in activity patterns of urban associated species is not 

consistent with my prediction that species that are adapted to urban foraging would adjust 

their nightly activity in the absence of species that avoid urban areas. None of these urban 

associated species had significantly more calls earlier in the night in urban areas, which 

would have suggested a shift in activity to occupy empty niches in urban areas. L. 

noctivagans had fewer calls later in the night, but this activity pattern was not different in 

urban versus non-urban areas which would have suggested the occupation of empty 

niches.  

Land use changes from urbanization may not affect nightly bat activity patterns 

because activity is based on species-specific preferences for foraging and roosting. 

Species may keep their usual activity patterns regardless of changes in land use and 

possible interactions with other species. For example, E. fuscus is a foraging habitat 

generalist and may be able to use a similar activity pattern in both urban and non-urban 

sites (Kurta and Baker 1990). This species may be able to avoid negative aspects of urban 

areas and exploit preferred edge habitat for foraging (Gehrt and Chelsvig 2004). Previous 

studies have also suggested that intra-night activity may be a result of preference and 

selection for different insect groups and sizes, so the timing of activity may correspond 

with activity of preferred insect prey regardless of site (Kunz 1973, Agosta et al. 2005). 

My study did not record insect activity, however, which would be useful to incorporate 

into future studies on the timing of nightly bat activity.   
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Overall, my results show that there are species-specific differences in activity in 

urban versus non-urban areas. While the amount of calls did not change throughout the 

night in non-urban sites, there was a different activity pattern for total bat activity and L. 

borealis in urban sites. These results suggest that bats in urban areas partition time 

differently, which is important to consider as urbanization impacts bat populations. 
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Figures/Tables 

 

 

 
 

Figure 2.1. Locations of Driving Transects for Mobile Acoustic Monitoring in Burlington 

(a), North Greensboro (b), Pine Hall (c), Siler City (d), and West Greensboro (e) in the 

Piedmont Area of North Carolina (f). Urban intensity of the study sites is shown with 

developed land categories from National Land Cover Database 2011 in shades of red 

(Homer et al. 2015).  
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Table 2.1. Total Number and Standard Deviation of Bat Calls per Species Recorded on 

each Time Period during Summer 2016 for Urban and Non-Urban Sites in the Piedmont 

Area of North Carolina. Time period 1 was 45 minutes after sunset, time period 2 was 

180 minutes after sunset, and time period 3 was 300 minutes after sunset. There were 3 

urban sites and 2 non-urban sites. Bat species abbreviations refer to bat species and 

species groups: Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasiurus cinereus 

(LACI), Lasionycteris noctivagans (LANO), Myotis spp. (MYspp), Nycticeius humeralis 

(NYHU), Perimyotis subflavus (PESU), Tadarida brasiliensis (TABR). Bat calls that 

were not able to be identified to species are labeled NOID. Total includes calls from all 

identified species and NOID. 

 

    Time Period 1 Time Period 2 Time Period 3 

  Species Calls SD Calls SD Calls SD 

Urban Total 665 18.8 413 14.0 383 13.6 

NOID 335 11.0 212 7.3 215 7.6 

EPFU 104 4.1 51 2.9 31 2.2 

LANO 97 3.2 62 3.3 48 2.0 

LABO 90 2.9 58 2.2 57 2.9 

NYHU 21 1.2 13 0.8 8 0.8 

TABR 13 0.8 11 0.8 13 0.8 

PESU 5 0.5 3 0.4 5 0.7 

LACI 0 0.0 2 0.3 2 0.3 

MYspp 0 0.0 1 0.2 4 0.5 

Non-urban Total 419 9.2 374 9.2 364 9.0 

NOID 214 7.4 196 5.0 196 5.2 

LABO 117 4.3 114 3.5 120 4.5 

PESU 27 1.1 18 1.2 18 1.1 

NYHU 20 1.0 26 1.5 14 1.0 

EPFU 20 1.1 11 1.2 8 0.9 

LANO 17 1.4 5 0.6 3 0.4 

TABR 2 0.3 1 0.3 2 0.3 

LACI 1 0.3 2 0.5 2 0.5 

MYspp 1 0.3 1 0.3 1 0.3 
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Figure 2.2. Total Number of Bat Calls Recorded per Night and Nightly Average 

Temperature (°C) in All Sites in the Piedmont Area of North Carolina during Summer 

2016. Total calls per night includes the number of bat calls from all species including 

Lasiurus cinereus, Myotis spp., and bat calls that were not able to be identified to species 

(NOID) from all sites on all three time periods. 
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Table 2.2. Coefficient Estimates of the Generalized Linear Regression Model for the 

Effect of Time of Night (time period 1, 2, 3), Urban Intensity (urban/non-urban), and the 

Interaction of Time of Night and Urban Intensity on Total Bat Activity (number of calls) 

with Temperature (°C) as a Covariate. Reference groups were urban = N (non-urban) and 

time period = 1. Time period 1 was 45 minutes after sunset, time period 2 was 180 

minutes after sunset, and time period 3 was 300 minutes after sunset. Total includes the 

number of bat calls from all species including Lasiurus cinereus, Myotis spp., and bat 

calls that were not able to be identified to species (NOID) from all sites in summer 2016. 

    

    Estimate SE z P value 

Total Constant 1.091 0.129 8.475 < 0.001 

 Urban (Y) 0.052 0.062 0.833 0.405 

 Time Period 2 0.044 0.072 0.610 0.542 

 Time Period 3 0.090 0.073 1.236 0.217 

 Temperature          0.093 0.005 18.819 < 0.001 

 Urban (Y) : Time Period 2 -0.366 0.095 -3.860 < 0.001 

  Urban (Y) : Time Period 3 -0.410 0.096 -4.266 < 0.001 
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Figure 2.3. Total Number of Bat Calls (± 1SD) Recorded on each Time Period during 

Summer 2016 for Urban and Non-Urban Sites in the Piedmont Area of North Carolina. 

Time period 1 was 45 minutes after sunset, time period 2 was 180 minutes after sunset, 

and time period 3 was 300 minutes after sunset. Total includes the number of bat calls 

from all species including Lasiurus cinereus, Myotis spp., and bat calls that were not able 

to be identified to species (NOID). Error bars represent ± 1 standard deviation. 
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Table 2.3. Coefficient Estimates of the Generalized Linear Regression Models for the 

Effect of Time of Night (time period 1, 2, 3) and Urban Intensity (urban/non-urban) on 

Bat Activity (number of calls) for each Species with Temperature (°C) as a Covariate. 

Reference groups were urban = N (non-urban) and time period = 1. Results for L. 

borealis include the interaction of time of night and urban intensity. Time period 1 was 

45 minutes after sunset, time period 2 was 180 minutes after sunset, and time period 3 

was 300 minutes after sunset. Site abbreviations are: Burlington (BR), North Greensboro 

(NG), Pine Hall (PH), Siler City (SC) and West Greensboro (WG). Bat species 

abbreviations refer to Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasionycteris 

noctivagans (LANO), Nycticeius humeralis (NYHU), Perimyotis subflavus (PESU), and 

Tadarida brasiliensis (TABR). 

 

    Estimate SE z P value 

EPFU Constant -3.685 0.535 -6.891 < 0.001  
Urban (Y) 1.136 0.176 6.450 < 0.001  
Time Period 2 -0.421 0.159 -2.652 0.008  
Time Period 3 -0.745 0.190 -3.921 < 0.001  
Temperature          0.167 0.020 8.218 < 0.001 

LABO Constant 1.007 0.244 4.134 < 0.001  
Urban (Y) -0.666 0.140 -4.751 < 0.001  
Time Period 2 0.049 0.133 0.370 0.712  
Time Period 3 0.134 0.132 1.013 0.311  
Temperature          0.043 0.010 4.433 < 0.001  
Urban (Y) : Time Period 2 -0.418 0.214 -1.954 0.051  
Urban (Y) : Time Period 3 -0.485 0.213 -2.271 0.023 

LANO Constant -3.620 0.506 -7.153 < 0.001  
Urban (Y) 1.694 0.212 8.001 < 0.001  
Time Period 2 -0.299 0.157 -1.905 0.057  
Time Period 3 -0.454 0.175 -2.599 0.009  
Temperature          0.142 0.019 7.608 < 0.001 

NYHU Constant 0.643 0.490 1.311 0.190  
Urban (Y) -0.763 0.201 -3.791 < 0.001  
Time Period 2 -0.068 0.227 -0.300 0.764  
Time Period 3 -0.649 0.269 -2.409 0.016  
Temperature          -0.010 0.021 -0.506 0.613 

PESU Constant -0.748 0.665 -1.125 0.260 

 Urban (Y) -1.985 0.305 -6.515 < 0.001  
Time Period 2 -0.327 0.284 -1.151 0.250  
Time Period 3 -0.194 0.281 -0.688 0.492 
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Temperature          0.055 0.027 2.004 0.045 

TABR Constant -4.398 1.056 -4.166 < 0.001  
Urban (Y) 1.591 0.477 3.338 < 0.001 

 Time Period 2 -0.067 0.392 -0.169 0.865 

 Time Period 3 0.234 0.378 0.621 0.535 

 Temperature          0.095 0.039 2.443 0.015 
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Figure 2.4. Average Number of Bat Calls (+ 1SD) per Site for each Species in Urban and 

Non-Urban Sites from Summer 2016. Bat species abbreviations refer to bat species and 

species groups: Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasiurus cinereus 

(LACI), Lasionycteris noctivagans (LANO), Myotis spp. (MYspp), Nycticeius humeralis 

(NYHU), Perimyotis subflavus (PESU), Tadarida brasiliensis (TABR). Error bars 

represent + 1 standard deviation. 
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Figure 2.5. Total Number of Bat Calls (± 1SD) per Species for each Time Period in 

Urban and Non-Urban Sites from Summer 2016. Time period 1 was 45 minutes after 

sunset, time period 2 was 180 minutes after sunset, and time period 3 was 300 minutes 

after sunset. Bat species abbreviations refer to Eptesicus fuscus (EPFU), Lasiurus 

borealis (LABO), Lasionycteris noctivagans (LANO), Nycticeius humeralis (NYHU), 

Perimyotis subflavus (PESU), and Tadarida brasiliensis (TABR). Error bars represent ± 

1 standard deviation. 
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CHAPTER III 

 

DETERMINING SAMPLING EFFECTIVENESS OF MODIFIED NABAT DRIVING 

TRANSECTS IN URBAN AREAS 

 

 

Abstract 

Monitoring changes in bat diversity and behavior associated with habitat 

conversion is important, but some traditional bat monitoring methods may not be 

appropriate for all study sites. Acoustic monitoring techniques, including mobile 

monitoring using driving transects, may be good alternatives to study nightly activity in 

urban bat populations. Acoustic monitoring is an important component of many 

monitoring programs, including the North American Bat Monitoring Program (NABat). 

Driving transects that are approximately 25 to 48 kilometers long within 100 km2 grid 

cells are used by NABat, but choosing appropriate transect routes can be difficult in 

urban areas. Shorter transects could be used to alleviate sampling issues, but a modified 

protocol may be less effective at sampling some bat species. The objective of this study 

was to determine whether a modified mobile acoustic monitoring protocol with reduced 

transect lengths is effective compared to the standardized NABat protocol. I recorded bat 

echolocation calls using Anabat acoustic detectors while driving transects at four sites 

(two “urban” and two “non-urban”) located in the Piedmont region of north-central North 

Carolina from May through August 2016. Two lengths of driving transect were sampled 

in each site: one “long” transect (about 25 km long, using NABat protocol) and 6 “short”
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transects (about 3.2 km long each, using the modified protocol). Recorded echolocation 

call sequences were analyzed manually using AnalookW and automatically using Bat 

Call Identification and Echoclass software. PRESENCE software was used to compare 

differences in detection probability between the two protocols. Fewer short transects were 

needed to match the detection probability on long transects for Eptesicus fuscus, Lasiurus 

borealis, and Perimyotis subflavus, while more short transects were needed for 

Lasionycteris noctivagans, Nycticeius humeralis, and Tadarida brasiliensis. The 

modified mobile acoustic monitoring protocol with reduced transect lengths alleviates 

sampling issues in urban areas and was as effective as sampling using a single long 

transect, even with less time spent recording. Short transects can be used when applying 

NABat in urban areas, which is important to consider when designing acoustic 

monitoring programs to study bats in those areas.  

Introduction 

Examining the implications of habitat conversion and fragmentation on bat 

behavior is a conservation priority, including investigating activity pattern changes in 

urban areas (Schoener 1974, Kronfeld-Schor and Dayan 2003). Previous studies have 

shown that some traditional bat monitoring methods, such as mist-netting, may not be 

appropriate for all habitats, especially if they are open and away from water sources 

(Rodhouse et al. 2011). In addition, urban water sources may not be ideal places to 

capture bats, because activity has been shown to shift from urban water sources to water 

sources in agricultural areas (Gehrt and Chelsvig 2004).  
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Given the increasing need for studies of wildlife populations in urban areas and 

relative difficulty of using traditional monitoring methods in urban areas, acoustic 

monitoring techniques may be a good alternative to study nightly activity in urban bat 

populations. Recording bat echolocation calls with acoustic monitoring may be more 

efficient than other bat monitoring methods, which can help maximize area sampled 

(Whitby et al. 2014). An increased efficiency is especially important for broad scale 

studies in multiple locations with large sample sizes and study areas.  

In order to record bat calls, acoustic detectors are placed in a stationary location 

for a fixed amount of time or used while walking, biking, or driving set paths (Johnson et 

al. 2002). Sampling bat activity using driving transects may be easier than stationary 

monitoring in areas dominated by private land, because attaching acoustic equipment is 

roof of vehicles eliminates the need to find appropriate locations to place equipment 

(Loeb et al. 2015).  

Acoustic surveys, including mobile acoustic monitoring, are an important 

component of many monitoring programs, including the North American Bat Monitoring 

Program (NABat; Loeb et al. 2015). The NABat Program is a long-term coordinated bat 

monitoring program that aims to help study the impact of multiple stressors on bat 

populations to support predicted trends in bat populations at multiple scales (Loeb et al. 

2015). Mobile acoustic monitoring is used in the NABat monitoring program to 

determine species detection and calculate an index of relative abundance of bat species in 

survey locations determined using probability-based selection (Loeb et al. 2015).  
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The North American Bat Monitoring Program (NABat) uses mobile acoustic 

surveys for long term monitoring along transects that are approximately 25 to 48 

kilometers long within 100 km2 grid cells (Loeb et al. 2015). Transect routes vary 

depending on road density and are created to pass through common habitat types without 

crossing back to reduce the probability of recording the same bat twice (Loeb et al. 

2015). The NABat driving transect protocol suggests minimizing stops, driving at a 

constant speed on roads with relatively light traffic, and choosing routes that can be used 

to calculate relative abundance (Loeb et al. 2015).  

Choosing driving transect routes in urban areas using the NABat protocol is 

difficult in areas with high road density or with many turns, stop signs, and traffic lights. 

The NABat protocol suggests using stationary detectors in urban areas due to the 

difficulty of driving at a constant speed (Loeb et al. 2015), but adjusting the mobile 

monitoring protocol by reducing transect lengths may be a viable alternative that avoids 

biases of stationary sampling. In order to maximize time spent sampling using shorter 

transects, multiple short transects need to be sampled in the same area. Maximizing 

sampling time in this way can make the time spent sampling with short transects similar 

to the time spent sampling using the NABat protocol. If short transects are effective, the 

detection probability for both short transects and long transects should be similar with a 

similar amount of time spent sampling and using either transect length would detect the 

bat species present in each site. 

Detection probability depends on species abundance and ability to record using 

acoustic surveys. If a species is not abundant or not easily sampled and identified using 
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acoustic surveys, then a shorter sampling window on a shorter transect length may be less 

effective than the NABat protocol. For example, E. fuscus may be sampled easily using 

acoustic surveys because it has a relatively low foraging flight height (from 4.9 meters 

over streams to 10 to 15 meters in forested areas; Kurta and Baker 1990) and an easily 

identifiable echolocation call pattern (Kaarakka et al. 2013). Similar to E. fuscus, L. 

borealis may be more easily sampled using acoustic surveys because it has a foraging 

flight height from a few feet off the ground to treetop level (Shump and Shump 1982). L. 

borealis is also a very common bat in east-central states and can roost and feed in urban 

areas (Shump and Shump 1982). L. noctivagans forages in open spaces with slower flight 

which may make it relatively easy to detect, but it has an echolocation call that is similar 

to E. fuscus which may affect its ease of identification (Kunz and Racey 1998). P. 

subflavus has an echolocation call with a unique frequency compared to the other 

common bat species in the eastern U.S. and forages in edge habitats (Fujita and Kunz 

1984). N. humeralis has an echolocation call that is difficult to identify because it is very 

similar to the echolocation call of L. borealis. While T. brasiliensis is harder to detect 

because it is a high flying species (Wilkins 1989, Schnitzler and Kalko 2001), its 

echolocation call has a relatively easily identifiable shape but with a frequency that can 

be very similar to E. fuscus when foraging in uncluttered space (Schnitzler and Kalko 

2001). This species is also more likely to be sampled in areas with tall buildings, higher 

building density, and a high concentration of street intersections (Li and Wilkins 2014). 

Using a modified mobile acoustic monitoring protocol with reduced transect 

lengths may be easier to implement in urban areas, but adjusting protocols in this way 
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may alter sampling effectiveness. The objective of this study was to determine whether a 

modified mobile acoustic monitoring protocol with reduced transect lengths is effective 

compared to the standardized NABat protocol. I predicted that the same bat species 

would be detected using the modified protocol and the NABat protocol if a similar 

amount of time was spent sampling. I also hypothesized that a modified transect protocol 

may not be effective for sampling some species, especially those that are uncommon or 

difficult to record and identify using their echolocation calls. 

Methods 

I monitored bat activity at 4 different sites in the Piedmont region of north-central 

North Carolina: Burlington (BR; city in Alamance and Guilford Counties; 36°02'37.0"N 

79°29'07.9"W), North Greensboro (NG; city in Guilford County; 36°09'31.6"N 

79°49'57.6"W), Pine Hall (PH; unincorporated community in Stokes County; 

36°25'15.0"N 80°05'00.2"W), and Siler City (SC; town in Chatham County; 

35°37'41.3"N 79°24'00.5"W); Figure 3.1). The 4 sites were used as spatial replicates. 

The acoustic monitoring sites varied in urban intensity. The North Greensboro 

and Burlington sites were in residential/industrial areas with surrounding public parks 

and other greenspaces. The Pine Hall and Siler City sites were in areas surrounded by 

agriculture, pastureland, and forest patches. Urban intensity of the study sites was 

calculated using National Land Cover Database 2011 developed land categories for a 1-

km buffer surrounding each long transect and all 6 short transects (Homer et al. 2015, 

Schimpp 2017). 
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Field Methods 

Two mobile monitoring protocols were used in this study: the standard NABat 

protocol using “long” driving transects and a modified protocol using “short” driving 

transects. Each site had one long transect and 6 short transects. Multiple short transects in 

a single site were used to determine how many short transects would be needed to match 

the detection probability as the long transect in each site. 

Each long transect was approximately 25 kilometers long. Long transects for 

Burlington, Pine Hall, and Siler City were identical to the ones used by the NABat 

program and were created to pass through common habitat types of the area (Figures 

3.1a, 3.1c, 3.1d, Loeb et al. 2015). The long transect in North Greensboro was not created 

to pass through common habitats in the Greensboro metropolitan area and instead used a 

route that would be safe to drive at 32 km/hr given traffic intensity throughout the city 

(Figure 3.1b, Loeb et al. 2015). I began driving each long transect 45 minutes after 

sunset.  

Each short transect was about 3.2 kilometers in length. Short transects were 

chosen to minimize travel time between transects and avoid high traffic areas while being 

safe to drive at 32 km/hr even in areas with high road density. Unlike long transects, short 

transects were not created to pass through common habitat types. All short transects were 

in an approximate 4-kilometer radius within their respective grid cells where possible 

(Figure 3.1). There was minimal overlap of the short transects with each other, but the 

short transects overlapped with the long transect in some sites. All 6 short transects were 
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driven back to back at one time in a predetermined randomized order. I began driving the 

first short transect for each night 45 minutes after sunset.  

Anabat acoustic detectors (Anabat SD2, Titley Scientific, Australia) were used for 

mobile acoustic monitoring with driving transects (Schimpp 2017). Each long transect 

and each short transect was sampled twice within approximately one week (temporal 

replicates) in each of the four sampling months (May through August 2016) (Loeb et al. 

2015). 

Acoustic Analyses 

Automated and manual approaches were used to analyze bat call recordings from 

transects using AnalookW (version 4.1t; Titley Scientific, Australia), Bat Call 

Identification (BCID version 2.7c; Bat Call Identification, Inc., Missouri, USA), and 

Echoclass (version 3.1; U.S Army Engineer Research and Development Center, 

Mississippi, USA; Schimpp 2017). All of the analyzable bat calls with 4 or more search 

phase pulses in about one second were manually identified to species based on species-

specific echolocation call characteristics including frequency and pulse shape (Schnitzler 

and Kalko 2001). All of the analyzable files were manually identified to a species or 

species group or labeled as not able to be identified to species (NOID). Main target 

species for the sampled region were: Eptesicus fuscus (big brown bat), Lasionycteris 

noctivagans (silver haired bat), Lasiurus borealis (red bat), Lasiurus cinereus (hoary bat), 

Myotis lucifugus (little brown bat), Myotis septentrionalis (northern long eared bat), 

Nycticeius humeralis (evening bat), and Perimyotis subflavus (tricolored bat).   

 



 

37 

Statistical Analyses 

Six subsets of short transects were used in analyses: (1) the first short transect, (2) 

the first two short transects, (3) the first three short transects, (4) the first 4 short 

transects, (5) the first 5 short transects, and (6) all 6 short transects.  

Paired t-tests were used to compare time spent sampling and recording on long 

transects in all 4 study sites compared to time spent sampling and recording on short 

transects (subsets with all 6 short transects) in all 4 study sites. The null hypothesis was 

that there is no difference in time spent sampling and recording on long transects and 

short transects (subsets with all 6 short transects). The average time spent sampling for 

short transects included the travel time between transects while the detector was not 

recording.  

Detection/non-detection data for each species was used to compare detection 

probabilities on long transects and each subset of short transects using program 

PRESENCE (version 11.5; Hines 2006). Calls from L. cinereus were not included in 

detection probability analyses due to the very low recorded call numbers for this species. 

Calls from Myotis spp were not included in detection probability analyses due to the 

inability to distinguish the species-specific differences in the echolocation calls.  

For all PRESENCE analyses, detection was defined as at least one bat call per 

species per site and all models were run using single season analyses. Detection/non-

detection values for long transects were from the single long transect in each site. 

Detection/non-detection values for short transects were from the 6 subsets of short 

transects in each site. The detection/non-detection values on short transects were 
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calculated from the number of calls from each species on the first short transect driven, 

the first two short transects driven, the first three short transects driven, the first 4 short 

transects driven, the first 5 short transects driven, or all 6 short transects driven.  

Detection/non-detection values on long and short transects were used to compare 

model ranks using a null model that long transects had the same detection probability as 

short transects and an alternative model that long transects had a different detection 

probability than short transects (Hines 2006). The null model had constant occupancy 

probability (psi(.)) and constant detection probabilities (p(.)), while the alternative model 

had a constant occupancy probability (psi(.)) and a non-constant detection probability 

(p(L-#)) where L represents the long transect and # represents the number of short 

transects. There were 6 models for each species made by editing the detection model 

design matrix to represent that the short transect detection values were different from 

long transect detection values. These models included data from the long transect and the 

first short transect driven (p(L-1)), the long transect and the first two short transects 

driven (p(L-2)), the long transect and the first three short transects driven (p(L-3)), the 

long transect and the first 4 short transects driven (p(L-4)), the long transect and the first 

5 short transects driven (p(L-5)), and the long transect and all 6 short transects driven 

(p(L-6)).  

Akaike information criterion (AIC) was used to interpret differences in detection 

probability between short transects and long transects (Hines 2006). Delta Akaike 

information criterion (ΔAIC) values, or the relative difference in AIC values between 

each model and the model with the smallest AIC, were compared between each null 
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model and alternative model (Hines 2006). Model comparisons where the null model had 

a ΔAIC value less than 2 substantially supported that there is no difference in detection 

probability between long and short transects (Burnham and Anderson 2004). These 

values were compared for each subset of short transects to determine how many short 

transects were needed to equal the detection probability of the long transect for each 

species.  

Results 

Long transects in North Greensboro and Burlington had developed land cover 

percentages of 78.7% and 31.0% respectively. Short transects in North Greensboro and 

Burlington had developed land cover percentages of 76.0 % and 31.2% respectively. 

Long transects in Pine Hall and Siler City had developed land cover percentages of 6.2% 

and 5.8% respectively. Short transects in Pine Hall and Siler City had developed land 

cover percentages of were 5.8% and 6.8% respectively.  

Acoustic data were collected over 64 nights from 5 May 2016 to 26 August 2016, 

with 4 nights per site per month (2 nights of short transects and 2 nights of long 

transects). A total of 2,180 manually identified calls (with 1040 identified to species) 

were recorded over the entire study with 1,317 calls recorded along a total of 32 long 

transects and 863 calls recorded along a total of 192 short transects (Table 3.1). The 

average number of calls per long transect was 41.2 calls and the average number of calls 

per short transect was 4.5 calls. Bat calls were identified to 8 species (or species groups): 

Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasiurus cinereus (LACI), 

Lasionycteris noctivagans (LANO), Myotis species (MYspp), Nycticeius humeralis 
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(NYHU), Perimyotis subflavus (PESU), and Tadarida brasiliensis (TABR). The percent 

of total calls that were not able to be identified to species was 51.7%. A total of 1,030 bat 

calls were used for analyses, from 6 species: E. fuscus, L. borealis, L. noctivagans, N. 

humeralis, P. subflavus, and T. brasiliensis. 

There was a significant difference between time spent recording on long transects 

and time spent recording on short transects (subsets with all 6 short transects) in all sites 

(df = 31, p < 0.001). There was also a significant difference between time spent sampling 

on long transects and time spent sampling on short transects (subsets with all 6 short 

transects) in all sites (df = 31, p = 0.026).  

The average time spent sampling and recording on long transects was 61.5 min. 

The average time spent sampling the first short transect was 5.9 min, the first 2 short 

transects was 17.2 min, the first 3 short transects was 27.3 min, the first 4 short transects 

was 37.6 min, the first 5 short transects was 48.1 min, and all 6 short transects was 58.2 

min. These average times spent sampling for short transects included the travel time 

between transects while the detector was not recording. The average time spent recording 

during these sampling times were: 5.9 min for the first short transect, 11.7 min for the 

first 2 short transects, 17.3 min for the first 3 short transects, 22.8 min for the first 4 short 

transects, 28.3 min the first 5 short transects, and 34.0 min for all 6 short transects. The 

average time recording on any short transect (not just the first one in the set) was 5.7 min.  

Detection probability for short transects varied by species. For L. borealis the 

ΔAIC value was 0 for the null model where the alternative model included the first two 

short transects (psi(.),p(L-2)), meaning that when two short transects are driven, the 
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detection probability for this species would be the same as driving a long transect (Table 

3.2 and Figure 3.2). Sampling using only one short transect would not be as effective as 

the long transect for this species, since the ΔAIC value was 5.45 for the null model where 

the alternative model included only the first short transect (psi(.),p(L-1)). 

The detection probability for the other species can be interpreted in a similar way. 

The model comparison where the null model had a ΔAIC value less than 2 included 3 

short transects for E. fuscus and P. subflavus (psi(.),p(L-3); ΔAIC 1.25 for E. fuscus, 0 for 

P. subflavus; Table 3.2 and Figure 3.2). For T. brasiliensis the ΔAIC value was 0.52 for 

the null model where the alternative model included all 6 short transects (psi(.),p(L-6); 

Table 3.2 and Figure 3.2). For L. noctivagans the ΔAIC value was 0.83 for the null model 

where the alternative model included 4 short transects (psi(.),p(L-4); Table 3.2 and Figure 

3.2). For N. humeralis the ΔAIC value was 1.36 for the null model where the alternative 

model included 5 short transects (psi(.),p(L-5); Table 3.2 and Figure 3.2). Model 

comparisons with a single short transect (psi(.),p(L-1)) had null models with ΔAIC values 

greater than 10 for all species (except L. borealis), indicating no support for single short 

transects having the same detection probability as long transects (Burnham and Anderson 

2004).  

Overall, while all 6 species were detected using the modified protocol, the subset 

with only a single short transect was not as effective as the long transect for any species 

and one species (T. brasiliensis) required 6 short transects to have the same detection 

probability as the long transect. 
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Discussion 

The modified protocol detected all 6 target species, but multiple short transects 

were needed to match the detection probability on long transects for these species. Fewer 

short transects were needed to detect E. fuscus, L. borealis, and P. subflavus, while more 

short transects were needed to detect L. noctivagans, N. humeralis, and T. brasiliensis. 

Even though the time spent recording using the modified protocol with 6 short transects 

is less than time spent recording on long transects, sampling using 6 short transects is as 

effective as sampling using a single long transect for bat species in this study area. 

The subset of short transects with only one short transect was not effective for 

sampling any species. There was minimal support for the model comparison with a single 

short transect (psi(.),p(L-1)) for L. borealis because the null model had a ΔAIC values of 

5.45 transects (Burnham and Anderson 2004). While the species in my study all have an 

initial foraging period within the first 2 or 3 hours after sunset (Kunz 1973), the time 

spent sampling a single short transect (5.7 min) was too short to effectively sample any of 

these bat species. While there was extra time spent not recording between short transects, 

they were still able to detect the same species as long transects in the time allotted. T. 

brasiliensis is the only species where it would not matter if the modified protocol or the 

NABat protocol was used because this species had the same detection probability for one 

long transect and 6 short transects.   

The number of short transects needed to match the detection probability on long 

transects corresponds to how easily the bat species are to record along driving transects. 

E. fuscus and L. borealis were detected with fewer short transects because they are 
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common in the southeast and have relatively high abundance (Shump and Shump 1982, 

Kurta and Baker 1990, Agosta 2002, Johnson et al. 2008, Kaarakka et al. 2013). Fewer 

short transects were also needed for sampling P. subflavus because it forages along forest 

edges (Fujita and Kunz 1984). More short transects were needed for sampling L. 

noctivagans because it is an uncommon resident in the summer in the Piedmont area of 

North Carolina (Lee et al. 1982). This species also has slower flight with efficient, 

frequency-modulated calls that do not travel as far (Barclay 1985). More short transects 

were needed to detect T. brasiliensis since it is uncommon in the Piedmont region of 

North Carolina (Johnson et al. 2008). 

A modified protocol with short transects alleviates sampling issues in urban areas 

and can be as effective as a single long transect, even with less time spent recording. 

Short transects can be used when applying NABat in urban areas, which is important to 

consider when designing acoustic monitoring programs to study bats in those areas.  
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Figures/Tables 

 

 

 
 

Figure 3.1. Locations of Long and Short Driving Transects for Mobile Acoustic 

Monitoring in Burlington (a), North Greensboro (b), Pine Hall (c), Siler City (d) in the 

Piedmont Area of North Carolina (e). Urban intensity of the study sites is shown with 

developed land categories from National Land Cover Database 2011 in shades of red 

(Homer et al. 2015).
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Table 3.1. Total Number of Bat Calls per Species on Long and Short Transects and 

Standard Deviation of Total Calls Recorded in the Piedmont Area of North Carolina in 

Summer 2016. Bat species abbreviations refer to Eptesicus fuscus (EPFU), Lasiurus 

borealis (LABO), Lasiurus cinereus (LACI), Lasionycteris noctivagans (LANO), Myotis 

spp. (MYspp), Nycticeius humeralis (NYHU), Perimyotis subflavus (PESU), Tadarida 

brasiliensis (TABR) and bat calls not able to be identified to species (NOID). 

 

  Long Short  Total 

Species  Calls Calls Calls SD 

Total 1317 863 2180 34.351 

NOID 685 455 1140 15.789 

LABO 288 183 471 7.549 

LANO 106 76 182 2.999 

EPFU 73 74 147 2.501 

NYHU 79 30 109 2.384 

PESU 51 32 83 1.733 

TABR 27 11 38 0.982 

LACI 4 1 5 0.207 

MYspp 4 1 5 0.207 
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Table 3.2. Akaike Information Criterion (AIC) Values and Model Selection Results for 

each Species of Differences in Detection Probability using PRESENCE Software from 

Sites in the Piedmont Area of North Carolina in Summer 2016. Bat species abbreviations 

refer to Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasionycteris noctivagans 

(LANO), Nycticeius humeralis (NYHU), Perimyotis subflavus (PESU), and Tadarida 

brasiliensis (TABR). Each null model had a constant occupancy probability (psi(.)) and 

constant detection probability (p(.)), while each alternative model had a constant 

occupancy probability (psi(.)) and non-constant detection probability (p(L-#)). Model 

names refer to the comparison between long transect (L) and each short transect set (1 

through 6). An AIC value for each model is shown. DeltaAIC values for each model set 

were calculated from the difference in AIC values between each model and the model 

with the smallest AIC. Model comparisons (ΔAIC < 2) show when each subset of short 

transects (1-6) has no difference in detection probability as long transect (L) for that 

species. 
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Figure 3.2. Summary of Differences in Detection Probability for each Species from Sites 

in the Piedmont Area of North Carolina in Summer 2016. Number of short transects 

indicates the minimum number of short transects needed to equal the detection 

probability of the long transect for that species. Bat species abbreviations refer to 

Eptesicus fuscus (EPFU), Lasiurus borealis (LABO), Lasionycteris noctivagans 

(LANO), Nycticeius humeralis (NYHU), Perimyotis subflavus (PESU), and Tadarida 

brasiliensis (TABR). All results are from model comparisons for each species of 

differences in detection probability using akaike information criterion (AIC) and 

PRESENCE software (see Table 3.2).  
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CHAPTER IV 

 

DISCUSSION OF BOTH STUDIES 

 

 

In order to study nightly bat activity using driving transects in urban areas, a 

modified protocol with reduced transect lengths was used to test sampling effectiveness 

in urban and non-urban sites and this protocol was used to determine species-specific bat 

activity at these sites in a single night. A modified protocol with short transects alleviates 

sampling issues in urban areas and sampling using short transects (all 6 short transects 

per site) was as effective as a single long transect for 6 species in the study area.  

While Chapter 3 showed that the modified protocol with short transects is 

effective for sampling all 6 bat species used in nightly activity analyses, this method may 

benefit by additional modifications, especially when sampling later in the night. For 

Chapter 2, there was no species with an increase in activity later in the night, which may 

be due to only sampling the beginning and middle of each night, and not the end of the 

night (before sunrise). For example, changing or adding another sampling period after the 

latest time period may have detected a secondary foraging period for L. noctivagans (6 to 

8 hours after sunset) (Kunz 1973), which would have been missed by the latest sampling 

period starting 5 hours after sunset. 

Further adjustments to the short transect protocol could be to sample fewer than 6 

short transects at one time, but this may only be an effective sampling option for some 

species in my study sites. For species that needed more short transects to be detected 



 

49 

(including N. humeralis and T. brasiliensis), sampling fewer short transects would not be 

effective, especially on sampling periods later in the night with less overall bat activity. 

The short transects needed to be concentrated in a specific section of each site, 

depending on road density, and the placement of short transects was based on reducing 

travel time between each short transect after randomization. While urban/non-urban land 

use was taken into account, specific land uses on each transect may have affected 

sampled bat activity. For future studies, care should be taken when placing transects in 

the landscape in relation to land use or environmental variables.  

Issues with mobile acoustic bat monitoring in urban areas can be alleviated using 

a modified mobile monitoring protocol with sets of 6 short transects driven back to back 

in a randomized order. This protocol can also be used to investigate nightly bat activity in 

areas with varying urban intensity, including changes in species-specific activity later in a 

single night and between study sites. More studies are needed to determine whether 

altered bat activity in urban areas could be due to competition for preferred foraging areas 

or a shift in activity if urban exploiters occupy empty niches from urban avoiders. 



 

50 

REFERENCES 

 

 

Adams RA, Thibault KM (2006) Temporal resource partitioning by bats at water holes. 

Journal of Zoology 270:466–472. doi: 10.1111/j.1469-7998.2006.00152.x 

 

Agosta SJ (2002) Habitat use, diet and roost selection by the Big Brown Bat (Eptesicus 

fuscus) in North America: a case for conserving an abundant species. Mammal 

Review 32:179–198. doi: 10.1046/j.1365-2907.2002.00103.x 

 

Agosta SJ, Morton D, Marsh BD, Kuhn KM (2005) Nightly, Seasonal, and Yearly 

Patterns of Bat Activity at Night Roosts in the Central Appalachians. Journal of 

Mammalogy 86:1210–1219. 

 

Anthony ELP, Stack MH, Kunz TH (1981) Night roosting and the nocturnal time budget 

of the little brown bat, Myotis lucifugus: Effects of reproductive status, prey 

density, and environmental conditions. Oecologia 51:151–156. doi: 

10.1007/BF00540593 

 

Avila-Flores R, Fenton MB (2005) Use of Spatial Features by Foraging Insectivorous 

Bats in a Large Urban Landscape. J Mammal 86:1193–1204. doi: 10.1644/04-

MAMM-A-085R1.1 

 

Bennie JJ, Duffy JP, Inger R, Gaston KJ (2014) Biogeography of time partitioning in 

mammals. Proc Natl Acad Sci USA 111:13727–13732. doi: 

10.1073/pnas.1216063110 

 

Britzke ER, Herzog C (2009) Using acoustic surveys to monitor population trends in 

bats. U.S. Army Engineer Research and Development Center.  

 

Burnham KP, Anderson DR (2004) Multimodel Inference: Understanding AIC and BIC 

in Model Selection. Sociological Methods & Research 33:261–304. doi: 

10.1177/0049124104268644 

 

Duchamp JE, Sparks DW, Whitaker JO (2004) Foraging-habitat selection by bats at an 

urban-rural interface: comparison between a successful and a less successful 

species. Canadian Journal of Zoology 82:1157–1164. 

 

Erickson JL, West SD (2002) The influence of regional climate and nightly weather 

conditions on activity patterns of insectivorous bats. Acta Chiropterologica 4:17–

24.



 

51 

Fabianek F, Gagnon D, Delorme M (2011) Bat distribution and activity in Montreal 

Island green spaces: Responses to multi-scale habitat effects in a densely 

urbanized area. Ecoscience Quebec 18:9–17. 

 

Fujita MS, Kunz TH (1984) Pipistrellus subflavus. Mamm Species 1–6. doi: 

10.2307/3504021 

 

Geggie JF, Fenton MB (1985) A comparison of foraging by Eptesicus fuscus (Chiroptera: 

Vespertilionidae) in urban and rural environments. Can J Zool 63:263–266. doi: 

10.1139/z85-040 

 

Gehrt SD, Chelsvig JE (2004) Species-specific patterns of bat activity in an urban 

landscape. Ecological Applications 14:625–635. doi: 10.1890/03-5013 

 

Grider JF, Larsen AL, Homyack JA, Kalcounis-Rueppell MC (2016) Winter Activity of 

Coastal Plain Populations of Bat Species Affected by White-Nose Syndrome and 

Wind Energy Facilities. PLoS ONE 11:1–14. doi: 10.1371/journal.pone.0166512 

 

Hines JE (2006) PRESENCE: Software to estimate patch occupancy and related 

parameters.  

 

Homer CG, Dewitz JA, Yang L, et al (2015) Completion of the 2011 National Land 

Cover Database for the conterminous United States-Representing a decade of land 

cover change information. Photogrammetric Engineering and Remote Sensing 

81:345–354. 

 

Jachowski DS, Dobony CA, Coleman LS, et al (2014) Disease and community structure: 

white-nose syndrome alters spatial and temporal niche partitioning in sympatric 

bat species. Diversity Distrib 20:1002–1015. doi: 10.1111/ddi.12192 

 

Johnson JB, Gates JE, Ford WM (2008) Distribution and activity of bats at local and 

landscape scales within a rural–urban gradient. Urban Ecosyst 11:227. doi: 

10.1007/s11252-008-0055-x 

 

Johnson JB, Menzel MA, Edwards JW, Ford WM (2002) A comparison of 2 acoustical 

bat survey techniques. Wildlife Society Bulletin 30:931–936. 

 

Jung K, Kalko EKV (2010) Where forest meets urbanization: foraging plasticity of aerial 

insectivorous bats in an anthropogenically altered environment. Journal of 

Mammalogy 91:144–153. 

 

Kaarakka HM, Pelton EM, Redell DN (2013) Wisconsin Big Brown Bat Species 

Guidance.  



 

52 

Kalcounis MC, Hobson KA, Brigham RM, Hecker KR (1999) Bat Activity in the Boreal 

Forest: Importance of Stand Type and Vertical Strata. Journal of Mammalogy 

80:673–682. doi: 10.2307/1383311 

 

Kronfeld-Schor N, Dayan and T (2003) Partitioning of Time as an Ecological Resource. 

Annual Review of Ecology, Evolution, and Systematics 34:153–181. doi: 

10.1146/annurev.ecolsys.34.011802.132435 

 

Kunz TH (1982) Ecology of Bats. Springer, US 

 

Kunz TH (1973) Resource Utilization: Temporal and Spatial Components of Bat Activity 

in Central Iowa. Journal of Mammalogy 54:14–32. doi: 10.2307/1378869 

 

Kunz TH, Racey PA (1998) Bat biology and conservation. Smithsonian Institution Press 

 

Kurta A, Baker RH (1990) Eptesicus fuscus. Mamm Species 1–10. doi: 10.2307/3504258 

 

Kurta A, Teramino JA (1992) Bat Community Structure in an Urban Park. Ecography 

15:257–261. 

 

Li H, Wilkins KT (2014) Patch or mosaic: bat activity responds to fine-scale urban 

heterogeneity in a medium-sized city in the United States. Urban Ecosystems; 

Salzburg 17:1013–1031. doi: http://dx.doi.org.libproxy.uncg.edu/10.1007/s11252-

014-0369-9 

 

Loeb SC, Rodhouse, J T, et al (2015) A plan for the North American Bat Monitoring 

Program (NABat). Gen Tech Rep SRS-208 Asheville, NC: US Department of 

Agriculture Forest Service, Southern Research Station 208:1–100. 

 

Luck GW, Smallbone L, Threlfall C, Law B (2013) Patterns in bat functional guilds 

across multiple urban centres in south-eastern Australia. Landscape Ecology 

28:455–469. doi: 10.1007/s10980-012-9842-0 

 

May RM, MacArthur RH (1972) Niche Overlap as a Function of Environmental 

Variability. Proceedings of the National Academy of Sciences of the United 

States of America 69:1109–1113. 

 

McGarigal K, Cushman SA, Ene E FRAGSTATS v4: Spatial Pattern Analysis Program 

for Categorical and Continuous Maps.  

 

Mendes ES, Pereira MJR, Marques SF, Fonseca C (2014) A mosaic of opportunities? 

Spatio-temporal patterns of bat diversity and activity in a strongly humanized 

Mediterranean wetland. European Journal of Wildlife Research 60:651–664. 



 

53 

Morris AD, Miller DA, Kalcounis-Rueppell MC (2009) Use of Forest Edges by Bats in a 

Managed Pine Forest Landscape. Journal of Wildlife Management 74:26–34. doi: 

10.2193/2008-471 

 

Pickett STA, Cadenasso ML, Grove JM, et al (2001) Urban Ecological Systems: Linking 

Terrestrial Ecological, Physical, and Socioeconomic Components of Metropolitan 

Areas. Annual Review of Ecology and Systematics 32:127–157. 

 

Razgour O, Korine C, Saltz D (2011) Does interspecific competition drive patterns of 

habitat use in desert bat communities? Oecologia 167:493–502. 

 

Rodhouse TJ, Vierling KT, Irvine KM (2011) A practical sampling design for acoustic 

surveys of bats. JWMG The Journal of Wildlife Management 75:1094–1102. 

 

Russo D, Ancillotto L (2015) Sensitivity of bats to urbanization: a review. Mammalian 

Biology - Zeitschrift für Säugetierkunde 80:205–212. doi: 

10.1016/j.mambio.2014.10.003 

 

Rydell J, Entwistle A, Racey PA (1996) Timing of Foraging Flights of Three Species of 

Bats in Relation to Insect Activity and Predation Risk. Oikos 76:243–252. doi: 

10.2307/3546196 

 

Schimpp S (2017) Determining Nightly Bat Activity With Modified NABat Driving 

Transects in Urban Areas.  

 

Schnitzler HU, Kalko EKV (2001) Echolocation by Insect-Eating Bats. BioScience 

51:557–569. doi: 10.1641/0006-3568(2001)051[0557:EBIEB]2.0.CO;2 

 

Schoener TW (1974) Resource Partitioning in Ecological Communities. Science 185:27–

39. 

 

Shochat E, Warren PS, Faeth SH, et al (2006) From patterns to emerging processes in 

mechanistic urban ecology. Trends in Ecology & Evolution 21:186–191. doi: 

10.1016/j.tree.2005.11.019 

 

Shump KA, Shump AU (1982) Lasiurus borealis. Mamm Species 1–6. doi: 

10.2307/3503843 

 

Stone EL, Harris S, Jones G (2015) Impacts of artificial lighting on bats: a review of 

challenges and solutions. Mammalian Biology - Zeitschrift für Säugetierkunde 

80:213–219. doi: 10.1016/j.mambio.2015.02.004 

 



 

54 

Threlfall C, Law B, Penman T, Banks PB (2011) Ecological processes in urban 

landscapes: mechanisms influencing the distribution and activity of insectivorous 

bats. Ecography 34:814–826. doi: 10.1111/j.1600-0587.2010.06939.x 

 

Vindigni MA, Morris AD, Miller DA, Kalcounis-Rueppell MC (2009) Use of modified 

water sources by bats in a managed pine landscape. Forest Ecology and 

Management 258:2056–2061. doi: 10.1016/j.foreco.2009.07.058 

 

Walters B, C. M., Sparks DW, Whitaker JO (2007) Foraging Behavior of Eastern Red 

Bats (Lasiurus Borealis) at an Urban-rural Interface. The American Midland 

Naturalist 157:365–373. 

 

Whitby MD, Carter TC, Britzke ER, Bergeson SM (2014) Evaluation of Mobile Acoustic 

Techniques for Bat Population Monitoring. Acta Chiropterologica 16:223–230. 

 

Wilkins KT (1989) Tadarida brasiliensis. Mamm Species 1–10. doi: 10.2307/3504148 

 

Weather Underground. (2016) The Weather Company  

 

 

 
 


