
 
 
 
 
 
 
 
 

ABSTRACT 
 

Urban Bats: Distribution, Roost Selection, and Foraging Site Selection 
 

Han Li, Ph.D. 
 

Mentor: Kenneth T. Wilkins, Ph.D. 
 

 
 The global trend of urbanization has led researchers to examine the influence of 

human dominated landscapes on wildlife populations. While many species have not been 

able to thrive in cities, some species have shown the ability to adapt to the urban 

environment. This dissertation study focused on how bats adapted to a medium-sized city 

in the United States, with emphases on their general distributional patterns, roost 

selection, and foraging site preference.  In the first project, I conducted acoustic driving 

surveys to map the distribution of bats in and around the city of Waco, Texas. Bayesian 

spatial modeling showed that distributional patterns of different bat species were affected 

by each bat species’ functional guild. Modeling also showed that socioeconomic 

heterogeneities with in the city influenced bat distributional patterns. This project 

suggested that the urban environment was not a homogenous patch and bats responded to 

fine scale urban heterogeneities. In the second project, I concentrated on the roost 

selection of Mexican free-tailed bats (Tadarida brasiliensis), the most common species in 

this study. Based on 54 day-roosts identified in buildings, I found that this bat species 

tended to choose tall buildings that were abandoned or empty. The presence of birds was 



also an indicator of the presence of a bat roost. In contrast to literature, factors affecting 

the thermal condition of a roost were not significantly influential in roost selection. I 

suggest that alternative roosts should be provided when bat-preferred buildings are 

involved in urban developments. In the third project, I investigated how urban night 

illumination affected insect prey availability and bat foraging activity. Findings showed 

that insects were usually more abundant at sites with stronger illumination, thus attracted 

more foraging activities. However, during the winter bats still foraged more often at sites 

with stronger illumination, although insect availability was not necessarily better at those 

preferred sites. Overall, it is evident that a medium-sized city like Waco provides 

sufficient resources to support several bat species. However, more research is needed to 

fully understand urban bat ecology to achieve the greater goal of harmonious coexistence 

of humans and wildlife in urban settings. 
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CHAPTER ONE  
 

Introduction 
 
 

The ever-increasing human population is driving the expansion and creation of 

cities worldwide. According to a United Nations report (2014), more people live in urban 

areas than in rural areas globally. It is projected that 66% of the world’s population will 

be urban in 2050 (United Nations 2014). Currently North America is the most urbanized 

region with 82% of its population living in urban areas. In the United States in 2010, 

83.7% of the population lived in 366 metropolitan areas, which comprise only 25.8% of 

the country’s total land area (U. S. Census Bureau 2010). By 2030, densely developed 

urban area in the United States is projected to increase by 79%, raising the proportion of 

the total land base that is developed from 5.2 to 9.2% (Alig, Kline, and Lichtenstein 

2004). Meanwhile, low-density housing development is also growing rapidly at the 

fringes of metropolitan areas and rural areas attractive in scenery, climate, outdoor 

recreation and other natural amenities (Brown et al. 2005; Hansen et al. 2005). 

 
The Socioeconomic Aspect of A City 

 
Urbanization is the progressive spread and enlargement of human settlements 

over the earth’s surface with a unique evolutionary pathway (Anas, Arnott, and Small 

1998; Dow 2000; Hruska 2006). The transformation of the natural environment began 

with the development of agriculture and commerce, and the construction of the first 

stable human settlements. As human population increased and human culture evolved, 

small settlements transformed into cultivated fields and areas for construction of villages, 
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and eventually cities (Hruska 2006). In the United States, the city pattern evolved from a 

single manufacturing district located near a harbor or railhead with residences 

surrounding it, to the expansion of central business districts in the core city and the 

spreading of low density residential housing in the suburban and exurban areas, then 

recently to the growth of “edge cities" in the suburban and even the outermost reaches of 

large metropolitan areas (Moses and Williamson 1967; French 1997; Anas, Arnott, and 

Small 1998; Hansen et al. 2005; Garreau 2011). 

The trajectory of city development can be explained by developments of 

economy, inventions of new technologies, and people pursuing a better quality of life 

(French 1997; Anas, Arnott, and Small 1998; Hansen et al. 2005). In sociologists’ and 

economists’ views, cities become more heterogeneous, both physically and economically, 

as they develop (Irwin and Bockstael 2007). Different economic functions drive districts 

within a city in different directions, resulting in physical changes of the landscape (Black 

and Henderson 2003). Meanwhile, historical and cultural factors also play an important 

role in shaping the city (Mommaas 2004). Urban development decisions can also be the 

counterbalanced result from several factors, or may be generated randomly (Western 

2001; Miller and Hobbs 2002). 

Overall, human-driven processes gradually change natural habitat over time and 

space and produce anthropogenic impact gradients (McDonnell and Hahs 2008). All 

cities consist of patches of different land-use types and land covers associated with 

different human activities. Each patch in the city shows different degrees of impact from 

urbanization (Cadenasso, Pickett, and Schwarz 2007; James and Bound 2009; Cadenasso 

et al. 2013). The urbanization impact is not linear nor from a single concentric center 
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(McIntyre, Knowles-Yánez, and Hope 2000; Hahs and McDonnell 2006; Niemelä et al. 

2011). 

 
The Ecological Aspect of A City 

 
Ecologically urbanization changes the landscape, generating more impervious 

surface and artificial structures (McKinney 2002; McDonnell and Hahs 2008). 

Urbanization also results in high densities of people and nonnative plants and animals, 

while also altering the functions of natural ecosystems (Niemelä 1999; Pickett et al. 

2001). During urbanization, local climate is affected by altered surface energy balance 

and atmosphere composition, producing what can be called “urban climate” (Unger, 

Sümeghy, and Zoboki 2001). The soil composition is also affected by human activities in 

urban areas (Fenger 1999; De Kimpe and Morel 2000). As diurnal creatures, humans 

have long sought methods to illuminate the night. Lights have transformed the nighttime 

environment over substantial portions of the earth’s surface (Longcore and Rich 2004). 

Noise, much like artificial light, is another human-manipulated threat to natural 

environment during urbanization process (Warren et al. 2006). Biologically, the altered 

urban environment affects plant habitat availability and spatial arrangement (Williams et 

al. 2009). Urban flora contains both native and exotic species from a species pool that has 

been selected by human preference. Urban vegetation is often kept at an early 

successional stage by frequent anthropogenic disturbances, which may include landscape 

management, alternation of physical condition, and construction (Zipperer et al. 1997; 

Ross, Fox, and Fox 2002; Troy et al. 2007). 

Modification of urban environments by different human activities produces an 

urban land-cover that shows extreme heterogeneity (Pickett et al. 2001; Cadenasso, 
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Pickett, and Schwarz 2007). Natural habitats are removed from the landscape and 

replaced by human-manipulated land-use types. The remaining natural habitat is 

separated into small patches. However, humans are not the only residents in urban areas. 

Evolutionarily, the majority of contemporary fauna and flora species shaped their 

distributional and ecological status million years ago (Luniak 2004). In contrast, cities 

originated only several thousands of years ago and did not fully develop, in terms of size 

and landscape, until the last 100-200 years (Anas, Arnott, and Small 1998). This rapid 

urbanization brought high anthropogenic pressure on the original natural habitat and the 

species living in the habitat (Rebele 1994; Savard, Clergeau, and Mennechez 2000; 

McKinney 2008).  

Urban areas have been considered as suitable habitat for only a small subset of 

wildlife species because, during urbanization, natural habitat is heavily impacted and 

replaced by human-constructed habitat. Such altered abiotic conditions might not be 

suitable for supporting original species (Rebele 1994). Fragments of remaining natural 

habitat may be too small or too isolated to serve basic ecological functions (Savard, 

Clergeau, and Mennechez 2000). Dispersal between fragments is difficult and risky for 

most species (Niemelä 1999). Furthermore, land modification during city growth is often 

long-lasting so that there is no opportunity for successional recovery (McKinney 2002). 

Introduced nonnative species in human settlements intensely affect biological 

interactions. Competition and predation pressures increase for native species (Rebele 

1994; McKinney 2006; McKinney 2008).  People may also intentionally reduce natural 

enemies, pests and other unfavorable species for the well-being of humans (Adams and 

Lindsey 2010). 
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Despite the array of anthropogenic disturbances associated with urbanization, 

recent studies suggested that more and more animal species are settling and increasing 

their abundance in cities (Luniak 2004; Ditchkoff, Saalfeld, and Gibson 2006). A 

relatively large proportion of introduced species is restricted to human-modified habitats 

and has close associations with humans (Sukopp 2004). The altered urban habitat may 

provide shelter against thermal and drought stress (Baker et al. 2002; Parris and Hazell 

2005; Shepherd 2006). In addition, several human activities, such as reducing or 

eliminating natural enemies (mainly large carnivores) and introduction of vast amounts of 

processed food, can benefit many species (Marzluff and Ewing 2001; Byers 2002). 

From a taxonomic perspective, birds and terrestrial invertebrates have been well 

studied in terms of adapting to urban environment (Pickett et al. 2001). Chace and Walsh 

(2006) reviewed bird studies along the urbanization gradient and identified bird species 

that can utilize urban habitats. McIntyre, Knowles-Yánez, and Hope (2000) reviewed 

insect species richness along urbanization gradients. A few mammal species, such as the 

fox squirrel (Sciurus niger; Mccleery et al. 2007; Mccleery 2008; McCleery 2009), red 

fox (Vulpes vulpes; Adkins and Stott 1998), coyote (Canis latrans; Grinder and 

Krausman 2001), raccoon (Procyon lotor; Riley, Hadidian, and Manski 1998) and several 

bats species (Williams et al. 2006; Loeb, Post, and Hall 2009; Threlfall et al. 2011; 

Threlfall, Law, and Banks 2012 a), are examples that adapt well to urban habitats. 

 
Bats that Live in a City 

 
Flight allows bats to move large distances quickly at relatively low energetic cost 

(Norberg and Rayner 1987). Mobility gives bats access to a range of habitats and can 

reduce their dependence on a particular setting, which provides the possibility of utilizing 
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habitat mosaics, including urban mosaics (Fenton 1997). The presence of bats in cities 

has been reported around the world, spanning a variety of bat species, geographic 

locations and patterns of urbanization (Rydell 1991; Blake et al. 1994; Gaisler et al. 1998; 

Williams et al. 2006; Johnson, Gates, and Ford 2008; Zhang et al. 2009; Jung and Kalko 

2011). Typical bat activities in urbanized habitats include commuting, foraging, and 

roosting (Duchamp, Sparks, and Whitaker Jr. 2004; Neubaum, Wilson, and O’Shea 2007; 

Threlfall, Law, and Banks 2012 b; Threlfall, Law, and Banks 2013). Knowledge of how 

bats adapt to urban environments is still limited. For example, whether bats’ distributions 

are sensitive to urban spatial heterogeneity is unknown. It is also unclear how bats select 

roosts or foraging grounds. Previous studies mentioned above were conducted mainly in 

major metropolitan areas, such as Sydney, Australia, Mexico City, and Chicago, United 

States. Compared to those internationally recognized large cities, my study area in Waco, 

McLennan County, Texas, represents many small or medium-sized cities that are 

common in the United States (U.S. Census 2010). Very few projects on urban bats have 

been conducted in small or medium-sized cities.  

The general objective of this dissertation study is to use bats as a model to study 

whether the urban environment might sustain wildlife and how urban wildlife might 

adapt to cities to survive. Three distinct projects were developed in this dissertation study 

to address the general distribution, roosting, and foraging aspects of bats’ life histories in 

a medium-sized city. I planned to use the findings of these three projects to explore the 

possibility that urban habitats might provide all of the resources that bats need to meet 

their life history requirements.  
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Project One: The Acoustic Driving Survey 
 

This dissertation is built on prior study of urban bats, particularly Mexican free-

tailed bats, and their roosting behavior in downtown Waco (Scales and Wilkins 2007).  

Hence, I started this dissertation study with an acoustic survey to determine which 

species of bats might occur in urban settings and where they might be distributed more 

broadly in the city beyond downtown. I expected to detect the presence of bat species that 

are common in Central Texas. As various bat species belong to different ecological guilds 

and have different life history requirements (Kunz and Fenton 2006; Ammerman, Hice, 

and Schmidly 2012), I hypothesized that these bat species would have unique 

distributional patterns in the city. I also hypothesized that each species’ distributional 

pattern could be explained by a certain set of ecological and environmental factors that 

describe species’ ecological guild and life history requirements. 

Urban land patches vary morphologically and socioeconomically. A mosaic of 

anthropogenic land patches is a new setting available to animals evolutionarily adapted to 

natural habitats. Hence, it is necessary to consider the possible impacts of socioeconomic 

factors when studying wildlife in urban environments. The integration of socioeconomic 

factors into urban ecological study is still in its early stages. Theoretically, Dow (2000) 

proposed three social dimensions that can be measured to characterize urbanization: land-

use type, land management effort, and historical context. McIntyre, Knowles-Yánez, and 

Hope (2000) suggested that an interdisciplinary combination of human demography, 

economic characteristics, and physical geography could be useful for characterizing 

urban habitats. Hahs and McDonnell (2006) found that human population density and 
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dominant land-use types are good measures that can capture more variability in the 

pattern of urbanization.  

In practice, Troy et al. (2007) suggested several socioeconomic factors, such as 

age of dwelling, vacancy, average family size, marriage rates and ethnic groups, could 

indicate urban vegetation conditions. Gledhill and James (2012) used socioeconomic data 

provided by the United Kingdom Census to identify the conservation value for urban 

ponds. Farmer, Wallace, and Shiroya (2013) demonstrated the relationship between 

house value and urban bird diversity. Therefore, I planned to explore the possibility that 

urban bat distributions could be influenced by certain socioeconomic factors.  

 
Project Two: Roosting in Buildings 

 
Being present in the city is only the first step for bats in adapting to urban 

environments. To successfully survive in urban areas, bats must have roosting locations 

and foraging grounds that meet their biological needs. Bats may gain several benefits by 

roosting in buildings. First, urban climate, characterized by higher temperature, may be 

relatively more suitable for bats energetically than their natural habitats (Parris and 

Hazell 2005; Lausen and Barclay 2006). Second, cities provide potential food and water 

resources for bats, thus roosting in urban areas can reduce the commuting distance for 

foraging or drinking (Parris and Hazell 2005; Rydell 2006; Williams et al. 2006). Third, 

because many animal species still avoid urban environments, biotic interactions may be 

less intense in cities due to the decrease of competitors and natural enemies (Duchamp, 

Sparks, and Whitaker Jr. 2004; Ditchkoff, Saalfeld, and Gibson 2006). 

Use of buildings as roosts has been frequently documented in many species of 

bats, such as Mexican free-tailed bat and big brown bat (Kunz and Fenton 2006; 
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Ammerman, Hice, and Schmidly 2012). However, limited research has focused on 

whether bats have preferences when choosing roost buildings. It is still debated whether 

buildings provide new roosting options and enhance roost resources for bats, or simply 

are the last choice when cities replace bats’ natural roosting habitats. I chose Mexican 

free-tailed bats, Tadarida brasiliensis, one of the most prevalent bat species in Central 

Texas (Wilkins 1989; Ammerman, Hice, and Schmidly 2012), to investigate their roost 

selection process and the possibility that buildings are a sustainable roost resource for this 

species.  

I conducted the roost selection investigation at multiple scales. Using the presence 

information obtained from the broad acoustic survey, I selected areas in which to 

examine buildings and locate bat roosts. I hypothesized that bats would choose buildings 

that were more accessible and had features that could positively affect interior 

temperature (Brittingham and Williams 2000; Agosta 2002; Neubaum, Wilson, and 

O’shea 2007).  Such roosts would be close to resources that Mexican free-tail bat’s life 

history requires (Kalcounis-Rüppell, Psyllakis, and Brigham 2005; O’Keefe et al. 2009). 

Variables that described characteristics at roost exit, building, and landscape scales were 

collected and modeled to test these hypotheses. 

 
Project Three: Foraging under Lights 

 
Foraging is another important aspect of bats’ life histories. A stable insect source 

is very important for insectivorous bats in their preferred habitats (Kunz and Fenton 

2006). Bat foraging activity is very likely to be affected by lights in the city. Illumination 

at night provides people perceived safety and has been pursued since early in human 

history (Haans and de Kort 2012). With the invention and development of electric light in 
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recent centuries, night illumination has become a common feature of modern human 

habitations.  Among human habitations, cities, which are densely populated by people, 

usually have a very bright night sky illuminated by artificial lights (Cinzano, Falchi, and 

Elvidge 2001; Alberti 2008). Other organisms living in the city, especially those species 

that are nocturnal, can be heavily impacted by artificial night illumination. Researchers 

have suggested that artificial night illumination may affect animals’ vision and biological 

clocks, therefore potentially affecting orientation, movement, reproduction, and 

communication at organismal and population levels. At the community level, competition 

and predator-prey relationships among those organisms may also be altered (Longcore 

and Rich 2004; Beier 2006; Gaston et al. 2013). 

Many insects are attracted by artificial night light (Eisenbeis 2006; Frank 2006; 

Kunz and Fenton 2006; Van Langevelde et al. 2011), which could affect insectivorous 

bats through the predator-prey relationship. Many studies also reported that bats could be 

affected by artificial night light physiologically and ecologically (e.g., Acharya and 

Fenton 1999; Downs et al. 2003; Kuijper et al. 2008; Lima and O’Keefe 2013). 

Therefore, I conducted an experimental acoustic survey to seek the direct link between 

light intensity, insect availability, and bat foraging activity. I hypothesized that more 

insects would be available at locations with higher light intensity, thus would attract more 

bats to forage more frequently at those locations. I expected this experiment would offer 

insights about how the city might function to provide a possible food source to support 

insectivorous wildlife.  
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Patch or Mosaic: Bat Activity Responds to Fine-scale Urban Heterogeneity  
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Abstract 
 

Many recent studies have suggested that cities are spatially heterogeneous. Only 

limited research has investigated whether urban heterogeneity influences the distribution 

of bats in a city. Between 2010 and 2012, we acoustically surveyed bats in Waco, Texas, 

a medium-sized city in the United States. Seven species were detected, five in adequate 

quantity for analyses.  Three distinct distribution patterns were evident (Mexican free-

tailed bats; red bats and evening bats; big brown bats and cave myotis), reflecting the 

distinct functional guilds of these species. Bayesian conditional autoregressive models 

indicated that tree-dwelling red bats and evening bats were influenced by variables 

describing heterogeneity of urban vegetation. Big brown bats and cave myotis were 

associated with variables related to water sources. Mexican free-tailed bat distribution 

could be explained well by variables related to urban buildings and other constructions. 

Our modeling also suggested that urban socioeconomic heterogeneity influenced bat 

distributions. Distributions of tree-dwelling bats corresponded to income level. 

Distributions of Mexican free-tailed bats, big brown bats, and cave myotis related to 

human density. These results support the idea that a city comprises a mosaic of habitats 
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as perceived by various species of bats and likely by other species of wildlife in urban 

settings. 

Introduction 
 

Patch in landscape ecology usually refers to surface area that differs from its 

surroundings in nature or appearance (Turner et al. 2001). At a broad scale, ecologists 

have tended to treat cities as homogeneous patches distinct from natural landscape 

elements, such as grassland and forest, because the urban environment has been modified 

by extensive impervious surfaces, anthropogenic constructions, and human activities 

(McKinney 2002; Cadenasso et al. 2007; McDonnell and Hahs 2008). However, 

researchers increasingly suggest that a city is a spatially heterogeneous complex mosaic 

at a fine scale. Socioeconomic processes thus interact with natural processes in cities to 

generate a heterogeneous urban landscape (Cadenasso et al. 2013). 

Urban heterogeneity can be recognized from several perspectives.  Prior to the 

founding of a city, the natural environment is heterogeneous in terms of topography, 

vegetation, open water sources, and other features (Marzluff et al. 2008), with humans 

modifying the natural environment (e.g., cutting of vegetation, adding artificial water 

bodies) as the city grows (Conzen 2001).  The presence of many clusters of houses, office 

buildings and other man-made structures with different physical appearances and 

functions contributes to urban heterogeneity (Grimm et al. 2000; James and Bound 2009). 

A key mechanism promoting heterogeneity is that different economic functions drive 

districts within a city in different directions, thus affecting physical change of the 

landscape (Moses and Williamson 1967; Black and Henderson 2003). Historic and 

cultural factors also play an important role in determining the structure of a district 
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through dynamic feedbacks (Miller and Hobbs 2002; Mommaas 2004; Irwin et al. 2009). 

Cities, therefore, are both physically and socioeconomically heterogeneous.  

Many bat species are responsive to urbanization. When considered as patches and 

compared with natural settings at a broad scale, urbanized areas usually show lower bat 

species diversity than natural habitats, although bat activity level could be high and a few 

species could dominate these urban patches (Kurta and Teramino 1992; Johnson et al. 

2008; Duchamp and Swihart 2008; Loeb et al. 2009; Jung and Kalko 2011). Urbanization 

adversely impacts some species, such as eastern red bats (Lasiurus borealis, Walters et al. 

2007), white-striped free-tail bats (Tadarida australis, Rhodes et al. 2006; Rhodes and 

Catterall 2008), Indiana bats (Myotis sodalis, Sparks et al. 2005), common pipistrelle 

(Pipistrellus pipstrellus, Hale et al. 2012), and evening bats (Nycticeius humeralis, 

Duchamp et al. 2004). However other species, such as big brown bats (Eptesicus fuscus) 

and some species of genus Myotis, are better able to adapt to cities (Duchamp et al. 2004; 

Gehrt and Chelsvig 2004; Coleman and Barclay 2012). 

Recent research suggested further that bats respond to spatial heterogeneity within 

cities at a fine scale.  Bats recognized environmental heterogeneity related to vegetation 

conditions (Avila-Flores and Fenton 2005; Basham et al. 2011; Dixon 2011; Threlfall et 

al. 2012) and water source availability (Gaisler et al. 1998; Gehrt and Chelsvig 2003; 

Fabianek et al. 2011) in cities as they did in natural habitats. The distributions and 

activity levels of bats also respond to anthropogenic morphological heterogeneity related 

to building density (Gaisler et al. 1998; Threlfall et al. 2011), impervious surfaces (Dixon 

2011), and artificial illumination (Avila-Flores and Fenton 2005). Many fine-scale studies 

suggested that bats might prefer to roost in tall and old buildings and forage on insects 



 
 

14 

attracted by streetlights (Rydell 1991; Williams and Brittingham 1997; Neubaum et al. 

2007), though that they might avoid streets with heavy traffic due to high collision 

potential (Zurcher et al. 2010). 

Cities also demonstrate socioeconomic heterogeneity, but no published literature 

has specifically addressed whether bats might respond to socioeconomic variables 

portraying the human dimension of urban settings. The integration of socioeconomic 

factors into urban ecological study is still not mature, though land-use type, human 

population density, and economic characteristics are theoretically suggested to capture 

variations in the pattern of urbanization (Rees 1997; Dow 2000; McIntyre et al. 2000; 

Hahs and McDonnell 2006). In practice, Troy et al. (2007) borrowed a system used for 

real estate marketing and advertising to categorize urban neighborhoods. They suggested 

several socioeconomic factors (e.g., age of dwelling, vacancy, average family size) as 

proxies for urban vegetation conditions. Gledhill and James (2012) used socioeconomic 

data (e.g., income, social class) to identify the conservation value of urban ponds. Farmer 

et al. (2013) demonstrated the correlation between house value and urban bird diversity. 

Urban bat research has revealed that bats tended to roost in old and accessible buildings 

(Davis et al. 1962; Williams and Brittingham 1997). Such building features might relate 

to income level and building maintenance effort (Troy et al. 2007; Lowry et al. 2012). 

Human’s general attitudes toward wildlife and pest control effort could also affect urban 

bat distribution by removal of bats from urban roosts (Adams and Lindsey 2010; 

Morzillo and Mertig 2011).  

In this study, we sought to determine if bats would respond to natural 

environmental heterogeneity and man-made structural heterogeneity in urban settings as 
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suggested in recent literature.  Duchamp and Swihart (2008) and Luck et al. (2013) have 

suggested that the particular variables to which bats might respond would relate to each 

species’ life history or functional guild. Generally, we hypothesized that bats would 

respond to physical heterogeneity, whether natural or anthropogenic, in the city. More 

specifically, we expected that occurrences of tree-dwelling species, such as red bats, 

might relate to variation in vegetation conditions across the city. Similarly, we anticipated 

that species known to utilize buildings as roosts, such as Mexican free-tailed bats and big 

brown bats, might respond to the distribution of buildings in the city. We also tested the 

null hypothesis that bats would be indifferent to urban socioeconomic heterogeneity that 

normally could only be perceived by humans. We suspected that socioeconomic 

heterogeneity variables as recognized by humans might correspond with habitat 

suitability as perceived by bats. 

 
Methods 

 
 
Study Area 
 

This study was conducted in the City of Waco (31°33'5" N, 97°9'21" W) and 

surrounding areas, McLennan County, Texas (Fig. 1). The city has a total area of 

95.5 square miles (247.4 km2), including 84.2 square miles (218.1 km2) of land and 

11.3 square miles (29.3 km2) of water. The Bosque River and Brazos River pass through 

the city limits. Lake Waco, a reservoir, is also contained within the city limits. Dense 

vegetation is present along the eastern bank of Lake Waco and the Bosque River. Waco is 

the 194th largest city in the United States and 21st in Texas in terms of population size, 

with an estimated total population of 120,465 (population density 1,350/sq. mi or 
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521.5/km2; U.S. Census, 2007). Most studies of urban bats have been conducted in major 

metropolitan areas, such as Sydney, Australia, Mexico City, and Chicago, United States. 

This study in Waco represents a more-commonly occurring situation, the medium-sized 

city, which has not been previously studied with regard to bat ecology. 

 
Driving Survey 
 

We conducted mobile transect surveys in the city to identify locations where bats 

were active (Johnson et al. 2002; Roche et al. 2011). An AnaBat SD1 bat detector and 

PDA kit (Titley Scientific, Australia) was installed in the vehicle with the microphone 

mounted upward through the sunroof. The vehicle travelled at speeds of 30 – 50 km/h for 

most of the time, varying according to local speed limits and current traffic conditions. 

Variation in speed would have affected measures of activity levels or other measures of 

density of bats, but this study documented only presence or absence of bat activity along 

sampling transects.  Possible effects of variation in speed were minimized by consistency 

of variation in speed within and across transects. We recorded the time and address when 

echolocation calls were detected. Calls were saved on the PDA for later species 

identification. The vehicle stopped for about 1 minute at locations where bat calls were 

detected to observe bats and record more calls, except when traffic prohibited. As the 

detector could record bats within a 100 m radius (Rydell 1991; Russ et al. 2003), 

subsequent stops to sample for other calls detected were at least 100 m from the previous 

location, unless a different species was detected.  

We divided the city into nine regions. Each region was sampled with one transect 

route. A total of nine survey routes, each 55 – 65 km in length, covered about 270 km2 of 

land area. Between fall 2010 and summer 2012, eight rounds of sampling were 



 
 

17 

conducted, one each in the spring (March – April) and fall (September – October) of both 

years, and two rounds each summer (round 1 May – June, round 2 July – August). In 

each round, nine nights were selected for sampling of transects. To the extent possible, 

surveys were conducted on nights with similar weather conditions within each season (no 

severe weather conditions, similar night temperature, and maximum daytime temperature 

before the sampling night was at least 21° C). The sequence of nine transect routes 

among nine sampling nights was randomly generated. The time span for a sampling 

round was 7 weeks during the spring and fall, and 5 weeks in the summer. Driving 

surveys began approximately 10 minutes before sunset and lasted 90 – 120 minutes, 

depending on how many calls were recorded and the traffic conditions. We surveyed just 

after sunset because twilight and early evening is an interval of peak activity for bats as 

they leave their roosts for the first foraging and watering bouts of the evening (Schmidly 

2004; Ammerman et al. 2012).  

 
Species Identification 
 

Bat calls recorded during the driving survey were analyzed via Analook W 3.3f 

(C. Corben, IBM). Species identification was based on the frequency, shape, slope in 

octaves per second, and pulse interval of the calls within a sequence (O’Farrell et al. 

1999). A known-species reference library was built based on published literature and 

online bat call libraries (O’Farrell et al. 1999; Kurta et al. 2007; Boland 2007; BatCall 

Library; BatSpecies List; Pacific Northwest bat call library; Wyoming bat call library), 

and recordings from bats captured in other local research projects. Only sequences with at 

least three clear call pulses were compared with the library for species identification. 

McLennan County is within the geographic distribution of nine species of bats (Schmidly 
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2004):  big brown bat (Eptesicus fuscus, EPFU), eastern red bat (Lasiurus borealis, 

LABO), hoary bat (Lasiurus cinereus, LACI), silver-haired bats (Lasionycteris 

noctivagans, LANO), Seminole bat (Lasiurus seminolus, LASE), cave myotis (Myotis 

velifer, MYVE), evening bats (Nycticeius humeralis, NYHU), eastern pipistrelles 

(Perimyotis subflavus, PESU), and Brazilian (Mexican) free-tailed bat (Tadarida 

brasiliensis, TABR). 

 
GIS Mapping 
 

Based on the addresses recorded during the survey, we plotted locations with 

identified bat calls on a Bing base map via ArcMap (version 10.1, Esri, California, USA). 

A preliminary MRPP (multiresponse permutation procedure) analysis of locations’ 

coordinates showed no spatial variation between seasons (McCune et al. 2002). Therefore 

we pooled eight rounds of surveys as one map layer. Due to the limited availability of 

techniques for analyzing three-dimensional repeated-measures data (a temporal 

correlation among repeated measures over time and spatial correlations in geographic 

coordinates), we plotted a location only once even when multiple survey rounds included 

the same location with the same bat species multiple times (Gutzwiller and Riffell 2007). 

We defined locations with calls included for analyses as “bat active” locations. We also 

randomly established 300 locations on the transects, which were at least 100 m away 

from each other and from any locations with bat calls; we defined these locations as “no 

recording” locations and treated them as controls in further analyses. A 100 m radius 

buffer zone was generated at each location to collect data defining urban heterogeneity. 
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Defining Urban Heterogeneity 
 

We selected three groups of variables to quantify urban heterogeneity, each group 

representing a different perspective. All variables were collected for both “bat active” and 

“no recording” locations. The first group described the heterogeneity of urban natural 

environment as reported in published literature (see Introduction). We measured the 

linear distance between a location and a water body (Lake Waco, Brazos River, Bosque 

River) or a forest patch (centroids of any forest patches larger than 50 hectares) in km on 

a Bing base map as “distance to water body” and “distance to forest center”.  Orthophotos 

from 2012 (http://www.tnris.org) were used to determine “vegetation coverage” 

(percentage of tree canopy within the 100 m buffer zone of each location) and “presence 

of a water body” (visually visible water body, either natural or artificial). Water sources 

were verified by field observations where feasible.  

The second group of variables pertained to man-made structures in the city, 

including “presence of tall building”, “building density”, “street intersection density”, 

and “road level” (as suggested by literature cited in Introduction). Buildings with four or 

more floors were considered as “tall buildings” (Williams and Brittingham 1997; 

Mazurska and Ruczy"ski 2008). We used orthophotos to determine if a tall building was 

present in the 100 m radius buffer zone; presence of tall buildings was verified by field 

observation. Building density and street intersection density were based on counts of 

buildings and street intersections in the 100 m radius buffer zone.  Road level was 

determined from a local road-level map (http://www.waco-texas.com/economic-

development/map-disclaimer.asp). We recognized four levels of roads based on traffic, 

speed limit, and illumination condition (measured by EasyView 30 light meter, Extech 
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Instruments Corp, MA): “highway” (high traffic volume, > 45 miles/hour, > 200 lux), 

“major street” (medium to high traffic, 45 miles/hour, > 100 lux), “local street” (low to 

medium traffic, 30 miles/hour, > 50 lux), “private street” (low traffic, 30 miles/hour or 

lower, < 50 lux). 

The last group of variables sought to explore if bats might respond to 

socioeconomic heterogeneity in the city. We collected “median household income” and 

“human population density” from U.S. Census 2010 surveys, based on where locations 

fell into a census survey block. We re-classified land use categories based on the 

Anderson system (Anderson et al. 1976) and human behavior patterns, as suggested in 

literature (Cadenasso et al. 2007; James and Bound 2009; Cadenasso et al. 2013). We 

recognized six categories of land use types: “low density residential” (mostly single 

family houses, either one or two floors, many people present at night), “medium or high 

density residential” (mostly two or three floor apartment complexes, many people present 

at night), “public” (mostly parks, few people present at night, poorly illuminated), 

“industrial” (extensive one or two floor factories or warehouse, extensive impervious 

parking area, few people present at night, medium level illumination), “commercial and 

office” (extensive impervious parking area, many people present early night, but few 

later, well illuminated), and “mixed use” (variety building structures, human activities 

and illumination levels). The variable “land use type” was determined by where each “bat 

active” or “no recording” location fell into the land use layer. “Land use diversity” was 

the count of total land use types within the buffer zone. These variables are summarized 

in Tables 1 and 2. 
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Mismatch of data scales (referred to as “the scale standardization problem”) is a 

common issue when using socioeconomic data as they are normally reported in areas 

rather than points (Turner et al. 2001). In our study, the finest scale for two census 

variables was census survey block. This scale, however, is still broader than the scale of 

100 m buffer zone for bat active locations. Due to this limitation, a few bat active 

locations would have the same value for these variables when they were located in the 

same census survey block. Therefore, our models could not incorporate finer variations of 

median income or population density. It is possible that a species or species group of bats 

could have responded to either census variable at a finer scale not detectable by our 

analyses. However, the interpretation of patterns presented in Results should not be 

affected by this data scale mismatch. 

 
Statistical Analysis 
 

To determine if “bat active” locations were distributed randomly within the 

survey range, we ran Complete Spatial Randomness (CSR) tests. Distance to the nearest 

event was used to compute CSR values (G values). A Monte Carlo test with 999 

simulations was used to test the significance level of G values separately for each species 

recorded (Baddeley and Gill 1997; Davison and Hinkley 1997).  We performed MRPP 

(multiresponse permutation procedure) tests to determine whether “bat active” locations 

(the coordinates) for different species shared the same distribution pattern (McCune et al. 

2002).  

Since bats are capable of flying over the entire city within a short time interval, it 

is possible that any bat recording might be related to other recordings nearby. Therefore, 

we performed Moran’s I test to determine if spatial autocorrelation might be occurring 
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among “bat active” locations. Based on our preliminary analysis and research by 

Duchamp and Swihart (2008) and Kelejian and Prucha (2010), the neighbor scheme we 

used was based on the minimum distance band, the minimum distance needed to ensure 

that all the locations (both “bat active” and “no recording” locations) are linked to at least 

one neighbor. All points within the distance band were assigned as neighbors to the 

observation in the center. Binary weight style (all neighbors have the same influence) was 

used in distance-band based neighbor schemes (Bivand et al. 2008).  

Before modeling any explanatory variable for bat presence/absence, we assessed 

whether multicollinearity existed in our data. We log-transformed these variables: median 

income, population density, distance to forest center, and distance to water body. 

Variance inflation factors (VIF) were calculated for continuous data. VIF values smaller 

than 3 indicate no correlation between continuous variables (Zuur et al. 2009); all VIF 

values in our data were smaller than 2.  ANOVA tests were used to detect correlations 

between continuous data and categorical data and Chi-square tests for correlations among 

categorical data (Quinn and Keough 2002).  

We constructed Bayesian logistic effect models to explore which urban 

heterogeneity variables might explain the distribution pattern of bat presence/absence in 

the city (Beale et al. 2010; McCarthy 2011). The model represents the logistic transform 

of the mean function for the set of binomial responses by a combination of covariates and 

a set of random effects. The latter incorporated spatial autocorrelation (http://cran.r-

project.org/web/packages/CARBayes/CARBayes.pdf). Based on our preliminary 

analyses of different spatial models and suggestions in literature (Augustin et al. 1996; 

Lichstein et al. 2002; Bivand et al. 2008; Beale et al. 2010; Lee 2012), we chose the CAR 
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(conditional autoregressive) model to represent spatial correlation in the data. For each 

species recorded, we constructed binomial logistic random effect models with the 

location type (“bat active” vs. “no recording”) as response variable and urban 

heterogeneity variables as independent variables. The posterior quantiles (median and 

95% interval of explanatory variables) would indicate which variables significantly affect 

the distribution pattern of bats. We modeled three groups of urban heterogeneity 

variables separately instead of including all variables in one model to avoid unstable 

modeling results (Quinn and Keough 2002) and unexplainable variable interactions 

(Bivand et al. 2008). Preliminary analyses showed that land use type correlated with 

several variables. Thus we modeled this variable separately from others. Our modeling 

goal was to identify potential urban heterogeneity variables that might affect bat 

presence/absence. Therefore we conducted post hoc modeling for variables that were 

selected as significant explanatory variables by previous models (Burnham and Anderson 

2002). Post hoc modeling explored whether variable interactions might further explain 

the bat activity distribution patterns.  Each model included 5000 Markov chain Monte 

Carlo samples, with 500 of them discarded as the Burn-in period. The neighbor scheme 

used in these models was the same as used in Moran’s I test. All statistical analyses were 

conducted in R version 2.14.2 (2012-02-29). 

 
Results 

 
Sampling surveyed a total of more than 4,000 km of roadway in the Waco area.  

We recorded 3,622 separate bat calls with at least three pulses and were able to identify 

3,215 calls representing seven species. These recordings generated 330 bat call locations 

among 8 rounds of surveys. We eliminated 46 of these locations (39 due to temporal 
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correlation among survey rounds and 7 due to limited recordings). Thus, a total of 284 

“bat active” locations were included for statistical analyses. All 284 locations had 

multiple call sequences and at least one bat call sequence with 10 pulses.  

Mexican free-tailed bats were the dominant species with 216 active locations (76% of 

all), followed by eastern red bats (26 locations), big brown bats (18 locations), evening 

bats (13 locations), and cave myotis (7 locations).  Two species that migrate seasonally 

through Central Texas, the hoary bat (3 locations) and the silver hair bat (1 location), 

were recorded only rarely. 

As is evident in the distribution maps (Fig. 1), most “bat active” locations 

occurred in the area comprising the central portion of the survey range. Within this 

central area, big brown bats and evening bats tended to occur in the southern sections, 

whereas Mexican free-tailed bats were widespread. Most red bat and evening bat calls 

were recorded near the eastern shore of Lake Waco. No bat presence was recorded near 

the Waco Regional Airport (northwest region of survey), though it is adjacent to the lake. 

The only silver-haired bat recording occurred near the lake. All three hoary bat locations 

were in the eastern side of the city.  

We eliminated silver-haired bat and hoary bat from statistical analyses due to 

small sample sizes. The significance levels of the Complete Spatial Randomness (CSR) 

test calculated via the Monte Carlo test with 999 simulations were 0.004 for Mexican 

free-tailed bat (only 4 patterns similar to recorded TABR location pattern out of 1000 

random simulations), 0.002 for eastern red bat, big brown bat, and evening bat, <0.001 

for cave myotis, indicating that the chances of these distribution patterns being random 

were very low. The CSR plots (Fig. 2) showed that cluster patterns occurred in these “bat 
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active” locations, since there were more “bat active” locations with close neighbor than 

theoretical (Gobs(r) is above Gtheo (r) when r is at small values).  

We conducted MRPP tests on the spatial coordinates of five species (Table 3, 

Fig.3). Mexican free-tailed bats showed a distribution different from other four species 

(Fig.3a). We found no significant distributional difference between red bat and evening 

bat (p = 0.172), or between big brown bat and cave myotis (p = 0.780). Other paired 

comparisons differed significantly from each other. Therefore, we pooled red bat and 

evening bat data (as the LANY group, Fig.3b) as well as big brown bat and cave myotis 

data (as the EPMY group, Fig.3c) for further analyses. An additional benefit of pooling 

these species’ data was to increase sample sizes and, thus, statistical robustness.  Moran’s 

I tests showed that significant spatial autocorrelation existed in all three sets of bat 

locations (p < 0.0001 for Mexican free-tailed bat, LANY group, and EPMY group).  

Bayesian CAR modeling suggested that three groups of bats responded to 

different types of urban heterogeneity (Table 4). Among variables describing urban 

natural environment, the presence of water source related positively to the probability of 

detecting EPMY group bats. The descriptive data indicated that 74.0% of the locations 

with EPMY group detection had some water source within the buffer zone, compared to 

33.3% for “no recording” locations. LANY group species responded to both vegetation 

variables: It was more likely to detect LANY group bats at locations with higher canopy 

coverage (23.7% canopy coverage at “no recording” locations vs. 56.0% at LANY 

locations) and closer to a large forest patch (approx. 4 km at “no recording” vs. approx. 1 

km at LANY locations). Mexican free-tailed bats did not respond to any variable related 

to the natural environment within urban settings.  
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In contrast to being sensitive to natural environment heterogeneity in urban 

settings, the EPMY and LANY groups showed no response to any variable describing the 

heterogeneity of man-made structures, except the probability of detecting the LANY 

group was negatively affected by the presence of highways. Modeling results suggested a 

similar avoidance of highways by Mexican free-tailed bats. The other three variables in 

this group significantly influenced Mexican free-tailed bats in the Bayesian CAR model: 

Mexican free-tailed bats were more likely to be detected in areas with tall buildings 

(61.1% at TABR locations vs. 37.7% at “no recording” locations), higher building 

density (approx. 25 buildings within the buffer zone at TABR locations vs. 14 at “no 

recording” locations), and high street intersection density (approx. 4 intersections within 

the buffer zone at TABR locations vs. 2 at “no recording” locations). 

Our null hypothesis that bats were indifferent to socioeconomic heterogeneity was 

rejected. The socioeconomic variables selected by Bayesian CAR model for explaining 

the presence of bats vary among the bat groups. The LANY group was positively related 

to household median income. Average household median income at LANY locations was 

$57,470, compared to $44,431 at “no recording” locations. In contrast, EPMY and 

Mexican free-tailed bats were indifferent to median income but sensitive to human 

population density and land use diversity. Both Mexican free-tailed bats and EPMY 

species were more likely to be detected at locations with higher population density (3830 

people per square mile at TABR locations and 3615 at EPMY locations vs. 1895 at “no 

recording” locations) and land use diversity (mean of 1.8 types of land use categories at 

TABR locations and 2.0 at EPMY locations vs. 1.6 at “no recording” locations). 

Modeling of land use types indicated that LANY bats were more likely to be detected at 
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“low density residential” and “public” settings and less likely to be detected in 

“industrial” areas. EPMY bats seemed to prefer “low density residential” and avoid 

“medium/high density residential”, “mixed use” and “industrial” situations. “Mixed use” 

was the only land use type favored by Mexican free-tailed bats. Like the two other bat 

groups, Mexican free-tailed bats avoided “industrial” land. Other land use types showed 

no effect on bat distribution.  

In post hoc modeling, we explored all possible combinations of significant 

variables in previous models after checking for multicollinearity between cross group 

variables. We excluded the variable road level, since only one category (highway) was 

significantly influential. Land use type was eliminated due to correlations with several 

other variables. For the LANY group, three variable combinations were considered. 

There was no interaction between median income and distance to forest center or 

between vegetation coverage and distance to forest center. However, the interaction 

between median income and vegetation coverage was positive, indicating that the 

positive effect of income would be more profound in areas with higher vegetation 

coverage, and vice versa. There was no interaction between the three significant variables 

for the EPMY group (water source, population density, and land use diversity). For 

Mexican free-tailed bats, we considered all 15 combinations among six significant 

variables (building density, presence of tall building, intersection density, population 

density, land use diversity, and structural change), and found only one significant 

interaction term in these models: population density negatively interacted with building 

density. Therefore, when population density increased, higher building density would 

become less important in the probability of detecting Mexican free-tailed bats. When 
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building density was high, population density would have less influence on the 

probability of detecting Mexican free-tailed bats.  

 
Discussion 

 
The nonrandom distribution of bats in Waco clearly showed that bats did not view 

the city as a homogenous patch and that individual species, or subsets of species, view 

the city landscape differently.  We found free-tailed bats having a distributional pattern 

distinct from other bat species in the city, yet overlapping the distributions of the other 

species.  And, we found subsets of other bat species sharing similar distributional 

patterns. These findings support previous arguments that bats tend to follow their 

functional guilds in use of the urban landscape (Avila-Flores and Fenton 2005; Duchamp 

and Swihart 2008; Luck et al. 2013).  

Both species in the LANY group, red bat and evening bat, are tree-dwelling bats 

(Schmidly 2004). Prior studies of urbanization have shown that these two species often 

occurred in well-vegetated habitats (Duchamp et al. 2004; Walters et al. 2007). As 

expected, the presence of LANY group species was positively affected by vegetation 

coverage and negatively by distance to forest center, which is consistent with published 

work (Furlonger et al. 1987; Gaisler et al. 1998; Avila-Flores and Fenton 2005; Dixon 

2011). These bats’ life history requirements may also explain why locations in the LANY 

group were restricted to certain areas of the city and the number of locations was smaller 

than the most common species in the study area. We also found no interaction/correlation 

between these variables, which might suggest that local microenvironment created by 

dense trees might play a role as important as major forest patches in term of providing 

vegetation support for bats. 
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Water availability is important to bats for drinking and as foraging locations 

where insect prey are concentrated. High levels of bat activity near water sources have 

been demonstrated in many studies (Zimmerman and Glanz 2000; Everette et al. 2001; 

Perry et al. 2008). Roosting and foraging near water sources reduces energy costs 

associated with transit (Fenton 1997), likely a reason why the EMPY group responded to 

the presence of water sources at locations. Yet, the distance to a major water body (lakes, 

rivers) was not significant in our analyses: among 16 EPMY locations with water sources 

present, 14 had only anthropogenic water sources (12 with swimming pools, 2 with 

artificial ponds). It seems, therefore, that these widespread and easily accessible 

anthropogenic water sources were sufficient for bats in EPMY group. Observations of 

bats drinking from anthropogenic water sources are widely reported in published 

literature (Bowles et al. 1990; Rydell et al. 2002), and mammalogists know swimming 

pools to be excellent sites for productive bat-netting in situations where open water is 

otherwise scarce. Thus, certain features of the urban environment are clearly beneficial to 

wildlife (Adams and Lindsey 2010; Dearborn and Kark 2010).   

The response of Mexican free-tailed bats to urban heterogeneity of man-made 

structures could be related to their roosting preferences and tolerances. Studies of roost 

selection by urban bat species showed that bats tended to select tall buildings (Williams 

and Brittingham 1997; Neubaum et al. 2007; Mazurska and Ruczy"ski 2008), consistent 

with our modeling results. In an intensive survey of Mexican free-tailed bats in South 

Texas during the 1950’s and 1960’s, Davis et al. (1962) found bats using a wide variety 

of types of buildings in 87 towns they visited.  They suggested that Mexican free-tailed 

bats could roost in virtually any building as long as an opening leading to the building 
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interior was available. A previous local study showed Mexican free-tailed bats used a 

wide array of anthropogenic structures in downtown Waco (Scales and Wilkins 2007). 

The large number of locations with Mexican free-tailed bat detections is consistent with 

this species’ being the most abundant and highly successful human commensal bat 

species in Texas (Wilkins, 1989). 

Higher building density should provide more roosting opportunities, thus 

explaining building density as a significant positive variable in our models on the 

probability of detecting Mexican free-tailed bats. However, this finding somewhat differs 

from some other published works, in which building densities (Avila-Flores and Fenton 

2005; Neubaum et al. 2007) or housing density (Threlfall et al. 2012) negatively 

influenced urban bat presence. We believe the contradictory finding could relate to 

different species’ preferences.  It could also relate to different urban architectural styles 

and the scale at which building density is assessed. The urban landscape varies across the 

U.S. and varies even more broadly when comparing cities globally. In medium-sized 

cities like Waco, high building density (about 40 buildings in the 100 m buffer zone) is 

found in areas with dense single-family housing, and residential districts comprise a 

greater proportion of the city than represented by downtown where most office buildings 

are located. Building density downtown is very similar to residential areas, and is very 

low in some industrial lands (less than 10 buildings in the buffer zone) where extensive 

parking infrastructure is present.  

Co-occurrence of the Mexican free-tailed bats with big brown bats and cave bats 

(EPMY species group) is common in natural caves (Schmidly 2004; Ammerman et al. 

2012), suggesting similar roosting requirements among these species.  When present in 
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cities, these same three species often utilize man-made structures (Schmidly 2004; 

Ammerman et al. 2012), with big brown bats particularly preferring tall buildings 

(Williams and Brittingham 1997; Neubaum et al. 2007).  However, our modeling 

suggested that neither presence of tall buildings nor building density was recognized by 

species of the EPMY group in Waco. While relatively small sample size might be a factor 

(25 EPMY locations in restricted areas vs. 216 TABR locations widespread), we suggest 

that a competitive interaction might exist among those species where they are sympatric, 

with species in the EPMY group perhaps competitively inferior in ability to use buildings 

in comparison to Mexican free-tailed bats. Published studies for big brown bats 

(Williams and Brittingham 1997; Neubaum et al. 2007) are near the northern extent of 

distribution of Mexican free-tailed bats and beyond that of the cave bat (Wilson and Ruff 

1999), and might reflect observations made without influence of the other two species. 

Recent research on the relationship between bat activity and roadways showed 

that bats tended to avoid settings having roads with high traffic volumes (Gaisler et al. 

1998; Russell et al. 2009; Zurcher et al. 2010; Berthinussen and Altringham 2012). This 

response may be due to disturbance caused by moving vehicles, or to the higher 

probability of bat-vehicle collisions, though most bats would not often be flying so low 

that they would collide with vehicles. Our models indicated that Mexican free-tailed bats 

and the LANY group species avoided areas with highways, and that all bat species in our 

study were indifferent to road levels other than highways. We found that Mexican free-

tailed bats responded to street intersection density, such that their detection was more 

likely in areas with higher intersection density.  This is consistent with what Neubaum et 

al. (2007) suggested in their studies of big brown bats.  
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In contrast to our null hypothesis, bats responded to the socioeconomic mosaic of 

urban settings in this study. Locations for LANY group species tended to occur in areas 

with high household median income. Median income, in turn, generally relates 

importantly to vegetation condition, house structure, and animal control effort (Troy et al. 

2007; Morzillo and Mertig 2011; Lowry et al. 2012). Adams and Lindsey (2010) 

suggested that people’s attitude and opinion about wildlife could also be influenced by 

income.  In our study, income did not correlate with natural environment variables or 

man-made structure variables (VIF smaller than 2). This suggested that bats’ selection of 

these high-income areas might not have been directly related to vegetation. Interestingly, 

we found a positive interaction term between income and vegetation coverage, meaning 

that the effect of income on suitability of areas to LANY group bats is stronger in well-

vegetated areas than in less well-vegetated areas. This also indicated that income played a 

different role than vegetation when influencing bat distribution. We posit that income is 

an indirect indicator of suitable urban habitats for bats in the LANY group. More study is 

needed to explore which features in these high-income areas were potentially attractive to 

bats.  

Modeling for both the Mexican free-tailed bat and the EPMY group selected 

human population density as a positive variable influencing bat distributions. Human 

population density has been used in various studies of urban environments to indirectly 

represent the composition of man-made structures (Alberti et al. 2008). In our study, the 

bat species responding to human population density are capable of roosting in man-made 

structures. Though we found no correlation of population density with building density or 

with presence of tall buildings, we still think that population density might indicate the 
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availability of certain types of buildings, such as residential houses, which bats might 

find suitable. This may be why the interaction between population density and building 

density was negative. When the value of either variable was sufficiently high, enough 

bat-preferred roosting structures would be present and the effect of the other variable 

would reduce.  

Compared to variables that describe only human demographics or features of the 

physical environment, land use type combines both sorts of information. A land use map 

is one of the most direct representations of urban mosaic. This likely explains correlations 

we found between land use type and many other variables (e.g., “industrial” strongly 

lacked vegetation, “medium/high density residential” had high population density).  

These modeling results also provided a different perspective on how bats might have 

perceived urban heterogeneity. All bat species in our study seemed to avoid “industrial” 

lands, since most natural elements such as water source and vegetation were generally 

absent. “Public” lands were favored by species in the LANY group probably because 

many parks with dense trees were located in this type of land use. Many tall buildings 

were present in the “mixed use” land type, which could explain the association between 

this land use type and Mexican free-tailed bat locations. “Low density residential” served 

as good habitat for many species. These conclusions are largely consistent with published 

work (Duchamp et al. 2004; Avila-Flores and Fenton 2005), since these neighborhoods 

usually provide features (e.g., houses for roosting , pools as water sources) that bats may 

favor. Cadenasso et al. (2007) suggested that within the same land use type there might 

still be differences due to the neighborhood age, income level, or other factors. Future 
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work should explore what additional information could be considered with land use types 

to better explain how bats respond to urban heterogeneity.  

Diversity of land use types is a variable not commonly considered in previous 

studies. Threlfall et al. (2011) considered a similar variable in an urban insectivorous bat 

study in Australia, but they did not find the diversity of land cover types to affect bat 

activity. Perry et al. (2008) found that red bats preferred forest habitats with less diverse 

patches. Our findings differed from both of those studies.  In our models, land use 

diversity had a positive effect on the distribution patterns of species in the EPMY group 

and TABR. We speculated that a more diverse land use combination (a greater variety of 

physical structures) is more likely to provide more of the necessities that bats require. For 

example, bats likely can locate a roost in a tall building in mixed-use land type. A pool is 

probably present at a nearby house in the low-density residential land type. Meanwhile, 

the lighting in the nearby commercial and office land type might attract an abundance of 

insects for bats to consume. Another possible explanation for this result is that many 

unoccupied buildings tend to be present in the edge of each land use type. Most 

developments tend to utilize the center of each land use type first, leaving scattered 

unoccupied structures along the edge. Usually these structures are more favored by bats 

as roosts (Williams and Brittingham 1997; Mazurska and Ruczy"ski 2008). 

Our research showed how heterogeneous urban environments affect bat activities 

near their roosts. It suggests that bats’ responses to urbanization are much as functional 

traits and life histories would predict. Bats in similar guilds may respond to cities in 

similar ways. However, when applying the guild concept, bat ecologists need to consider 

multiple dimensions, such as diet, roosting behavior, wing morphology, and other 
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attributes. Bats in an urban environment are responsive not only to the heterogeneity of 

physical structure, but evidently also to socioeconomic heterogeneity. Interactions 

between physical heterogeneity and socioeconomic heterogeneity make the urban 

environment a very complex mosaic to bats. Many more factors remain to be considered 

as we strive to better understand the complexity of the urban ecosystem and how bats 

respond to the challenges and opportunities presented by this complexity. 
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Table 2.2 (as Table 2 in Li and Wilkins 2014) Percentages representing each condition 
for categorical urban heterogeneity variables measured at “no recording” locations 
compared to locations with Mexican free-tailed bats (TABR), LANY (red bats and 

evening bats) group, and EPMY (big brown bats and cave myotis) group detections in 
Waco, TX, USA 
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Table 2.3. (as Table 3 in Li and Wilkins 2014) MRPP (multiresponse permutation 
procedure) comparisons of coordinates for different pairs of bat species. A significance of 
delta value larger than 0.05 indicates that two species share the same distribution pattern. 

Abbreviations for species defined in text 
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Table 2.4. (as Table 4 in Li and Wilkins 2014) Variable effects from Bayesian logistic 
effect CAR (conditional autoregressive) models for Mexican free-tailed bats (TABR), 

LANY (red bats and evening bats) group, and EPMY (big brown bats and cave myotis) 
group presence/absence explained by urban heterogeneity variables and variable 

interaction terms. Only significant interaction terms from the post hoc modeling were 
listed.  Sign “+” indicates a significant positive variable that increases the probability to 

detect a certain type of bats at a location. Sign “-” indicates a significant negative 
variable. “NS” suggests that variable was not significant in the model. 
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Figure 2.1. (as Fig. 1 in Li and Wilkins 2014) Spatial distribution of acoustic recording 
locations of bats in Waco and vicinity, McLennan County, Texas, September 2010 – 
August 2012. Black line outlines the survey boundary. Species at each “bat active” 
location are indicated by different symbols 
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Figure 2.2. (as Fig. 2 in Li and Wilkins 2014) Complete Spatial Randomness (CSR) test 
plot for four bat species. G(r) estimates the nearest neighbor distance distribution 
function based on a point pattern (the cumulative distribution function of distance from a 
point to nearest other point, range 0 – 1), r is distance between points. Dashed red line 
indicates expected trend for a random point (Poisson) distribution. Shaded area shows the 
confidence range for 95% significance.  Solid black line, computed from actual 
observations, falls above 95% confidence interval, suggesting there are more points 
having a close nearest neighbor than random, forming clusters in the point pattern 
(Bivand et al. 2008). Abbreviations for species defined in text 
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Figure 2.3. (as Fig. 3 in Li and Wilkins 2014) Mexican free-tailed bat (TABR), LANY 
group (red bats and evening bats), and EPMY group (big brown bats and cave myotis) 
exhibit three distinct distribution patterns in Waco and vicinity, McLennan County, 
Texas, September 2010 – August 2012. Black line outlines the survey boundary 
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CHAPTER THREE 
 

Urban Roost Selection by Mexican Free-tailed Bats (Tadarida brasiliensis) 
 
 

Abstract 
 

The Mexican free-tailed bat (Tadarida brasiliensis) is one of the most widely 

distributed bat species in the Western Hemisphere. Despite their prevalence in urban 

environments, limited research has been conducted to determine the features of buildings 

or of the surroundings that might affect the likelihood of a building being selected by 

Mexican free-tailed bats as a roost. Our study objectives were to improve the current 

understanding of Mexican free-tailed bat’s urban roosting preferences with regard to both 

microhabitat and macrohabitat. Between August 2010 and August 2012, in Waco, TX, 

USA, we conducted acoustic surveys and emergence observations and examined 218 

buildings. A total of 54 day-roosts for Mexican free-tailed bats was identified. At the 

microhabitat scale, modeling of building characteristics and opening characteristics 

showed that bats preferred to roost in tall and abandoned buildings. Roost exits were 

more likely the results of structural damage to buildings and less likely to have vegetation 

blocking the adjacent air space. Roost accessibility seemed to be more important than 

thermal condition in roost selection. At the broader macrohabitat scale, Mexican free-

tailed bat roosts appeared to occur in areas with high street intersection density and were 

near tall buildings and water sources. 
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Introduction 
 

Roosts provide bats appropriate places for resting, reproduction, and social 

interaction (Hermanson and Wilkins 1986; Kalcounis-Rüppell, Psyllakis, and Brigham 

2005; Neubaum, Wilson, and O’shea 2007; Klug, Goldsmith, and Barclay 2012). Roosts 

function as thermal protection against unfavorable climate conditions, as well as physical 

protection from predators and other disturbances (Kunz and Fenton 2006). In natural 

settings, different species of bats choose various plants, caves or rock crevices as roosts. 

When buildings are available, many bat species may roost in them as well (Lewis 1995; 

Kunz and Fenton 2006; Ammerman, Hice, and Schmidly 2012). Roost availability and 

quality are critical for bats to survive and successfully complete the life cycle (Fenton 

1997; Kunz and Fenton 2006). Therefore bats selectively choose roosts that can meet 

their life history requirements.  

Mexican free-tailed bats (Tadarida brasiliensis) are one of the most widely 

distributed bat species in the Western Hemisphere, with millions active throughout the 

year in the southern part of North America (Wilkins 1989; Wilson and Ruff 1999). Caves 

are Mexican free-tailed bats’ natural roosts, though use of buildings is common in cities 

(Davis, Herreid, and Short 1962; Wilkins 1989; Schmidly 2004; Ammerman, Hice, and 

Schmidly 2012). Davis et al. (1962) conducted an intensive survey of Mexican free-tailed 

bats in Texas, USA, during the 1950’s and 1960’s. In 87 towns visited in South Texas, 

they found a wide variety of types of buildings used by Mexican free-tailed bats. 

According to their description, factors such as building age, height, style, use by humans, 

relative location in a town, and compass orientation of the building had no influence on 

roost preference. The only critical feature seemed to be the presence of openings into the 
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interior. No other research has specifically addressed Mexican free-tailed bat roost 

selection in the urban environment, despite their prevalent use of buildings in cities.  

Roosting in buildings can potentially be beneficial to bats as urban environments 

provide a warm and mild microclimate (Parris and Hazell 2005; Lausen and Barclay 

2006; Neubaum, Wilson, and O’shea 2007), accessible food resources (Rydell 2006; 

Williams et al. 2006), and reduced predation pressures (Ditchkoff, Saalfeld, and Gibson 

2006; Lausen and Barclay 2006). Few studies on roost selection of buildings in urban 

environments have been conducted in other bat species worldwide. In Poland, Mazurska 

and Ruczy!ski (2008) demonstrated that building type, roof structure and material, 

building size, attic size, and distance to forest edge affected whether a building would be 

used by bats. Yet, factors such as human usage, illumination, presence of predators, and 

distance to water were not important. In the United Kingdom, research on roost selection 

by brown long-eared bat (Plecotus auritus) showed that buildings that were close to 

forest and that had divided roofs were more favored by bats (Moussy 2011). Soper and 

Fenton (2007) examined four towns in southwestern Ontario, Canada, and found building 

style, age, height, and material affected the presence of bats.  

In the United States, Williams and Brittingham (1997) suggested that big brown 

bats (Eptesicus fuscus) in Pennsylvania preferred tall and old buildings with tin roofs. 

They found that buildings occupied by big brown bats had more openings to the interior 

than randomly selected unoccupied buildings. In a project monitoring big brown bats in 

urban Fort Collins, Colorado (Neubaum, Wilson, and O’shea 2007; O’Shea et al. 2011), 

researchers found that not only the presence of openings into the building interior but also 

the size and location of openings as well as the interior temperature were important in 
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roost selection. Big brown bats generally chose summer roost buildings having large exit 

points (> 100 cm2) that were high (approx. 6 m) above the ground and had high average 

temperatures in the interior (approx. 25 °C). A few landscape variables at the city scale 

were also found important in roost selection: most roosts used by big brown bats in Fort 

Collins were located in areas with lower building density, higher street density, and lower 

traffic count (Neubaum, Wilson, and O’shea 2007). 

Mexican free-tailed bats have attracted great public interest because of this 

species’ substantial economic value in agriculture, pest control (Symondson, Sunderland, 

and Greenstone 2002; Cleveland et al. 2006; McCracken et al. 2012), tourism, and 

environmental education (Dearborn and Kark 2010; Bagstad and Wiederholt 2013). 

However human-bat conflicts often arise when bats roost in buildings. Major concerns of 

having bat roosts in buildings include the potential of carrying diseases (Messenger, 

Smith, and Rupprecht 2002; Calisher et al. 2006; Patyk et al. 2012), guano’s unpleasant 

scent and causing decay of building structural integrity (El-Ansary et al. 1987; Frantz and 

Laniewicz 2000 Oct 5), as well as cultural symbolism of darkness and evil (Tupinier 

1989). Due to Mexican free-tailed bat’s wide distribution and prevalent utilization of 

buildings, knowledge of their roosting behavior in the city is important to maximize the 

value of bats and to minimize human-bat conflicts (Adams and Lindsey 2010).   

Objectives of this study were to investigate urban roosting preferences of 

Mexican free-tailed bats with regard to characteristics of both microhabitat and 

macrohabitat. Due to the dearth of previous studies on Mexican free-tailed bat roost 

selection, our hypotheses were based on the general knowledge of bat roost selection and 

studies conducted on other bat species in urban environments. At the microhabitat scale, 
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we hypothesized that factors affecting building thermal condition and accessibility would 

be primary determinants in urban roost selection. Specifically, we predicted that bats 

would be more likely to roost in tall and less well-maintained buildings for easy access. 

We also predicted that roosts would have large openings allowing access to building 

interiors (Williams and Brittingham 1997; Neubaum, Wilson, and O’shea 2007; Soper 

and Fenton 2007). Openings would be more likely to face the south for more solar 

radiation (Lausen and Barclay 2002; Russo et al. 2004; Klug, Goldsmith, and Barclay 

2012). We also expected that those openings would be relatively far above the ground 

and open to the air space for easy takeoffs (Kalcounis-Rüppell, Psyllakis, and Brigham 

2005; Perry, Thill, and Leslie 2008). At the macrohabitat scale, we predicted that roosts 

would be close to resources (e.g., food, water) to minimize energy cost for commuting 

(Fenton 1997; Kalcounis-Rüppell, Psyllakis, and Brigham 2005; Mazurska and 

Ruczy!ski 2008; O’Keefe et al. 2009). We also suspected variables such as building 

density and income level might be influential in roost selection at the macrohabitat scale, 

since these variables might affect availability of potential roost buildings in the area 

(Morzillo and Mertig 2011; Li and Wilkins 2014).  

 
Materials and Methods 

 
 
Study Area 
 

We conducted this research in the City of Waco (31°33'5" N, 97°9'21" W) and 

surrounding areas, McLennan County, Texas, USA. The city has a total area of 

95.5 square miles (247.4 km2), about 12% of which is water bodies, including the Bosque 

River, Brazos River, and Lake Waco. Waco has a long frost-free season (about 250 days) 
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with monthly average temperature of 85° F (29.4° C) during summer and 45° F (7.2° C) 

during winter. Average annual precipitation is 88.1 cm, with a minimum in late summer, 

maximum in April and May, and light rainfall during winter (Yelderman and Cervenka 

1992). Downtown Waco developed rapidly between the 1870s and 1950s, with most 

existing buildings dating from that time period. In 2010, the city’s population was 

124,805, ranked the 22nd most populous city in Texas. Several roosts in buildings have 

been identified in downtown Waco (Scales and Wilkins 2007), and the presence of 

Mexican free-tailed bats has been documented throughout the city (Li and Wilkins 2014). 

Most buildings examined in this study were located in downtown Waco and adjacent 

neighborhoods. Various scattered locations where building access permissions were 

obtained were also examined.  

 
Locating Day-roosts in Buildings 
 

Acoustic driving surveys with AnaBat detector (Titley Scientific, Australia) were 

used to identify areas where Mexican free-tailed bats were most active within 2 hours of 

sunset in the study area (Johnson et al. 2002; Roche et al. 2011). The detailed protocol for 

the acoustic driving survey is described in (Li and Wilkins 2014). Using Analook W 3.3f 

(Titley Scientific, Australia), we compared bat calls recorded during the driving survey 

with a known-species call reference library to identify calls from Mexican free-tailed 

bats. The known-species call reference library was built based on published literature 

(O’Farrell, Miller, and Gannon 1999; Boland 2007; Kurta et al. 2007) and online bat call 

libraries (BatCall Library; BatSpecies List; Pacific Northwest bat call library; Wyoming 

bat call library), as well as recordings from bats captured in other local research projects. 
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Only call sequences with at least three clear call pulses were compared with the library 

for species identification.   

We plotted all locations with Mexican free-tailed bats detected from the driving 

survey on a Bing base map via ArcMap (version 10.1, ESRI, California, USA). A 100-m 

buffer (typical maximum AnaBat detection range) was generated at each location. We 

designated buffer zones including at least five Mexican free-tailed bat recording locations 

as “hotspots” (a 100-m radius zone in which Mexican free-tailed bats were detected many 

times). Considering the high frequency of detection of Mexican free-tailed bats in 

hotspots after sunset, these locations likely were close to where Mexican free-tailed bats 

roosted. We prioritized our sampling effort to examining buildings within each hotspot 

rather than attempting to obtain permission to examine buildings widely throughout the 

city.  We also re-examined several buildings that had been identified previously as bat 

roosts (Scales and Wilkins 2007). Several media (including newspapers, booths at local 

science fairs, Facebook and other social network media) were used to broadcast this 

project and, thereby, we received feedback regarding potential roost locations from the 

public.  

When permissions were obtained to survey buildings, we made initial visits 

during the day to search for evidence of presence of bats, as indicated by piles of bat 

guano and/or smudging near roost exits. When feasible, we communicated with the 

building owner/resident to ask if bats had previously been observed nearby. We 

thoroughly searched for any openings or similar structures that could be used as roost 

exits as based on prior knowledge of identified roosts. If a building showed absolutely no 

opening to allow access of Mexican free-tailed bat and no sign of bat presence, we 



 
 

57 

gathered only building measurements. Otherwise revisits were arranged to observe bat 

emergence. 

Return visits to potential roost buildings were normally conducted just after 

sunset. During the revisit we used an AnaBat SD1 bat detector to acoustically monitor bat 

activities near the potential roost. These acoustic recordings were also used to verify 

whether bats in the potential roost were Mexican free-tailed bats. The analysis of acoustic 

recordings collected at potential roosts followed the same protocol for driving survey 

acoustic analysis mentioned before. We used a spotting scope and a night vision video 

camera (Handycam HDR-CX330, Sony, Japan) to monitor bat emergence from the 

opening of a potential roost (Kunz and Parsons 2009).  The emergence observations 

lasted from sunset until the time when bats were observed or 2 hours after sunset. In this 

way we managed to avoid identifying a night roost as a day-roost. We only identified a 

building as a day-roost for Mexican free-tailed bats if we observed bats emerging from 

that building and the identity based on acoustic recording was Mexican free-tailed bat.  

Once a building was identified as a day-roost for Mexican free-tailed bats, we 

took photographs of the building and openings when feasible and measurements of both 

building and openings (detailed description below). As bats might have multiple roosts 

and rotate among them (Lewis 1995; Scales and Wilkins 2007), all day-roost buildings, 

once identified, were included in a monthly revisit occupancy check to determine 

whether a particular roost was occupied by Mexican free-tailed bats in different seasons. 

During the monthly return visits to check occupancy, each identified roost was observed 

for up to 30 minutes during the 2 hours after sunset for emergence of bats.  
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For buildings that showed no bat during the first emergence observation, we 

arranged up to 6 revisits (scattered in different seasons during the entire study). If a 

building showed no bat emergence after all visits, we considered it as a non-roost 

building. The roost survey was conducted between August 2011 and August 2012. A few 

revisits were made in October 2012, March 2013, and May and June 2014 to collect 

building and opening characteristics. All animal monitoring and observation procedures 

were approved by Baylor University’s Institutional Animal Care and Use Committee 

(IACUC, protocol 200269-2). 

 
Roost Characteristics 
 

We collected variables to describe roost characteristics at both microhabitat and 

macrohabitat scales. At the macrohabitat scale we sought to determine if Mexican free-

tailed bat roost selection was affected by variables at landscape scale. Thus, for all 

identified roosts, we collected the following landscape variables as suggested by previous 

studies (Williams and Brittingham 1997; Evelyn, Stiles, and Young 2004; Neubaum, 

Wilson, and O’shea 2007; Mazurska and Ruczy!ski 2008; Moussy 2011; Threlfall, Law, 

and Banks 2012 a; Li and Wilkins 2014): 1. Distance to forest center (centroids of forest 

patches larger than 50 hectares) in m; 2. Distance to water body (Lake Waco, Brazos 

River, or Bosque River) in m; 3. Presence of water source within the 100-m buffer zone 

(whether natural or anthropogenic, e.g. pools, man-made ponds); 4. Presence of tall 

buildings (taller than 10 m) within 100-m buffer zone; 5. Building density: total number 

of buildings in 100-m buffer zone; 6. Street intersection density: total number of 

intersections in 100-m buffer zone; 7. Median household income: $ per household 

according to the census survey block group); 8. Human population density: number per 
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square mile according to the census survey block group; 9. Land-use diversity: number of 

land use types with in the 100-m buffer zone. All variables were measured directly from 

local 2012 orthophotos (http://www.tnris.org), U.S. Census 2012 data (median income 

and population density, http://www.esri.com/data/esri_data/demographic-

overview/census-overview/census2010), and local land-use map (http://www.waco-

texas.com/economic-development/map-disclaimer.asp). Because Mexican free-tailed bats 

might fly over the entire city in a short time period (Lewis 1995; Ammerman, Hice, and 

Schmidly 2012), we used the 20 km by 25 km dimensions of the city and vicinity as the 

landscape comparison zone. We randomly generated 300 locations throughout the entire 

city to collect landscape variables. This number of random locations was selected to 

ensure all locations were at least 1 km away from each other. It also statistically matches 

the original number of locations where Mexican free-tailed bats were detected  

At the microhabitat scale, we collected information on both building and opening 

characteristics. For all buildings that we had permission to examine, we evaluated 6 

building characteristics (Davis, Herreid, and Short 1962; Williams and Brittingham 1997; 

Neubaum, Wilson, and O’shea 2007; Soper and Fenton 2007; Mazurska and Ruczy!ski 

2008; Moussy 2011):  1. Usage: “bridge”, “commercial” (stores and restaurants), 

“industrial” (factories and warehouses), “office”, “parking garage”, “public service” 

(school, church, hospital, and similar), or “residential” (houses and apartments); 2. 

Building emptiness: “abandoned”, “empty” (rarely used by people but still being 

maintained), or “occupied” (frequently used by people); 3. Building height: top to ground 

in m; 4. Building area: footprint of each surveyed building, using ArcMap in m2; 5. 

Building material: “metal”, “wood”, “brick, “stone” or “concrete”; 6. Presence of birds or 
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nests: based on whether birds (mainly pigeons and sparrows) nested or roosted in a 

building. 

For openings that could potentially serve as roost exits, we measured 8 variables 

to describe their characteristics as suggested by previous studies (Davis, Herreid, and 

Short 1962; Downs et al. 2003; Russo et al. 2004; Neubaum, Wilson, and O’shea 2007; 

Soper and Fenton 2007; Mazurska and Ruczy!ski 2008; Klug, Goldsmith, and Barclay 

2012): 1. Roost location: “building interior” (structural interior of the building) or 

“exterior structural gap” (such as the space between building and air conditioning unit); 

2. Exit height: from exit to ground in m; 3. Exit narrowest size: the narrowest side of the 

opening in cm; 4. Whether the opening was a structure designed or the result of structural 

damage; 5. Exit orientation: measured in compass degrees, recorded as 0o if an opening 

faced the ground, or recorded as 360o – measured value when > 180o; 6. Presence of 

vegetation that blocked the opening; 7. Illumination: measured by a light meter 

(EasyView 30, Extech Instruments Corp, Massachusetts) near the opening in lux; 8. 

Nearest building: distance to the nearest building not shorter than the opening in m. 

 
Statistical Analysis 
 

All statistical analyses were conducted in R version 2.14.2 (2012-02-29).  We 

used 0.05 as the rejection criterion for all tests. Before conducting any tests or modeling 

analyses, we followed the procedure provided by Quinn and Keough (2000) and Zuur et 

al. (2009) to check for normality and to detect any correlation of independent variables. 

We used Kolmogorov–Smirnov tests and Shapiro–Wilk tests to confirm data normality. 

We calculated variance inflation factors (VIF) for continuous data. Any variance inflation 

factors smaller than 3 indicated no correlation between continuous variables (Zuur et al. 
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2009). Analyses of variance (ANOVA) were used to detect correlations between 

continuous data and categorical data and Chi-square tests for correlations among 

categorical data as suggested by Quinn and Keough (2000).  

A preliminary Moran’s I test (Bivand, Pebesma, and Rubio 2008) indicated that 

the landscape data collected at roosts were highly spatially correlated (P < 0.001), 

suggesting landscape variables collected at two buildings near each other tended to have 

similar (or same) values. This is probably because most buildings we examined were 

located in hotspots and it was common to find roosts in buildings located next to each 

other. Thus we re-sampled the landscape data by hotspots. The descriptive analysis (mean 

and standard error) of the landscape variables is listed in Table 3.1.  

To analyze building and opening characteristic variables individually, we used the 

G-test (replicated Goodness-of-fit, Sokal and Rohlf, 1995) to compare the frequencies of 

each category between day-roosts and non-roost buildings for categorical variables. We 

used Welch’s t-test to compare the means of continuous variables between day-roosts and 

non-roost buildings, as these two groups had different sample sizes and might have 

unequal variances. We also reported the descriptive statistics (mean, standard error, 95% 

confidence interval) for continuous variables and frequencies of categories for categorical 

variables (Table 3.2, Figures. 3.1, 3.2). 

We next constructed binary logistic regression models (day-roost buildings vs. 

non-roost buildings) to compare which building and opening characteristic variables 

would be more influential in roost selection. Due to the lack of similar research and prior 

knowledge of urban roost selection in Mexican free-tailed bats, we used an information-

theoretic approach by ranking models with Akaike’s Information Criterion (AIC), as 
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suggested by similar studies (Burnham and Anderson 2002; Neubaum, Wilson, and 

O’shea 2007; Klug, Goldsmith, and Barclay 2012; Snider, Cryan, and Wilson 2013). In 

this way we focused on comparing each variable’s performance among models, rather 

than models themselves, in roost selection by Mexican free-tailed bats. 

Due to differences in sample sizes, we modeled building characteristic variables 

and opening characteristic variables separately. We constructed 64 candidate models for 

6 building characteristic variables, and 256 candidate models for 8 opening characteristic 

variables. AICC (Akaike’s Information Criterion corrected for sample size, Burnham and 

Anderson, 2002) scores were calculated for each candidate model. Then we ranked all 

candidate models in each variable group by their AICC scores. Differences in AICC scores 

between the ith model and the top model ("i) and Akaike weights (wi: probability that the 

ith model is actually the best approximating model among the candidate models) were 

calculated based on the ranking. Relative importance value (w+) for each independent 

variable was calculated by summarizing of variable’s Akaike weights across all candidate 

models in which that variable was present. Higher relative importance value indicated 

that a variable was included in more candidate models (Burnham and Anderson 2002). 

We reported the 10 top-ranked models and the global model (with all independent 

variables included) and the random model (with no variables). We also reported 

regression coefficient estimates and their standard errors for the relatively important 

variables by averaging across all candidate models. 

 
Results 

 
At the city scale, we obtained permission to examine buildings in 14 hotspots 

generated by the mapping criteria. In 7 of them we located day-roosts for Mexican free-
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tailed bats. Due to the lack of thorough examination of some buildings in some hotspots, 

we cannot make conclusions on whether there were day-roosts in these hotspots. Because 

of the small sample size at this scale, we only reported the descriptive analysis of the 

landscape variables collected at hotspots with bat roosts identified (n = 7) and random 

samples from the entire city (n = 300, Table 3.1). These hotspots with Mexican free-

tailed bat roosts tended to occur at areas with high street intersection density and high 

human population density, but with low household median income. Presence of tall 

buildings (taller than 10 m) was common at those hotspots with bat roosts.  

 
Table 3.1. Mean and standard error of continuous variables and percentage of categorical 
variables at landscape scale collected at bat roost hotspot and random sampling locations 

in Waco, TX, USA 
 

Variable  
Hotspot with roosts 

(n=7) 

Random samples of the 

city (n=300) 

Income ($ per household) 21189.6 ± 2090.6 44431.3 ± 1165.4 

Population (count per square mile) 4715.8 ± 1797.5 1895.2 ± 121.9 

Building density (count in 100 m radius circle) 11.1 ± 2.2 13.8 ± 1.0 

Intersection (count in 100 m radius circle) 5.3 ± 0.7 1.7 ± 0.1 

Distance to forest (km) 4726.8 ± 223.9 4081.9 ± 151.9 

Distance to water body (km) 1357.6 ± 323.1 3081.7 ± 136.3 

Land-use diversity (count in 100 m radius circle) 1.7 ± 0.3 1.6 ± 0.1 

Presence of tall buildings 100% 38% 

Presence of water source 14% 33% 

 
 

At the building scale, 218 buildings were thoroughly examined for the presence of 

bats and structures or openings that could be utilized as roosts or roost exits. Among 
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these 218 buildings, we found 99 openings that could potentially host roosts. Through 

repeated visits, we identified Mexican free-tailed bat day-roosts at 54 buildings. No 

evidence of Mexican free-tailed bats’ presence was found at any of the remaining 

buildings. Among the 54 day-roosts identified, 32 were identified in the fall between 

August 2011 and November 2011. One of these roosts was intentionally demolished by 

the building owner (bats removed, building structure altered). The revisits showed that 

the remaining 31 roosts were occupied by Mexican free-tailed bats in winter, spring, and 

summer through the entire study (the demolished roost was not revisited). We identified 

another 22 day-roosts between December 2011 and June 2012. These roosts were also 

occupied in all seasons after the initial identification. 

For all 218 buildings examined, some of the building characteristics differed 

between roost and non-roost buildings (Table 3.2, Figures. 3.1, 3.2). The G-test for 

categorical variables indicated that more roosts were found in buildings where humans 

were absent and where bird nests or roosts were located (both P < 0.001). In contrast, 

frequencies of categories in building usage and building material did not differ between 

day-roosts and other buildings (both P > 0.05).  Welch’s t-test for continuous variables 

indicated that buildings with roosts were significantly taller than non-roost buildings 

surveyed (roost 13.08 ± 1.00 m vs. non-roost 8.83 ± 0.64 m, P = 0.049). But building 

area was not different between roosts and other buildings (P = 0.156). 

The regression analyses for building characteristics demonstrated that building 

emptiness, building height, and presence of birds had the greatest relative importance 

values (w+ = 0.999, 0.954, and 0.895, respectively; Table 3.3). Of the 64 candidate 

models, building emptiness was included in the top 28 models, such that abandoned  
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Table 3.2. Welch’s t-test for building characteristic and exit opening characteristics 
included in the regression AIC analyses comparing roost and non-roost buildings in 
Waco, TX, USA. Mean, standard error and 95% confidence interval are included. 

 

Variable  
t 

value 
P 

Mean ± S.E., 95% CI 

Roosts Other buildings 

Building Characteristics  

Building height (m) 2.00 0.049 
13.08 ± 1.00  8.83 ± 0.64 

  11.11 – 15.05   7.57 – 10.09 

Building area (m2) 1.43 0.156 
2821.16 ± 344.12  2237.32 ± 213.66 

  2146.69 – 3495.62 1818.56 – 2656.09 

Exit opening characteristics  

Illumination (lux) -0.05 0.961 
117.31 ± 10.55    116.62 ± 8.81 

    96.63 – 137.99    99.36 – 133.88 

Nearest building (m) 0.41 0.682 
45.29 ± 4.43      47.92 ± 4.52 

  36.60 – 53.98      39.07 – 56.7 

Exit to ground height (m) 0.88 0.380 
  4.80 ± 0.44 5.50 ± 0.66 

  3.95 – 5.66 4.20 – 6.80 

Exit narrowest size (cm) 0.93 0.354 
29.87 ± 4.63      21.61 ± 2.97 

  20.80 – 38.93 15.79 – 27.43 

Orientation (°) -0.09 0.925 
71.49 ± 8.63      73.56 ± 7.98 

  54.57 – 88.41 57.92 – 89.19 

 
 

buildings were  favored by Mexican free-tailed bats (empty building coefficient estimate 

= #3.44 ± 0.14, occupied coefficient estimate = #4.01 ± 0.07). Presence of birds and 

building height were in 8 and 7 of the top 10 models, respectively (Table 3.4). Buildings 

with bird nests (coefficient estimate = 1.23 ± 0.44) were more likely to be selected as bat 

roosts. The likelihood of bats roosting in a building increased as building height increased 

(coefficient estimate = 0.05 ± 0.01). Building area, material, and usage had low relative 

importance values (< 0.500), indicating their low importance as roost-selection criteria.  

For 99 buildings with openings that potentially served as roost exits, all 

categorical variables showed frequency differences between roosts and non-roost  
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Table 3.3. Relative importance value (w+) calculated by summarizing of variable’s 
Akaike weights across all candidate models from the regression analysis for building and 

opening characteristic variables measured in buildings in Waco, TX, USA 
 

Variable w+ 

Building characteristics 

Building emptiness 0.9999 

Building height 0.9542 

Presence of birds 0.8951 

Building area 0.4486 

Building material 0.0595 

Usage  0.0128 

Opening characteristics  

Blocking vegetation 0.8841 

Designed opening  0.8310 

Exit to ground height 0.5963 

Exit narrowest size 0.3655 

Roost location 0.3231 

Illumination  0.3126 

Nearest building 0.2995 

Orientation  0.2608 
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Table 3.4. Top 10 logistic regression models, global model, and random model for 
building characteristic variables measured in building used as roosts by Mexican free-

tailed bats and other buildings in Waco, TX, USA. Candidate models representing all 64 
possible variable combinations were ranked by Akaike’s information criterion adjusted 

for small sample size (AICC). K = number of parameters in the model; "i = difference in 
AICC score between the ith and top-ranked model; wi = Akaike weight. Variable 

abbreviations are: BE (building emptiness), BH (building height), PB (presence of birds), 
BA (building area), BM (building material), and U (usage). 

 
Model K AICC "i wi 

BH + BE + PB 5 209.9 0 0.450 

BA + BH + BE + PB 6 210.4 0.53 0.345 

BA + BH + BE  5 214.1 4.18 0.055 

BH + BE  4 215.0 5.14 0.034 

BH + HM + BE + PB 9 215.3 5.39 0.030 

BE + PB 4 216.0 6.04 0.022 

BA + BE + PB 5 216.1 6.20 0.020 

BA + BH + HM + BE + PB 10 216.6 6.66 0.016 

BH + HM + BE  8 218.3 8.43 0.007 

BH + BE + PB + U 11 218.8 8.84 0.005 

Global (all variables) 16 225.1 15.14 < 0.001 

Random (no variable) 1 246.1 36.18 < 0.001 

 
 

buildings by G-tests, whereas no continuous variable showed differences in the means by 

t-tests (Table 3.2, Figures. 3.1, 3.2). The analyses of 256 candidate regression models did 

not indicate any opening characteristic variable with a high relative importance value (> 

0.900). Presence of blocking vegetation near the opening (coefficient estimate = #1.22 ± 

0.46) had the greatest relative importance value (w+ = 0.884). Designed opening 

(coefficient estimate = #1.32 ± 0.35) had the second greatest relative importance value 

(w+ = 0.831). These two variables were included in all top-10 candidate models (Table 

3.5), generally suggesting that bats preferred openings that were the result of structural  
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Table 3.5. Top 10 logistic regression models, global model, and random model for exit 
opening characteristic variables measured in buildings used as roosts by Mexican free-

tailed bats and other buildings in Waco, TX, USA. Candidate models representing all 256 
possible variable combinations were ranked by Akaike’s information criterion adjusted 

for small sample size (AICC). K = number of parameters in the model; "i = difference in 
AICC score between the ith and top-ranked model; wi = Akaike weight. Variable 

abbreviations are: BV (blocking vegetation), DO (designed opening), ETGH (exit to 
ground height), ENS (exit narrowest size), RL (roost location), I (illumination), NB 

(nearest building), and O (orientation). 
 

Model K AICC "i wi 

BV + DO + ETGH 4 128.6 0 0.077 

BV + DO 3 129.7 1.10 0.045 

BV + DO + ENS + ETGH 5 129.9 1.36 0.039 

BV + DO + ETGH + I  5 130.1 1.53 0.036 

BV + DO + ETGH + NB  5 130.2 1.66 0.034 

BV + DO + ETGH + RL 5 130.5 1.91 0.030 

BV + DO + ETGH + O 5 130.8 2.17 0.026 

BV + DO + ENS 4 131.0 2.39 0.023 

BV + DO + I  4 131.3 2.75 0.020 

BV + DO + ETGH + ENS + I  6 131.4 2.79 0.019 

Global (all variables) 9 136.7 8.16 0.001 

Random (no variable) 1 138.5 9.88 0.001 

 
 

damage and were not blocked by vegetation. Opening height to ground (w+ = 0.596, 

coefficient estimate = 0.12 ± 0.03) was the only other variable that had a relative 

importance value larger than 0.500. However, its importance might be limited, 

considering this variable’s 95% confidence intervals overlapped between roosts and other 

buildings (Table 3.2). The other five variables had low relative importance (< 0.500). 
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Figure 3.1. Frequencies of conditions for categorical variables of building characteristics 
collected at day-roost buildings compared to non-roost buildings surveyed in Waco, TX, 
USA, and replicated goodness-of-fit test (G-test) indicating whether Mexican free-tailed 
bats had a preference of particular categories when selecting roosts in buildings. 
 
 

Discussion 
 

The Caves are the principal type of natural roost inhabited by Mexican free-tailed 

bats in the western United States (Wilkins 1989). The emergence of buildings and other 

human constructions within the past two centuries has provided new roosting options for 

Mexican free-tailed bats. With many buildings present in the city, bats could have 

opportunity to be selective with regard to roosting resources (Chaverri and Kunz 2011). 

Our results documented that many buildings in the study area were used as roosts by  
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Figure 3.2. Frequencies of conditions for categorical variables of opening characteristics 
collected at day-roost buildings compared to non-roost buildings surveyed in Waco, TX, 
USA, and replicated goodness-of-fit test (G-test) indicating whether Mexican free-tailed 
bats had a preference of particular categories when selecting roosts in buildings. 
 
 
Mexican free-tailed bats. However, this process was not random at either microhabitat 

scale or macrohabitat scale. 

At the microhabitat scale, we identified many roosts in various types of buildings, 

regardless of how people used these building. However, our results suggested that more 

bat roosts were located in abandoned buildings than in those occupied by people. This 

finding is contradictory to some published works, in which building emptiness did not 

affect bat roost selection (Soper and Fenton 2007; Mazurska and Ruczy!ski 2008; 

Moussy 2011). We suspected that building emptiness of buildings in our study area 

related to building accessibility, which is an important feature in bat roost selection 

(Davis, Herreid, and Short 1962; Wilkins 1989; Williams and Brittingham 1997). In our 

study, abandoned buildings were structurally less well-maintained than buildings 

occupied by people. This is consistent with our model of roost exits, in which openings 

resulting from structural damage were more favored as roost exits. The cross-group 
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correlation test also showed abandoned and empty buildings were more likely to possess 

openings representing structural damage, and thus were more accessible to bats. 

Building height is also related to building accessibility in roost selection. Initially 

we hypothesized that bats might favor tall buildings because greater vertical height could 

provide more distance to drop and obtain adequate lift for flight (Kalcounis-Rüppell, 

Psyllakis, and Brigham 2005; Neubaum, Wilson, and O’shea 2007; Soper and Fenton 

2007). We also expected that roost exits would be farther away from the ground than 

other openings (Neubaum, Wilson, and O’shea 2007). Our results, however, showed that 

although taller buildings increased the likelihood for location of a roost, the distance from 

opening to ground was not significantly different between roosts and non-roosts. We 

located some roost exits in tall buildings (taller than 20 m), which were only a few meters 

above the ground.   

One possible explanation of bats preferring tall buildings is that tall buildings 

might provide open air space nearby, allowing bats easier navigation near the roost and 

its entrance(s). This is supported by the opening selection model, in which bats less 

favored openings that were blocked by vegetation. However, it seemed that Mexican 

free-tailed bats had no difficulty navigating into the roost through the exit as long as there 

was no blocking structure near the opening. We found that the distance between the 

opening and the nearest building (buildings that were not shorter than the opening) was 

not important in the model. In fact, some roost exits were in close adjacency to another 

building (the wall with roost exit was less than 1 m from an adjacent building), which is 

different from what we hypothesized. Considering the contradiction between the building 

selection and opening selection models and the inconsistency between our findings and 
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hypotheses, we offer another possible explanation for bats favoring tall buildings: 

because maintenance efforts might be more complicated in these tall buildings, bat 

exclusion activities might be more difficult to conduct than in single-family houses or 

small office buildings.  

The thermal protection role of a roost is very important for bats. Previous research 

has demonstrated that both average daily temperature and maximum daytime temperature 

are higher in roost buildings than non-roosts (Williams and Brittingham 1997; Lausen 

and Barclay 2006; Neubaum, Wilson, and O’shea 2007). Factors affecting roost 

temperature could be critical in the selection of roosts by bats. For example, building 

materials affect how solar radiation increases the temperature in the roost and how well 

the insulation preserves the heat (Entwistle, Racey, and Speakman 1997; Williams and 

Brittingham 1997; Mazurska and Ruczy!ski 2008). Roost exit height and compass 

orientation could affect the amount of solar radiation the roost receives (Brittingham and 

Williams 2000; Russo et al. 2004; Neubaum, Wilson, and O’shea 2007), hence affecting 

the roost temperature.  

Yet, in our study, none of those factors mentioned above showed statistical 

difference between roosts and non-roosts. It seems that thermal condition might not be as 

important as we hypothesized in Mexican free-tailed bat roost selection in our study area. 

This is perhaps because of the geographic location of our city, where temperature is 

relatively higher year around than locations where previous projects were conducted. 

Lausen and Barclay (2006) reported the highest summer (May to August) daytime 

temperature in big brown bat building roosts in Alberta, Canada was 30.8°C, about 2°C 

higher than in natural roosts. Mean roost temperature in buildings in Fort Collins, 
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Colorado during June to August was 24.8°C, about 0.5°C higher than in non-roost 

buildings (Neubaum, Wilson, and O’shea 2007). Big brown bats usually maintain a rectal 

temperature a few degrees higher than the ambient temperature when in torpor and 

usually have a rectal temperature between 30°C to 40°C when active (Barclay et al. 

1996). Thus a warmer roost is energetically beneficial to bats at those locations in cooler 

environments. In contrast, our study area in the past 30 years had 24 days on average with 

a maximum temperature higher than 37.8°C in summer months 

(http://www.srh.noaa.gov/fwd/?n=w100info). Mexican free-tailed bats, similar to big 

brown bats, usually have a body temperature around 35°C (Reichard and Fellows 2010). 

Though our research protocol did not involve determination of roost temperatures, it 

would not be surprising that most buildings in our study area would be warm enough for 

bats and not different in terms of thermal benefits among different buildings.  

In most previous works on urban bat roost selection, many roosts were located in 

an attic (Williams and Brittingham 1997; Agosta 2002; Mazurska and Ruczy!ski 2008; 

Moussy 2011). Such locations could relate to the thermal requirement for bats. However, 

we located many bat roosts in relatively opportunistic places, which were not necessarily 

located in the interior of buildings. Examples of these locations include the space 

between large air-conditioning units and buildings, the gap between structural pieces of 

parking garages, and the space behind a billboard attached to a building. These non-

traditional anthropogenic roosts might not be as well insulated as building interiors, 

suggesting that bats might seek certain degrees of openness that allow adequate airflow to 

maintain an optimal temperature range in the roost via ventilation. Williams and 

Brittingham (1997) showed temperature in a typical building roost could reach 55°C in a 
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daily cycle in Pennsylvania during the summer. Future study should focus on whether 

optimal maximum temperature will affect urban bat roost selection in warmer climates.  

A unique aspect of this study is that we surveyed roosts all year round. All roosts 

identified in this study were occupied from the season of the initial identification until the 

end of this study. It appeared that bats might not abandon a roost seasonally due to 

undesirable thermal conditions. Differently, urban big brown bats in Fort Collins, 

Colorado, USA, migrated regionally to nearby mountain areas from the city in the winter, 

abandoning urban roosts seasonally (Neubaum, O’Shea, and Wilson 2006; Neubaum, 

Wilson, and O’shea 2007). Most urban bat roost selection studies have focused on the 

summer reproductive season. It is still not clear how thermal conditions of buildings 

would affect the roost selection process during cooler seasons.  

Many researchers reported possible competition between bats and birds for 

roosting sites in natural settings (Basham, Law, and Banks 2011; Threlfall, Law, and 

Banks 2013). In contrast, we found an apparent association between birds and bats. 

According to our modeling results, buildings that were used by birds were more likely to 

be utilized as bat roosts. This might be because buildings offer solutions to challenges 

experienced by both groups of animals. Both birds and bats seek shelter that provides 

microclimate stability and protection from predation. If a place, such as a gap under a 

bridge or a broken roof in a building, is suitable for one group, it might also be suitable 

for the other. Considering the large space available in some buildings, it is possible for 

these two groups to share the same building.  

Artificial night illumination associated with cities might facilitate good food 

resources for insectivorous bats (Rydell 2006). However, the presence of artificial 



 
 

75 

illumination near the roost exit had adverse effects on soprano pipistrelles (Pipistrellus 

pygmaeus) and cave myotis (Myotis velifer) in some studies (Mann, Steidl, and Dalton 

2002; Downs et al. 2003). We did not find illumination level near roost exits an important 

factor in roost selection. Illumination in our study area might not be intense enough or the 

wavelengths might not be in the influential range, factors that Downs et al. (2003) 

suggested as key in how bats responded to light. It is also not known if bats in our study 

might have adapted to the presence of light (Ditchkoff, Saalfeld, and Gibson 2006), or 

whether the adverse effect of artificial illumination might be species-specific.  

At the broad city scale, our findings were limited by highly spatially correlated 

data and the small sample size. We found many roosts in areas with high street density 

and near tall buildings and water sources. These were consistent with previous studies 

(Entwistle, Racey, and Speakman 1997; Evelyn, Stiles, and Young 2004; Neubaum, 

Wilson, and O’shea 2007; Mazurska and Ruczy!ski 2008). A similar study we conducted 

in the Waco area showed that the probability of detecting Mexican free-tailed bats after 

sunset was higher in areas with higher human population density and lower household 

income (Li and Wilkins 2014). This is consistent with the descriptive landscape data in 

this study. Higher human population density indicates more tall apartment buildings than 

single-family houses. Similarly, lower income might indicate more abandoned and less 

well-maintained buildings. In general, we believe a more thorough survey of buildings in 

other districts in the city is needed to reach a more substantial conclusion on Mexican 

free-tailed bat roost selection at macrohabitat scale. 

Our study demonstrated that roosting in buildings is a common phenomenon for 

Mexican free-tailed bats in Waco, Texas, a medium-sized city in the southern part of 
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North America. Similar use of buildings for roosting by Mexican free-tailed bats likely 

occurs in cities throughout the range of this widespread species. It seems that buildings in 

this region of the U.S. could potentially provide adequate year-around roost resources for 

Mexican free-tailed bats. Parris and Hazell (2005) demonstrated that urban microclimate 

assisted in the range expansion of grey-headed flying fox (Pteropus poliocephalus). 

Mexican free-tailed bats in this region of the U.S. might experience a similar scenario. 

It is evident that many wildlife species benefit from the activities of humans 

(Luniak 2004; Ditchkoff, Saalfeld, and Gibson 2006).  Commensal bat species often 

utilize many anthropogenic structures as roost sites. The regional distributions of 

Mexican free-tailed bats likely have expanded and populations increased in size via 

augmentation of natural roost sites (primarily caves) with human-built structures used as 

roosts. Whereas Moussy (2011) showed that disturbance from people might not be 

influential in roost selection by the brown long-eared bat (Plecotus auritus), we found 

that Mexican free-tailed bats still preferred to roost in abandoned or empty buildings. 

Owners of such properties might not engage in strong efforts to eradicate bats. It is 

possible, though uncertain, that such species have become dependent on availability of 

these abandoned or empty man-made structures. Rejuvenation of downtown sections of 

cities is an ongoing process in many cities, with frequent renovation or demolition of 

abandoned or empty buildings (Jepson and Edwards 2010; Podobnik 2011; Trudeau and 

Malloy 2011). Both processes generally involve eviction or extermination of bat colonies. 

When excluded from their anthropogenic roosts, it is not clear if bats will be able to 

relocate to other roosts successfully (Agosta 2002). Thus, in the interest of conserving 

these commensal species, we suggest that creation of alternative roosting structures, such 
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as bat boxes or other bat-compatible structures, should be considered when renovation of 

bat-occupied buildings is planned.  
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CHAPTER FOUR 

 
Responses of Urban Bats to Various Levels of Nighttime Illumination 

 
 

Abstract 
 

Many insects are attracted by night illumination, forming a highly concentrated 

food source for their predators under city lights. Theoretically, insectivorous bats may 

follow prey and utilize urban lights as foraging grounds. However, only limited research 

has attempted to demonstrate how insect communities and bat activity respond to 

variation in lighting conditions. Whether level of bat activity under nighttime lighting is 

related mainly to concentration of insect prey is still not clear.  Between September 2011 

and October 2012, we conducted an experimental survey to record bat acoustic activity 

and collect insects at a series of locations with different lighting conditions within a 

relatively small and homogenous area. Overall we found that the number of bat passes 

was somewhat different at sites with different levels of illumination. The proportion of 

foraging calls, however, was always higher at sites with higher light intensity. Generally 

the diversity of insects did not vary with light conditions.  Insect biomass, however, was 

greater at brighter sites except during the winter. This suggests that bats responded to 

prey availability, foraging more where prey was more abundant. This foraging pattern 

lasted all year around even though during the winter prey availability was not greater 

under stronger illumination. Species specifically, levels of foraging activity in Mexican 

free-tailed bats, red bats, sliver haired bats, and hoary bats could be explained by the 



 
 

84 

difference of prey availability. Whereas foraging activity of other bat species seemed to 

be affected by environmental differences.  

 
Introduction 

 
Food is a significant factor affecting animals’ distribution, abundance, and 

activity (Carr and Macdonald 1986; Maher and Lott 2000). Predators may respond to 

varied prey densities either by aggregating in numbers or by increasing foraging activities 

at places where prey is abundant (Müller et al. 2012). A variety of insects is attracted by 

artificial light (Eisenbeis 2006; Frank 2006; Kunz and Fenton 2006; Van Langevelde et 

al. 2011). Many of those insects (i.e., Diptera, Lepidoptera, Coleoptera) are the primary 

prey of insectivorous bats. Researchers also found that the defensive behaviors of some 

insects against predators were compromised when flying under lights, making them more 

vulnerable to capture by bats (Svensson and Rydell 1998; Acharya and Fenton 1999). 

Thus, nighttime illumination should affect bats’ distribution, abundance, and activity 

through concentration of insects under city lights. Research projects around the globe 

have shown that bats tend to be more active and forage more in illuminated areas than in 

the dark, potentially making cities an attractive foraging ground (Rydell 1992; Blake et 

al. 1994; Gaisler et al. 1998; Avila-Flores and Fenton 2005; Jung and Kalko 2010; 

Threlfall, Law, and Banks 2013). However, most of those studies did not examine insect 

availability under illumination.  

Urban night illumination might also affect bats directly as an environmental factor 

in various ways that adversely prevent them from taking full advantage of the insect food 

source under the city lights. Theoretically, presence in illuminated areas may increase the 

risk of bats being caught by predators due to increased exposure and visibility (Rydell 
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1991; Duvergé et al. 2000; Beier 2006; Lima and O’Keefe 2013). Additionally light can 

disturb commuting behavior and causes collisions in some bats (Kuijper et al. 2008; 

Stone, Jones, and Harris 2009; McGuire and Fenton 2010; Stone, Jones, and Harris 

2012).  Night illumination could also diminish roost quality, with bats abandoning 

illuminated roosts (Mann, Steidl, and Dalton 2002; Downs et al. 2003; Boldogh, Dobrosi, 

and Samu 2007). These negative effects of night illumination might explain the 

observations of various researchers that not all insectivorous bat species take advantage 

of insects aggregated in city lights (Furlonger, Dewar, and Fenton 1987; Rydell 1992; 

Gaisler et al. 1998; Avila-Flores and Fenton 2005; Jung and Kalko 2010; Polak et al. 

2011; Threlfall, Law, and Banks 2013). Bats avoiding well-illuminated areas were 

documented in some studies mentioned above.  

Factors that affect how bats forage in natural settings also potentially affect how 

bats utilize insect food sources under city lights.  For example, more-maneuverable bats 

(many species in family Vespertilionidae, e.g., red bats, evening bats) will thoroughly 

explore an illuminated area that is relatively small and homogenous, such as rows of 

streetlights, for prey. These bats are better adapted to foraging in cluttered natural 

habitats, and their foraging ranges are relatively small. In contrast, fast-flying bats that 

are adapted to foraging in large open space (many species in family Molossidae, e.g, 

Mexican free-tailed bats) usually fly higher and opportunistically explore among many 

lighted areas (Schnitzler and Kalko 2001; Rydell 2006; Müller et al. 2012). 

Only limited research has directly linked level of nighttime illumination, insect 

availability, and bat foraging activity within the city. It is not certain whether more 

insects would be available in brighter areas, nor whether these areas would have a higher 
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level of bat presence and foraging activity. To examine the dynamics of bat-insect 

(predator-prey) interactions in relation to variation in intensity of nighttime illumination, 

we designed and conducted an experimental survey to record bat activity and to collect 

insects at a series of locations with different levels of illumination within an otherwise 

relatively homogenous area. We aimed to determine whether bats, individually by species 

and collectively for all species, would be more active and forage more frequently near 

stronger illumination. We hypothesized that more insects would be attracted to locations 

with higher light intensity. Thus we expected to record higher levels of bat activity at 

those locations. We predicted that the level of foraging activity, in relation to commuting 

activity, would be higher at locations with more prey.  Sampling through an entire year 

allowed us to test for seasonality of patterns in prey availability and bat foraging 

preference.  

 
Materials and Methods 

 
 
Study Area and Selection of Recording Locations 
 

We conducted this project in Waco, McLennan County, Texas between 

September 2011 and October 2012. We chose Baylor University campus as the study area 

because of its size, accessibility, variety and control of lighting regimes, and the year-

round presence of bats, particularly Mexican free-tailed bats, Tadarida brasiliensis. The 

physical structure of buildings on the campus is relatively homogenous, but the lighting 

conditions vary in relation to building function. Parking structures and sports facilities are 

usually well-illuminated, whereas classroom buildings and dorms have lower levels of 

exterior nighttime illumination.  
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We selected a series of recording locations to encompass the range of intensities 

of nighttime illumination. During a preliminary survey, we measured (EasyView 30 light 

meter, Extech Instruments Corp, Waltham, Massachusetts) light intensity at multiple 

times of night and on nights representing different moon phases. Based on light intensity 

measurements and lighting regimes, we selected 12 locations on the campus to represent 

3 lighting conditions (4 locations per category): low illumination (within 50-m radius the 

mean of 20 random light intensity measurements was < 25 lux), medium illumination 

(within 50-m radius the mean of 20 random light intensity measurements was 50 - 100 

lux), and high illumination (within 50-m radius the mean of 20 random light intensity 

measurements was > 200 lux). At all 12 locations, lights were illuminated the entire night 

and with the same lighting regime (lights on 15 minutes before sunset and off 15 minutes 

after sunrise) every night during the study. All simultaneously recording sites were 

located at least 400 m away from each other to ensure a bat would not be recorded 

simultaneously by two detectors. We recognize that responsiveness of insects to light 

varies with color (wavelengths) of light.  However most urban night illumination is a 

combined effect of many different types of lights. Hence each category of our study sites 

represents a certain light intensity level generated by multiple lights with different types 

of light bulbs (e.g., a high light intensity site could be illuminated by a few very bright 

light bulbs or many light bulbs with lower light intensity). 

 
Acoustic Recording of Bats 
 

We used full spectrum Song Meter SM2BAT bat detectors (Wildlife Acoustics, 

Inc., Maynard, Massachusetts) to record bat echolocation activities. Between 22 

September 2011 and 4 October 2012, we monitored bat activity continuously from sunset 
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to sunrise every night, regardless of weather conditions. A total of 4 bat detectors was 

used to monitor 12 sites with a 3-week sampling cycle. During the 1st week of each cycle, 

we randomly chose 1 location from each of the 3 light intensity categories and a 4th 

location for monitoring.  In week 2, we randomly chose 1 not-yet-sampled location from 

each light intensity category; the 4th location was randomly chosen from the two 

categories not represented by the 4th location during the previous week. We monitored 

the remaining 4 locations during the third week. Thus, every 3 weeks a rotation of 12 

locations would be completed and a new schedule would be generated. In this way we 

minimized the temporal correlation of continuous recording at a location and the effects 

of location variations (Gutzwiller and Riffell 2007; Zuur et al. 2009). At all locations the 

bat detector was either installed on a pole or mounted on the top of a building wall with 

the microphone facing up, 1 - 2 m above the ground or on the top of the building. We 

used household plastic wrap to cover the microphone to prevent weather damage; our 

preliminary tests showed no interference caused by the plastic wrap. All bat monitoring 

procedures were approved by Baylor University’s Institutional Animal Care and Use 

Committee (IACUC, protocol 200269-2). 

 
Bat Species Identification and Foraging Call Classification 
 

The study area is within the geographic distributions of 9 species of bats 

(Schmidly 2004; Ammerman, Hice, and Schmidly 2012):  big brown bat (Eptesicus 

fuscus EPFU), eastern red bat (Lasiurus borealis LABO), hoary bat (Lasiurus cinereus 

LACI), silver-haired bat (Lasionycteris noctivagans LANO), Seminole bat (Lasiurus 

seminolus LASE), cave myotis (Myotis velifer MYVE), evening bat (Nycticeius 

humeralis NYHU), eastern pipistrelle (Perimyotis subflavus PESU), and Mexican 
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(Brazilian) free-tailed bat (Tadarida brasiliensis TABR). We constructed a known-

species call reference library based on published literature (O’Farrell, Miller, and Gannon 

1999; Boland 2007; Kurta et al. 2007), recordings from bats captured in other local 

research projects, and online bat call libraries (BatCall Library; BatSpecies List; Pacific 

Northwest bat call library; Wyoming bat call library).  

We defined a bat pass as a call sequence including 3 echolocation calls or more 

separated by less than 3 seconds.  Call sequences with only 1 or 2 echolocation calls were 

not analyzed. Based on the reference library, we used Song Scope V4.0 (Wildlife 

Acoustics, Inc.) to display and manually identify bat species. Due to the large number of 

calls recorded, we randomly chose 20% of all recordings from each week for manual 

species identification.  We also used Kaleidoscope Pro (Wildlife Acoustics, Inc.) to 

automatically identify species for these recordings (North America classifier, western 

region bats). Next we compared the results of manual and automatic identifications to 

validate the classifier in Kaleidoscope Pro and generated a new species classifier. We 

used the new classifier to re-classify all recordings. We used the total recording hours of 

each week at each location to standardize the bat passes to the number of passes per 

recording hour (Kunz and Parsons 2009). We defined this response variable as total 

passes. 

To identify feeding calls (calls with increasing pulse repetition rates and 

cumulating in a rapid burst of calls as the bat closes on its target (Griffin, Webster, and 

Michael 1960)), we manually examined all bat passes with 10 calls or more (shorter 

passes had too few calls to determine if it was a feeding activity). To decide if a call was 

a foraging call, we compared our recording with literature descriptions for foraging call 
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shapes, slopes, frequencies, and durations (Schnitzler and Kalko 2001; Schnitzler, Moss, 

and Denzinger 2003; Kunz and Fenton 2006; Jones and Holderied 2007; Conner and 

Corcoran 2012). If a bat pass included a feeding call, we defined it as a feeding pass. All 

feeding passes were also standardized to the number per recording hour at a location for a 

sampling week as foraging passes. To represent how often bats actually foraged at a 

location, we defined another response variable foraging ratio by dividing the number of 

feeding passes over all bat passes at a location for a sampling week (species-specific and 

all species together). Foraging ratio was interpreted to represent how suitable a location 

was as a foraging ground and to eliminate the possible effect of having recording 

locations on bat commuting routes. 

 
Aerial Insect Collection 
 
 We used glue traps (40 cm by 20 cm, CatchMaster 925 glue board trap, AP&G 

Co., Inc., New York) to capture nocturnal aerial insects. During each sampling week, we 

chose 1 night (no rain, wind speed < 12 kph, Beaufort scale 2 or lower) to sample insects 

at locations with bat detectors.  We hung the glue trap 1.5 – 2 m above the ground near 

the bat detector. The sampling period was from sunset to sunrise of the next day. Within a 

3-week bat sampling cycle, all 12 locations would be sampled once for aerial insects. The 

insect samples might not represent the particular insect assemble that bats in this study 

were actually consuming, but they could serve as a reasonable proxy representing the 

greater insect community in the immediate vicinity.  

We measured the body length (from head to tip of abdomen) to 0.1 mm by using 

calipers under a dissecting microscope. We included all insects whose body lengths were 

1 - 30 mm for further analyses, as bats might be less likely to consume prey larger or 
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smaller (Anthony and Kunz 1977). We identified insects with body lengths > 3 mm to 

order (identification references: https://insects.tamu.edu/fieldguide/; (Borror and White 

1987; Borror, Johnson, and Triplehorn 2005). Insects 1 -3 mm long were categorized as 

“small insects”. We used the power model to estimate each insect’s weight by its length: 

y = a(x)b 

where: 

y = weight, 

x = length, 

and a and b are order-specific parameters suggested by (Rogers, Hinds, and Buschbom 

1976; Sage 1982; Sample et al. 1993; Ganihar 1997)). For small insects (1 - 3 mm), we 

used the general formula for Class Insecta. We added the weights of all organisms on the 

trap and recorded the sum as insect biomass (mg/trap). 

 
Statistical Analyses 
 

We treated all recordings (standardized to passes per hour) and all aerial insects 

collected at a site during a sampling week as one observational unit for statistical 

analyses. First we separately analyzed how bat activity and aerial insects responded to 

differences in lighting condition. Next we sought a link between bats and insects.  Since 

both groups of organisms could experience fluctuation in numbers due to weather, 

reproductive cycles, migration, or other time-related variables (A.T. Scanlon and Petit 

2008; Annette T. Scanlon and Petit 2008; Ammerman, Hice, and Schmidly 2012), we 

tested if temporal autocorrelation existed in response variables and incorporated it in 

analyses as necessary. We used 0.05 as the rejection criterion for all tests. All statistical 

analyses were conducted in R version 2.14.2 (2012-02-29).  
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To analyze the bat-light relationship, we used 2 bat response variables: total 

passes (passes per hour) and foraging ratio. We constructed generalized linear models 

(GLM) with light and week as the predicting variables. We dropped variable week and 

conducted Chi square tests on Akaike information criterion (AIC) scores of both models. 

If the difference between these models was significant, we considered that variable week 

contributed significantly to response variable variance and caused temporal 

autocorrelation (Zuur et al. 2009). In this situation, generalized linear mixed modelling 

(GLMM) was used to detect the relationship between bat response variables and light 

conditions. GLMM is a type of regression analysis in which the linear predictor contains 

random effects in addition to the fixed effects (Zuur et al. 2009). In GLMM we added 

week as a random effect to incorporate its variance to represent the response variable’s 

temporal autocorrelation. If we did not detect temporal autocorrelation, we would re-

construct GLM with light as the only predictor.  

In our preliminary tests we found that foraging ratio was positively dependent on 

total passes. This is likely because the detection probability of foraging calls would 

increase as more call passes were recorded (Yoccoz, Nichols, and Boulinier 2001; 

MacKenzie and Kendall 2002). Therefore, we included total passes as a covariate when 

modeling response variable foraging ratio. Categorical variable light would enter the 

regression models with category low. We applied this modeling method for all bat 

species combined and for each species separately. The main goal of this step of analyses 

was to test if more bat passes and higher foraging ratio would be found at sites with 

higher levels of illumination. Hence we concentrated on reporting whether regression 

estimates (changing from low light to medium or high in the model) would be positive 
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and significant. In these regression models, variable total passes was a counted number 

and modeled with Poisson distribution. Foraging ratio was modeled with quasibinomial 

distribution since it was a ratio ranging between 0 and 1 (Zuur et al. 2009). 

Based on literature (Ammerman, Hice, and Schmidly 2012) and our preliminary 

tests, temporal autocorrelation in bat response variables could be related to seasonality. 

Hence we assigned season to each observation (depending on the first day of each 

recording week in which month) to conduct analysis of variance (ANOVA) tests. We 

considered March to May as spring, June to August as summer, September to November 

as fall, and December to February as winter. We applied this modeling method to both 

total passes and foraging ratio, for all species combined and separately for each species. 

We examined the interaction term between season and light to see if the effect of light (if 

detected) would vary among seasons (Quinn and Keough 2002). 

To assess how the aerial insect community responded to light, we compared 

community diversity among sites with different illumination levels.  We counted how 

many orders were present on each trap. To incorporate the sample size effect, we 

calculated sample size controlled order richness (Yoccoz, Nichols, and Boulinier 2001). 

We also calculated order evenness and Shannon-Wiener index values (H) for each trap. 

Preliminary analyses showed high collinearity between H and other diversity indices (all 

correlation coefficients > 0.8, variance inflation factors > 3). Therefore we reported 

results only for H. We paired traps collected in same week and conducted pair-wise t-

tests to compare insect diversity for low-medium, low-high, and medium-high light 

intensity categories in order to eliminate the effect of temporal variations (Quinn and 

Keough 2002). We also conducted ANOVA with variables season and light on H.   
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We counted total insects (body length 1 – 30 mm) and number of identified 

insects (body length 3 – 30 mm) on each trap and calculated insect biomass (mg per trap). 

We viewed these indices as representing prey availability and modeled them against light 

intensity. In preliminary analyses, we detected high collinearity between insect biomass 

and both insect counts (all correlation coefficients > 0.85, variance inflation factors > 4). 

Therefore we only used insect biomass for further analyses. Literature suggested that 

insects could also be affected by time-related variables and might show temporal 

autocorrelation (Raupp, Shrewsbury, and Herms 2010; MacIvor and Lundholm 2011). 

Therefore, we conducted the same analyses on insect biomass as performed for the bat 

data (first GLM/GLMM models constructed, then ANOVA tests performed). We 

modeled insect biomass with a Poisson distribution.  We also performed regression 

analyses on order specific biomass for Coleoptera, Diptera, Hemiptera, Homoptera, 

Hymenoptera, and Lepidoptera. 

The final analyses sought links between light conditions, aerial insect community 

and bat activity, with the main goal of determining the extent that bat activity might be 

prey-driven. We applied this step of analyses only for six individual bat species and 

eliminated cave myotis and eastern pipistrelle due to the low counts of call passes. To test 

if prey availability could predict bat activity, we constructed GLMM with insect biomass 

as the predicting variable and either total passes or foraging ratio as the response variable. 

Variable week is treated as the random effect and variable light as the fixed effect. In this 

way, we were able to separate the variance caused by light in response variables from the 

variance caused by insect biomass (Zuur et al. 2009). When modeling foraging ratio, we 

included total passes as a covariate. Due to the general low count of insects during 
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winter, we built models with full-year data and data without winter season. Considering 

the absence of hoary bats and silver-haired bats during the summer, we also used a subset 

of data including only spring and fall seasons to examine bat-insect relationships for 

these species. 

 
Results 

 
Between September 2011 and October 2012, we completed 17 sampling cycles 

(51 weeks) and obtained over 14,000 hours of recording and 204 glue traps of insects. 

From recordings, we isolated 187,534 call passes having 3 echolocation calls or more. 

We were able to identify 119,154 call passes to 8 species (Table 4.1). The species 

recorded most often was Mexican free-tailed bats (70,318 passes). Red bats, evening bats, 

and big brown bats were recorded frequently throughout the year (18,223 passes, 12,229 

passes, and 11,608 passes, respectively). In contrast, hoary bats (3,802 passes) and silver-

haired bats (2,473 passes) were recorded more often during spring and fall. Recordings of 

cave myotis (202 passes) and eastern pipistrelle (299 passes) were rare. Big brown bat, 

red bat, hoary bat, and Mexican free-tailed bat were recorded during every week of the 17 

sampling cycles. Evening bats were recorded during 50 weeks. A total of 41 weeks 

included passes of silver-haired bats (mainly absent in summer). Cave myotis and eastern 

pipistrelles were recorded only in 25 and 20 weeks respectively. We manually examined 

over 38,000 call passes (containing 10 calls or more) and recognized 23,299 of these as 

foraging call sequences (Table 4.1). We did not find any foraging call in passes without 

species identification. Proportionately, big brown bats had the highest foraging ratio 

(0.53), whereas hoary bats and evening bats had the lowest foraging ratios (0.07 and 0.04, 

respectively). 
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Table 4.1. Number of bat passes, foraging passes, and overall foraging ratio recorded 
between September 2011 and October 2012 on Baylor University campus, Waco, 
McLennan Co., Texas, USA.  Presence by week indicates number of the total 51 

sampling weeks during which a species was recorded. 
 

Bat species 
Total 

passes 

Foraging 

passes 

Foraging 

ratio 

Presence 

by week 

Eptesicus fuscus 11608 6202 0.53 51 

Lasiurus borealis 18223 6013 0.33 51 

Lasiurus cinereus 3802 248 0.07 51 

Lasionycteris noctivagans 2473 969 0.39 41 

Myotis velifer 202 37 0.18 25 

Nycticeius humeralis 12229 521 0.04 50 

Perimyotis subflavus 299 89 0.30 20 

Tadarida brasiliensis 70318 9219 0.13 51 

No identification  68380 N/A N/A N/A 

Total 187534 23299 N/A N/A 

 
 

From 204 glue traps, we collected 18,822 insects (body length 1 – 30 mm) and identified 

5,282 (body length 3 – 30 mm) of them to 11 orders (Table 4.2). The total insect biomass 

of all traps was 46,777 mg (229.3 ± 19.2 mg/trap). Among all identified insects, Diptera, 

Coleoptera, and Hymenoptera were the most-frequently captured orders with 3,580, 634, 

and 379 individual captures, respectively. Orders Odonata, Hemiptera, and 

Ephemeroptera had three highest mean individual biomasses (82.4 mg/organism, 71.0 

mg/organism, and 38.0 mg/organism, respectively). Order Coleoptera contributed about 

37% of the total insect biomass (17,174 mg). The second largest biomass contribution 
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was from Order Diptera (10,081 mg, 22%). All other orders each contributed less than 

10% to the total insect biomass.  

 
Table 4.2. Number and order of aerial insects captured on glue traps, and their total 

biomass and mean individual biomass recorded between September 2011 and October 
2012 on Baylor University campus, Waco, McLennan Co., Texas, USA. Only insects 

with body length 3 – 30 mm were identified to order. Small insects included all insects 
with body length 1 – 3 mm. 

 

Order  
Total 

count 

Total biomass 

(mg) 

Total biomass 

percentage  

Mean biomass 

(mg / organism) 

Coleoptera 634 17173.7 37.5% 27.09 

Diptera 3580 10080.6 22.0% 2.82 

Ephemeroptera 53 2014.4 4.4% 38.01 

Hemiptera 61 4328.3 9.5% 70.96 

Homoptera 277 1801.3 3.9% 6.50 

Hymenoptera 379 1637.4 3.6% 4.32 

Lepidoptera 82 2246.8 4.9% 27.40 

Neuroptera 63 1085.1 2.4% 17.22 

Odonata 14 1153.8 2.5% 82.41 

Plecoptera 78 1191.1 2.6% 15.27 

Trichoptera 61 525.3 1.1% 8.61 

Small insects 13540 2538.7 5.5% 0.19 

Total   18822 45776.5 100.0% N/A 
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Bat Light Relationship 
 

For all bat species combined, temporal autocorrelation existed in response 

variable total passes (Table 4.3,d.f. = 50, scaled AIC deviance = 203.0, P < 0.001), but 

not in foraging ratio (d.f. = 50, scaled AIC deviance = 42.5, P = 0.764). With temporal 

autocorrelation considered, GLMM with week as the random effect demonstrated that 

overall more bats passes were recorded at sites with high illumination than medium or 

low illumination. But the difference between medium illumination sites and low sites was 

not significant (d.f. = 151, low-medium coefficient estimate = -0.044, P = 0.707, low-

high coefficient estimate = 0.314, P = 0.005). As temporal autocorrelation did not exist 

for foraging ratio, GLM (controlled by total passes as a covariate) showed that increasing 

site light intensity corresponded to an increase in the total foraging ratio for all bat 

species combined (d.f. = 200, low-medium coefficient estimate = 0.502, P = 0.001, low-

high coefficient estimate = 0.933, P < 0.001, total passes coefficient estimate = 0.013, P 

< 0.001). 

When introducing variable season, ANOVA results suggested that light somewhat 

affected total passes (F2, 192 = 2.39, P = 0.084, Table 4.4, Figure 4.1). Variation in total 

passes significantly related to season (F3, 192 = 12.18, P < 0.001). No season and light 

interaction term was found (F6, 192 = 0.18, P = 0.981). The greatest number of passes was 

recorded during fall at high illumination sites (24.6 ± 4.9 passes per hour), whereas low 

illumination sites during winter had the lowest pass count (4.7 ± 1.8 passes per hour). 

ANOVA showed that foraging ratio varied with light (F2, 192 = 25.98, P < 0.001) but not 
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Figure 4.1. Mean and 95% confidence interval for total passes (number per hour) for all 
species combined and 6 individual species recorded within each season at different light-
condition sites between September 2011 and October 2012 on Baylor University campus, 
Waco, McLennan Co., Texas, USA. Species abbreviations: Eptesicus fuscus EPFU, 
Lasiurus borealis LABO, Lasiurus cinereus LACI, Lasionycteris noctivagans LANO, 
Nycticeius humeralis NYHU, and Tadarida brasiliensis TABR.  ^ indicates season was a 
significant factor in analysis of variance (ANOVA) tests. * indicates light was a 
significant factor in ANOVA tests. No significant interaction term found between light 
condition and season. 
 
 
with season (F3, 192 = 1.95, P = 0.123, Table 4.5, Figure 4.2). Season and light interaction 

term was somewhat significant (F6, 192 = 2.11, P = 0.054). The highest foraging ratio by 

season was found during the winter at high illumination sites (0.18 ± 0.02) and the lowest 

foraging ratio was during summer at low illumination sites (0.05 ± 0.01).  

Considering species individually, we eliminated cave myotis and eastern 

pipistrelle from further analyses due to the low counts of call passes. We also excluded 5 

weeks of summer data from the regression modeling for silver-haired bat, as this  
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Figure 4.2. Mean and 95% confidence interval of foraging ratio (the proportion of 
foraging call passes in all call passes) for all species combined and 6 individual species 
recorded within each season at different light condition sites between September 2011 
and October 2012 on Baylor University campus, Waco, McLennan Co., Texas, USA. 
Species abbreviations: Eptesicus fuscus EPFU, Lasiurus borealis LABO, Lasiurus 
cinereus LACI, Lasionycteris noctivagans LANO, Nycticeius humeralis NYHU, and 
Tadarida brasiliensis TABR. ^ indicates season was a significant factor in analysis of 
variance (ANOVA) tests. * indicates light was a significant factor in ANOVA tests. No 
significant interaction term found between light condition and season. 
 
 
migratory species is expected to be absent during the mid-summer in Texas (Cryan 2003; 

Ammerman, Hice, and Schmidly 2012). In the regression analysis, the 6 bat species 

examined (EPFU, LABO, LACI, NYHU, TABR, n = 204; LANO, n = 184) all showed 

temporal autocorrelation in both response variables total passes and foraging ratio (d.f. = 

50, P ! 0.01 for all model comparison tests when dropping variable week). For all bats 

examined except evening bat, GLMM on total passes indicated more passes recorded at 

sites with high illumination, but the difference between low and medium illumination 
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sites was not significant (Table 4.3; for example, EPFU d.f. = 151, low-medium 

coefficient estimate = -0.205, P = 0.344, low-high coefficient estimate = 0.687, P = 

0.001). GLMM on foraging ratio showed for red bats, silver-haired bats and Mexican 

free-tailed bats that foraging ratio is significantly higher at sites with high or medium 

illumination than at low (Table 4.3, for example, LABO d.f. = 151, low-medium 

coefficient estimate = 0.418, P = 0.046, low-high coefficient estimate = 0.919, P < 

0.001). For big brown bats and hoary bats, the difference of foraging ratio between low 

and medium illumination sites was not significant. But the foraging ratio was always 

significantly higher at sites with high illumination for these 2 species. Evening bats 

seemed not to respond to variation in lighting condition for either total passes or foraging 

ratio.  

Species-specific ANOVA tests revealed a pattern similar to regression models 

(Tables 4.4 and 4.5, Figure 4.2). Total passes and foraging ratio for evening bats were 

affected by season but not light. In contrast, these variables for big brown bats were 

affected by light but not season, suggesting its in-season variation explained the effect of 

variable week in the regression model better. Generally big brown bats had more total 

passes and higher foraging ratio at sites with high level illumination. For the other 4 

species (LABO, LACI, LANO, TABR), light significantly affected only foraging ratio 

but not total passes, regardless of the significant effect of seasonality on both response 

variables. All 4 of these species had their highest foraging ratio at sites with high light 

intensity regardless of season. Similarly to all species combined, no interaction term was 

found in the ANOVA tests. 

 



 
 

103 

Table 4.4. Analysis of variance (ANOVA) test results on bat-light relationship with total 
passes as dependent variable and season and light as independent variables. Tests 
conducted on all bat species combined and for each species separately. Species 

abbreviations: Eptesicus fuscus EPFU, Lasiurus borealis LABO, Lasiurus cinereus 
LACI, Lasionycteris noctivagans LANO, Nycticeius humeralis NYHU, and Tadarida 

brasiliensis TABR. 
 

 Light  Season  Interaction  

Species F2, 192 P F3, 192 P F6, 192 P 

All 2.39 0.094 12.18 <0.001 0.18 0.981 

EPFU 4.78 0.009 1.71 0.166 1.05 0.392 

LABO 2.71 0.069 10.07 <0.001 0.92 0.483 

LACI 2.67 0.072 13.02 <0.001 0.42 0.869 

LANO 1.10 0.334 17.44 <0.001 0.88 0.512 

TABR 2.24 0.110 15.57 <0.001 0.24 0.963 

NYHU 1.60 0.205 8.78 <0.001 0.59 0.735 

 
 

Insect Light Relationship 
 

The mean ± SE of H was 0.83 ± 0.05, 0.93 ± 0.06, and 0.88 ± 0.05 for high, 

medium and low illumination sites, respectively. Pair-wise t-tests showed that aerial 

insect community biodiversity was not different among sites with different illumination 

levels (low-high comparison t84 = 0.67, P = 0.50, low-medium comparison t84 = 1.07, P = 

0.28, medium-high comparison t84 = 0.73, P = 0.46). Seasonal ANOVA tests showed that 

H was not affected by light but was significantly affected by season (light F2, 192 = 2.09, P  

= 0.126, season F3, 192 = 23.95, P < 0.001, interaction F6, 192 = 0.97, P = 0.450). The 

highest H (1.28 ± 0.07) was in the spring at sites with medium illumination. All H values 

in the winter were < 0.60. 
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Table 4.5. Analysis of variance (ANOVA) test results on bat-light relationship with 
foraging ratio as dependent variable and season and light as independent variables. Tests 

conducted on all bat species combined and for each species separately. Species 
abbreviations: Eptesicus fuscus EPFU, Lasiurus borealis LABO, Lasiurus cinereus 

LACI, Lasionycteris noctivagans LANO, Nycticeius humeralis NYHU, and Tadarida 
brasiliensis TABR. 

 
 Light  Season  Interaction  

Species F2, 192 P F3, 192 P F6, 192 P 

All 25.98 <0.001 1.95 0.123 2.11 0.054 

EPFU 7.79 <0.001 1.92 0.127 0.74 0.614 

LABO 5.53 <0.001 7.60 <0.001 1.03 0.406 

LACI 9.47 <0.001 11.26 <0.001 1.46 0.194 

LANO 2.56 <0.001 14.14 <0.001 0.83 0.545 

TABR 8.93 <0.001 9.37 <0.001 0.75 0.609 

NYHU 0.94 0.392 4.73 0.003 0.85 0.536 

 
 

Insect biomass showed temporal autocorrelation among weeks (d.f. = 50, scaled 

AIC deviance = 214.5, P < 0.001). Therefore we used GLMM to model the effect of 

light. Insect biomass differed among the 3 lighting conditions (Table 4.6). Sites with high 

illumination had the highest biomass (whole-year mean ± SE was 358.7 ± 51.3 mg/trap, 

192.6 ± 18.9 mg/trap, 129.9 ± 13.4 mg/trap for high, medium, low sites, respectively; d.f. 

= 151, low-medium coefficient estimate = 0.503, P < 0.001, low-high coefficient estimate 

= 0.996, P < 0.001). ANOVA tests showed both season (Figure 4.3, F3, 192 = 18.80, P < 

0.001) and light (F2, 192 = 17.01, P < 0.001) affected insect biomass. The highest mean 

seasonal insect biomass was during the summer at sites of high illumination (617.9 ± 

125.9 mg/trap). All sites during the winter had low mean values for insect biomass (73.7  
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Table 4.6. Generalized linear mixed model (GLMM) regression results of insect – light 
relationships for all insects (1 – 30 mm body length) combined and for selected orders 
analyzed separately. Regression estimate and its significance showed the effect of light 
on insect biomass when light condition changing from low to medium or low to high. 

 

 
  Light medium Light high 

Order  n d.f. Estimate P Estimate P 

Diptera  204 151 0.143 0.335 0.513 < 0.001 

Lepidoptera  204 151 0.436 0.147 0.732 0.011 

Hymenoptera  204 151 -0.049 0.778 0.339 0.026 

Coleoptera  204 151 0.957 0.001 1.943 < 0.001 

Homoptera  204 151 -0.055 0.812 0.458 0.037 

Hemiptera  204 151 1.535 < 0.001 1.726 < 0.001 

All insects 204 151 0.503 < 0.001 0.996 < 0.001 

 
 

± 21.1 mg/trap, 106.0 ± 23.9 mg/trap, 86.0 ± 29.9mg/trap for low, medium, high 

illumination sites, respectively). The season and light interaction term was significant (F6, 

192 = 3.77, P = 0.001). Thus, the pattern of how light affected insect biomass was not 

consistent among seasons. Order-specific biomass regression showed that all 6 orders had 

significantly higher biomass from traps collected at high-illumination sites (Table 4.6). 

The biomass difference between low and medium illumination sites was significant for 

only Coleoptera and Hemiptera. 

 
Bat Insect Relationship 
 
 We found no significant relationships between insect biomass and total passes for 

any bat species in any models (all seasons and subsets of seasons). However, we found  
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Figure 4.3. Mean and 95% confidence interval of insect biomass (mg) and Shannon-
Wiener index recorded within each season at different light condition sites between 
September 2011 and October 2012 on Baylor University campus, Waco, Texas, USA. 
Analysis of variance (ANOVA) tests showed that both light condition and season 
affected insect biomass. The light condition and season interaction term was also 
significant. Only season significantly affected Shannon-Wiener index in ANOVA tests. 
 
 
that insect biomass could be used to predict foraging ratio for certain bat species during 

certain seasons. For all season data combined, after separating the effects of light and 

week, a positive correlation between insect biomass and foraging ratio existed for 

Mexican free-tailed bats (regression coefficient estimate = 0.516, P = 0.024). No 

correlation was found for other bat species.  

When modeling spring, summer, and fall data combined, a similar positive 

correlation was found for red bats (regression coefficient estimate = 0.749, P = 0.008), 

suggesting insect biomass contributed to the variance in red bat foraging ratio during 

these seasons. For silver-haired bats, a positive relationship between foraging ratio and 

insect biomass was revealed (regression coefficient estimate = 0.268, P = 0.038) when 
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only spring and fall data were analyzed. Insect biomass showed no relationship with 

foraging ratios of the other three species: big brown bats, hoary bats, and evening bats. 

This suggested that variance of foraging ratio in these three species was caused by factors 

other than insect biomass. 

 
Discussion 

 
Predators’ distribution and activity are affected by both prey availability and 

environmental suitability (Müller et al. 2012). In our study, insects attracted by urban 

night illumination significantly affected bat activity. We found that prey availability, 

represented by insect biomass, was generally greater at sites with stronger nighttime 

illumination. For all bats combined, total passes and foraging ratio were the highest at 

sites with high illumination level as we hypothesized, demonstrating that bat activity 

aggregated at those sites and that bats also foraged more often there. Five individual 

species (EPFU, LABO, LACI, LANO, TABR) in our study area seemed to be affected by 

prey availability and to take advantage of high insect concentration under bright 

nightlights. This is similar to the findings reported for these species by (Rydell 1992; 

Blake et al. 1994; Gaisler et al. 1998; Avila-Flores and Fenton 2005; Jung and Kalko 

2010; Threlfall, Law, and Banks 2013) 

For those 5 species that responded to variation in illumination level, the patterns 

for total passes and foraging ratio were relatively consistent among seasons. Generally 

more bat passes were recorded at high illumination sites, although the difference among 

sites with different illumination levels might not be significant. However, foraging ratio 

was always highest at sites with high illumination. This also supports the statement that 

predators may respond to varied prey densities either by aggregating in numbers or by 
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increasing foraging activities at places where prey is abundant (Müller et al. 2012; 

Threlfall, Law, and Banks 2012; Coleman and Barclay 2013). Our data showed that the 

average of insect biomass at high illumination sites was more than the averages of 

medium and low combined. This perhaps explained why sometimes the difference of 

total passes between medium and low sites was not significant.  

An interesting variation in the patterns was revealed when we parsed the data by 

season. The significant light and season interaction in ANOVA for insect biomass 

showed that insect biomass varied with light intensity levels in all seasons except for 

winter. During winter, mean insect biomass of each light category overlapped, indicating 

that prey availability was not significantly higher at sites with high levels of illumination.  

In contrast, for bat species that responded to light intensity variation (EPFU, LABO, 

LACI, LANO, and TABR), no significant light and season interaction was found, 

suggesting the pattern of light effect was consistent among seasons. The mean total call 

passes during winter at high illumination sites was significantly higher than the mean 

total call passes from the other light categories.  Overall bat activity reduced during 

winter, perhaps due to low ambient temperature (A.T. Scanlon and Petit 2008; Coleman 

and Barclay 2013). But, for those bats that were flying on winter evenings, activity was 

concentrated at sites with high illumination. It is also notable that, for those species, mean 

winter foraging ratio at high light intensity sites was significantly higher than the mean 

winter foraging ratio from other light categories. This indicated that during the winter 

individuals of those species still preferred to forage more frequently at sites with high 

levels of illumination, as in other seasons, although prey availability was not necessarily 
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higher at these sites. This suggests that environmental suitability, not only prey 

availability, might also affect bat activity.  

We suspected that high illumination not only attracted insects, but also made 

these sites more environmentally suitable for foraging. Vision may aid in foraging for 

some species, such as big brown bats (Bell 1985; Eklöf and Jones 2003; Horowitz, 

Cheney, and Simmons 2004). At sites with high illumination in our study, bats might 

better see insects and thus prey more efficiently. That might also explain the high 

foraging ratio (> 0.50) for big brown bats in our study. Researchers have discovered that 

some insects were more vulnerable under light which interferes with their defense 

behaviors (Svensson and Rydell 1998; Acharya and Fenton 1999), although this 

mechanism pertains mainly to moths (Order Lepidoptera). We also speculated that light 

might serve as a cue in bats’ learning behavior (Galef and Giraldeau 2001; Schnitzler, 

Moss, and Denzinger 2003). Many bats might have learned that during spring and fall 

insects were more abundant under light and therefore might have used light as a cue to 

recognize these foraging grounds. Since the lighting regime in our study was consistent, 

bats might be conditioned to return to these high light intensity sites regardless of the 

actual prey availability.  

In contrast to our reasoning above, literature has generally suggested night 

illumination as a factor adversely affecting bats. Avoidance of night illumination might 

involve light disturbing flight behavior (Kuijper et al. 2008; Stone, Jones, and Harris 

2009; McGuire and Fenton 2010; Stone, Jones, and Harris 2012) or diminishing roost 

quality (Mann, Steidl, and Dalton 2002; Downs et al. 2003; Boldogh, Dobrosi, and Samu 

2007) in some species of genera Myotis and Pipistrellus. In our study, we recorded very 
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low numbers of call passes for representatives of these two genera. In the absence of non-

illuminated control sites in the natural environment, our study could not evaluate whether 

these low numbers might be related to bats avoiding the city or to small size of urban 

populations of these species. However, we found no avoidance by other species (as 

would be indicated by a significantly lower number of passes) at sites with high 

illumination. We suspected that urban bats in our study area might be accustomed to 

flying in the presence of nightlight to take advantage of urban food sources (Ditchkoff, 

Saalfeld, and Gibson 2006). In contrast, many of those experiments cited above were 

conducted in natural or semi-natural environments where night lighting was generally 

absent. Nightlight, as an introduced disturbance, might cause changes in bat behavior. 

Broader scale comparisons and behavioral studies of how bats respond to light are needed 

to further understand how bats adapt to the lighted urban environment and choose 

foraging sites.  

Other factors, beyond general prey availability and the direct effect of night 

illumination as an environmental factor, might also affect bat foraging activity. Our 

results showed unexpectedly that evening bats were indifferent to variation in 

illumination and insect availability. The evening bat was a fairly common species 

recorded in central Texas (Ammerman, Hice, and Schmidly 2012) and should take 

advantage of insects under the light (Rydell 2006). But it seemed that they rarely foraged 

within the study area (overall foraging ratio 0.04) and did not respond to differences in 

illumination or insect biomass. We also found that big brown bats and hoary bats did not 

respond to the difference between low and medium level illumination sites, thus no direct 

correlation between insect biomass and foraging ratio for these two species.  
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Different species of bats might prefer certain orders of insects as prey. We 

suspected this might be a factor affecting bat foraging activity. Fecal analyses have 

shown that big brown bats prey heavily on coleopterans (Agosta 2002), with beetles 

likely comprising a very large proportion of their diet (Whitaker 1995; Carter et al. 2003; 

Whitaker 2004). However, in our study biomass from Order Coleoptera varied 

significantly among the 3 levels of night light illumination. This is not consistent with our 

finding that big brown bat foraging ratio was not significantly different between sites 

with low and medium lights. Similarly, literature reports the evening bat’s diet as heavily 

dependent on Coleoptera and Lepidoptera (Whitaker and Clem 1992; Carter et al. 2004; 

Whitaker 2004). But evening bats in our study seemed indifferent to the biomass 

variation. Our insect community diversity comparison also showed no significant 

diversity difference among sites. Therefore, differences in bat foraging activity likely 

were affected by factors other than insect diversity.  

Literature has suggested that environmental suitability can be as important as prey 

availability in affecting how bats forage (Fenton 1997; Müller et al. 2012). Many factors, 

such as adjacent water source (Rainho and Palmeirim 2011),  physical structure 

complexity/clutter (Sleep and Brigham 2003; Müller et al. 2012; Threlfall, Law, and 

Banks 2013), and temperature (A.T. Scanlon and Petit 2008), have been studied. At our 

study’s scale, the ability to tolerate cluttered habitats could be a major potential factor 

affecting how bats forage under the light in the city. In urban environment, lights 

normally are installed on buildings or light poles with various heights, which generates 

clutter in that space. This might limit access of some clutter foragers to the aggregated 

insects and might better suit some open-space foragers (Schnitzler and Kalko 2001; Sleep 
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and Brigham 2003; Menzel et al. 2005; Müller et al. 2012). Our study did not attempt to 

incorporate this aspect in the analysis, as methodology for quantifying level of clutter has 

yet to be established.  

How bats choose foraging grounds can also be influenced by factors at broader 

scales. (Duchamp, Sparks, and Whitaker Jr. 2004) pointed out that evening bats were 

more restricted and less opportunistic when choosing foraging sites compared to big 

brown bats. Certain landscape elements and spatial composition might be necessary for 

evening bats’ foraging habitats. Perhaps our study area was not a regular foraging ground 

for evening bats in this region due to some environmental features. This probably is why 

the foraging ratio for this species was low and no response to light variation was detected. 

In contrast, big brown bats in this region might opportunistically explore all lights in our 

study area and thus had a very high foraging ratio.   

Overall our study suggested that more-brightly lighted sites attract more insects 

and, thereby, constitute preferred feeding sites for insectivorous bats. Our study focused 

on bats’ and insects’ responses to the fine-scale lighting variation.  At this scale bats did 

not show avoidance of night lighting and prey availability played an important role 

affecting bat foraging activity, although various environmental factors might also 

influence how bats forage. However, we suspect certain species recorded rather 

infrequently in this study might generally avoid the urban environment. Studies at a 

broader scale are needed to evaluate this possibility and to test if urban night lighting 

might restrict certain bats to dark regions and potentially cause foraging habitat 

fragmentation (Threlfall, Law, and Banks 2012; Threlfall, Law, and Banks 2013).  
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CHAPTER FIVE  
 

Conclusion 
 
 

The study area, City of Waco and vicinity in McLennan County, Texas, is within 

the geographic distribution of nine species of bats (Schmidly 2004; Ammerman, Hice, 

and Schmidly 2012): big brown bat (Eptesicus fuscus), eastern red bat (Lasiurus 

borealis), hoary bat (Lasiurus cinereus), silver-haired bats (Lasionycteris noctivagans), 

Seminole bat (Lasiurus seminolus), cave myotis (Myotis velifer), evening bats (Nycticeius 

humeralis), eastern pipistrelles (Perimyotis subflavus), and Mexican (Brazilian) free-

tailed bat (Tadarida brasiliensis). Although literature and museum records indicate the 

presence of these bats within this geographic region, prior to my dissertation study, the 

only formal investigation of urban bats in this county was study of roosting of Mexican 

free-tailed bats in downtown Waco (Scales and Wilkins 2007).  My study documents the 

surprising presence of eight species in the city, with the Seminole bat being the only 

anticipated species that was not documented. By virtue of their presence, these species all 

have demonstrated the ability to adapt to the urban environment.  

 
Summarizing Individual Projects 

 
 
Project One: the Acoustic Driving Survey 
 

The acoustic driving survey revealed unique distributional patterns for several bat 

species. It is not surprising that bats used the urban landscape in accordance to their 

ecological functional guilds as hypothesized.  Bats can fly over a medium-sized city, such 
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as Waco which covers about 400 km2 land area, in a relatively short time period.  

However, the overall spatial range did not prevent bats from responding to fine scale 

habitat heterogeneity within the city. Different districts in the city showed variation in 

amounts and availability of vegetation, water sources, and buildings. Bats in different 

functional guilds thus were attracted by different resources and were differentially 

present in various parts of the city. 

A unique aspect of the driving survey project is that it explored the possibility that 

urban bat distributions could be influenced by certain socioeconomic factors. My findings 

showed that the variation in bat distributional patterns could be explained by 

socioeconomic heterogeneity independently from ecological heterogeneity. 

Socioeconomic variables, such as income and human population density, although likely 

not be directly recognized by bats, could be indicators for suitable urban habitat for bats, 

representing the combined effect of various ecological factors.  

This project demonstrated that urban habitat was not a homogenous patch 

unsuitable for bats. In contrast, it could be very complex with various heterogeneities. 

Many researchers have recognized different physical, environmental, and socioeconomic 

heterogeneities within a city (Pickett and Cadenasso 2008; Williams et al. 2009; 

Cadenasso et al. 2013). My work is one of a few pioneer studies on whether and how 

organisms respond to various urban heterogeneities.  

Urban heterogeneities are determined by the size and layout of a city (Dow 2000; 

Cadenasso et al. 2013). Each city has its unique patterns of urban heterogeneities. Future 

broad spatial scale studies of urban wildlife should compare cities with different layouts 

and sizes within the same geographic region to explore whether wildlife will respond to 
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urban heterogeneities differently. For example, the impact of urbanization tends to be 

more intense as the city grows bigger (Irwin and Bockstael 2007; Bettencourt 2013). Will 

bats still respond to the same sets of urban heterogeneities discovered in this project? 

Similarly, cities with similar sizes may have different layouts. There are many medium-

sized cities in this geographic region, which have less open water sources. Will water 

availability become more important in shaping bats’ distributional patterns in those 

cities? These questions should be studied to further our understanding of the relationship 

between urban wildlife and urban heterogeneities.  

 
Project Two: Roosting in Buildings 
 

The second project provides insights on how cave-dwelling and crevice-dwelling 

bats adapt to urban man-made structures for roosting. The prevalence of Mexican free-

tailed bats roosting in buildings was documented again in this project, similar to previous 

studies (Davis, Herreid, and Short 1962; Scales and Wilkins 2007). Building accessibility 

was important in roost selection, since buildings with poor or no accessibility probably 

could not provide any space where bats could roost. Surprisingly, factors affecting roost 

thermal conditions, such as building materials and roost exit compass orientation, were 

not as important as hypothesized. This could relate to the climate of the study area. 

However, organisms usually have an optimal thermal range with both minimum and 

maximum temperature limits. Arguably, in a relatively warm climate such as in Central 

Texas, bats might not be energetically stressed from low temperature. It is still not clear 

whether the upper temperature limit plays a role in roost selection in this area. Future 

studies should address this topic.  
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Co-existing with humans in the city, bats might face more pressure from people 

for direct removal or indirect roost extermination than from the environmental challenges 

of meeting their biological needs, such as optimal roosting temperature or a nearby food 

or water source. My findings demonstrated that bats still avoided choosing roosts in 

buildings with high likelihood of direct human contact. Incorporation of the human 

dimension is a logical next step in future studies of urban bat roost selection. People’s 

attitudes towards wildlife are influenced by various factors, such as education, social 

status, and cultural background (Rees 1997; Adams and Lindsey 2010). Consequently, 

people’s attitudes affect how decisions regarding urban wildlife are made. To better 

understand how bats adapt to urban environment, specifically how bats choose roosting 

locations, future studies should concentrate not only on the static physical conditions 

created by people, such as number of buildings or distance to resource, but also on 

people’s direct actions towards bats.   

This project provides particularly important knowledge about urban bat 

management. In recent years, urban development trends mainly involve re-development 

of old downtown neighborhoods and renovation of old buildings. This process is termed 

“new urbanism” with goals to create more sustainable cities and city life styles (Jepson 

and Edwards 2010; Podobnik 2011; Trudeau and Malloy 2011; Trudeau 2013). 

Interestingly many buildings targeted in this type of developments fit the profile of 

buildings that are preferred by bats for roosting. Our study area, Waco, is also 

experiencing rejuvenation of the downtown area. Since the conclusion of the roost 

survey, at least four roost buildings in downtown Waco have been under renovation. Two 

other identified roosts were demolished, including the only roost where multiple species 
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were detected. The knowledge obtained in this study could be used to predict whether a 

building is occupied by bats. Appropriate actions, such as safely removing bats and 

providing bat boxes to relocate bats, can be planned.  

This project also leads to further behavioral and physiological studies of urban 

bats. When roosting in natural caves, sites that can accommodate hundreds of thousands 

to millions of individuals, Mexican free-tail bats utilize a chemically-meditated roostmate 

recognition system (Englert and Greene 2009). This system is used to stabilize complex 

social interaction. Building roosts in cities are generally smaller than caves and, 

therefore, can physically contain fewer individuals than in caves. Whether bats in urban 

roosts would still tend to share roosts with recognized individuals or whether social 

interaction will be altered will be interesting questions to study. This can be achieved by 

tracking bats via radio transmitters and analyzing DNA samples from bats to construct 

the social structuring among individuals. Roosting in the city might also confer 

physiological benefits to the bats (Lausen and Barclay 2006). Future studies should 

include capturing individual bats from both urban and natural environments to evaluate 

whether reproductive cycles and dietary composition might be different and whether 

urban bats benefit energetically.  

Pest control is an import ecological service that Mexican free-tailed bats provide 

via preying insects (Cleveland et al. 2006). It will be interesting to investigate if urban 

dwelling bats can significantly reduce the abundance of pest insects in the city. It is 

possible that regions where bats prefer to roost might have fewer insects as bats might 

feed on insects regularly near their roosts. This can be studied by collecting insects from 

different sections in a city with different numbers of bat roosts. This aspect of knowledge 
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about urban bats can be used for educating the public on bat conservation. It might 

motivate people to conserve bats by informing them about the positive side of bats 

roosting in buildings.  

 
Project Three: Foraging under Lights 
 

Success in locating food resources in the urban environment is another indicator 

of success in adapting to the city. Many studies have demonstrated that, similar to the 

roosting scenario, cities can provide additional food resources for bats (Rydell 2006; 

Williams et al. 2006; Jung and Kalko 2010). My third project documented that at least 

eight species of bats foraged in the urbanized area. Generally this project showed more 

insects were present at sites with more intense light. More bats foraged at those sites with 

more insects. Therefore, it is reasonable to consider cities as suitable foraging grounds for 

insectivorous bats. To further establish this relationship, paired-site comparisons between 

urban and natural settings are needed.  

Results of this project provided additional insights, beyond those hypothesized:  

that bats might respond to light directly as an ecological cue outside of the immediate 

predator-prey relationship. It is peculiar that during certain seasons bats would still forage 

more at more illuminated sites even though insect availability was not necessarily greater 

there. This calls for further behavioral studies about whether bats might learn or 

memorize which locations might be better foraging grounds. One possible experiment 

following this project is to examine the effects of different lighting regimes.  Lighting can 

be provided for a specified number of nights to create a steady food source to which bats 

would be attracted to forage. After bats had habituated to these sites and conditions, then 
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lighting would not be provided.   Monitoring would determine if bats would still return to 

the same sites in the absence of artificial lighting.  

The ecological impacts of urban night illumination are diverse and extensive, 

ranging from behavioral changes to physiological stresses, and from individual organisms 

to ecosystem functions (Longcore and Rich 2004). How bats and insects, as nocturnal 

creatures, respond to light physiologically also deserves more study. More specifically, 

whether certain light wavelengths play a more important role in the predator-prey 

relationship in my findings requires further investigation. Certain insects such as 

lepidopterans have been reported to more sensitive to certain light wavelengths (Blake et 

al. 1994; Rydell 2006). But it has not been widely studied if this mechanism is applicable 

to other insects, including bats major prey, such as coleopterans or dipterans.  The 

experiment would be designed so that these would be available. Different color filters can 

be installed on white lights (white light has the full spectrum for visible light wavelength 

range) to create settings with different colors of lights. Animal monitoring protocol used 

in this study can be employed to collect information on how different colors of lights 

affect bat-insect predator-prey relationship. This type of study is particularly meaningful 

as modern cities tend to decorate the night landscape with different colors of lights. 

Unlike usual structured laboratory simulations, nighttime illumination in the city 

consists of the combination of different types of light sources with various intensities. 

Such “light space” is also complicated by the variation of urban morphology (James and 

Bound 2009). When bats adapt to the “light space” for foraging, they need to cope with 

not only various effects of light but also the heterogeneous urban habitat. This 

dissertation is just the first step of exploring how bats forage in the city. To fully 
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understand bat foraging activities, factors such as how bats navigate in the clutter of 

buildings, how bats target different prey species, and how bats choose more energetically 

nutrient prey, need to be studied. One possible analysis related to this project is to 

incorporate some measurement of the level of clutter at each site. This type of analysis 

can address whether prey availability or environmental suitability is more important in 

how specific bat species choosing foraging ground.  

 
Integrating Three Projects 

 
Although these three projects were conducted sequentially, some further insights 

can be extracted when integrating the results of these projects. The landscape scale roost 

analysis for Mexican free-tailed bats was limited by the sample size. But the driving 

survey revealed similar patterns and supported the idea that Mexican free-tailed bats 

tended to roost in areas with tall buildings. The driving survey also showed that Mexican 

free-tailed bats had a different distributional pattern from other cave-dwelling bats such 

as big brown bats and cave myotis. Among 54 identified Mexican free-tail bat day-roosts, 

only one Mexican free-tailed bat roost was also occupied by big brown bats and cave 

myotis. However, it is not uncommon to find these bats in the same cave in Texas 

(Schmidly 2004; Ammerman, Hice, and Schmidly 2012). Further study should focus on 

how different urban bat species interact under the urban anthropogenic pressure.  

Whether bats that roost in the city forage only in the city, or whether there are 

bats that commute into the city from outside to forage, are beyond the scope of this 

dissertation study. However, combining these projects’ results, I speculate that bats might 

thoroughly explore the city for food resources even though they might not roost nearby or 

within the city. This rationale is based on the observation that bat community 
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composition varied at individual locations through the entire night. For example, near 

Baylor University (location of the experimental survey sites), both the roost searches and 

the driving survey indicated only Mexican free-tailed bats within the first two hours after 

sunset. However, the experimental survey recorded many other bat species that would 

forage in this area. Further studies should employ radio-collar tracking or similar 

methods to investigate the urban bat activity range and explore if the range is within or 

beyond the spatial range of a city.  

 
The Future of Urban Bats 

 
It is evident that a medium-sized city like Waco provides sufficient resources to 

support several bat species. However, the general conservation status of many bat species 

included in this study is still not available. For example, the accurate population size 

estimates for many bat species are unknown. Surveys of bat distribution at county or state 

scales have not been systematically conducted in most areas. Hence, it is difficult to 

evaluate whether urban habitats can sustain bats better or less well than other landscape 

elements within a region. It seems that wildlife with greater mobility can adapt well to 

changes caused by urbanization, since these species probably can opportunistically 

explore the altered landscape. To better understand how urban environment sustains 

wildlife, studies need to be conducted at a broader scale to include both cities and other 

habitats within a landscape.  

An array of challenges makes it important to understand the urban ecology of bats 

if these species are to be conserved.  These include loss of natural habitat, climate 

change, and the epidemic of white nose syndrome (Mickleburgh, Hutson, and Racey 

2002; Blehert et al. 2009; Rebelo, Tarroso, and Jones 2010). Availability of suitable 
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roosting habitat is critical in determining occurrence of bats.  Mexican free-tailed bats 

and a few other bat species naturally roost in caves in Texas. But such natural roosts do 

not occur in the vicinity of Waco.  Therefore, Waco might not have been occupied by 

resident colonies of this species until buildings and other anthropogenic structures were 

constructed. Urbanization might provide additional roosting options for this species. 

Urban night illumination could attract insects and form a reliable food source. These 

factors potentially lead to species range expansions and bats thriving in the city (Lausen 

and Barclay 2006; Williams et al. 2006).  

The global climate is predicted to become more extreme in future decades and is 

likely to impact many bat species’ natural habitats. Cities, in which people manage to 

maintain a mild microclimate, might therefore provide more suitable roosting 

opportunities for bats (Williams et al. 2006; Rebelo, Tarroso, and Jones 2010). Similarly, 

white nose syndrome mainly affects bats during cold winter months. Studies have 

demonstrated that a warmer microclimate could reduce the mortality caused by white 

nose syndrome (Boyles and Willis 2009; Flory et al. 2012). It might be possible that 

urban-dwelling bats are less vulnerable as the urban microclimate is warmer in the winter 

and bats might exhibit a different activity behavior during torpor. In the scenarios 

mentioned above, it is likely that bats will utilize the urban environment when their 

optimal natural habitats are no longer available. Informing the public with knowledge 

about urban bats and educating the public to make science-based decision should help to 

minimize potential human-bat conflicts.  

The urban environment is a unique habitat. It has been created by humans over 

the course of a relatively short history of a few centuries or perhaps millennia. However, 
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the rapid spread of urbanization has the potential of dramatically altering the evolutionary 

pathway of many species. It is also unique in terms of conservation and management as 

many people who reside in cities are involuntarily involved. From a conservation 

perspective, greater knowledge of wildlife in the urban environment can lead to the 

development of better cities that can minimize the negative impact of urbanization on the 

natural environment. From a utilitarian perspective, more knowledge of wildlife in the 

urban environment brings the opportunity to maximize the ecological services that 

wildlife can provide. This dissertation is just a pioneer work about wildlife in the city. It 

will be a long journey to achieve the harmonious coexistence of humans and wildlife in 

urban settings. 
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