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Abstract 
 
Here I report on two experimental studies and one observational analysis addressing 

the flexibility and ecological limitations of sensorimotor integration in echolocating 

mammals, as they relate to sensory ecology and foraging behaviour. In chapter two, I 

use acoustic data to comparatively assess echolocation and motor activities of bats and 

toothed whales to test (i) how the presence of a conspecific influences the spectral and 

temporal content of echolocation signals and (ii) whether these species behave similarly 

when foraging with a conspecific. The results suggest that in the presence of 

conspecifics (i) both bats and toothed whales exhibit the Lombard effect, and (ii) bats 

additionally employ subsets of both a Jamming Avoidance Response and a clutter 

response. Behaviourally, only porpoises appear to modify their beam direction. In 

chapter three, I use acoustic, photo, and video data to compare the developmental 

trajectories of (i) flight attempts, (ii) wing morphology, and (iii) vocalizations of big brown 

bat pups in the context of landing behavior, specifically with respect to landing buzz 

production. The results (i) clarified previous studies exploring pup vocal and flight 

ontogeny and (ii) identified developmental relationships between wing morphology 

(RWL) and flight milestones. In chapter four, I comparatively assess acoustic recordings 

of bat activity before and after the introduction of white-nose syndrome (WNS) to South 

Eastern Ontario to explore the effects of WNS on (i) species abundance and (ii) habitat 

use. I also explore (iii) the possibility of niche release and realized niche expansion due 
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to reduced interspecific competition resulting from species-specific WNS susceptibility. 

The results confirm that (i) endangered species are detected less often foraging in open 

field habitats since the introduction of WNS, and that (ii) relatively unaffected species 

have increased their presence (but not active foraging) in clutter/edge and open field 

habitats. The results also indicate that (iii) over water habitats showed no difference 

between pre- and post-WNS bat activity, suggesting that niche expansion for relatively 

unaffected species may be limited to some habitats and not others. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



iv 
 

Acknowledgements 
 
 

Thank you, Dr. John Ratcliffe, for so many things. Thank you for encouraging me 

to explore my interests and make my projects my own. Thank you for supporting me in 

everything I’ve done over the past 5 years, academically or otherwise. Thank you for 

genuinely caring about my science, my opinions, and my many, many concerns. I know 

I’m not the easiest person to supervise, but whatever successes I achieve in this life, 

they will be largely due to your guidance and encouragement. Thank you also to 

Tamara and Max for letting me panic at your dining room table on numerous occasions. 

 
Thank you to my committee members, Dr. Kenneth Welch and Dr. Andrew 

Mason. You have both provided me with productive and insightful comments and advice 

over the past years that have (hopefully) shaped my thesis into something worth 

defending. Thank you for helping me get here. Thank you also to Dr. Mark Brigham and 

Dr. Joel Levine for being on my exam committee and for being inspiring scientists 

throughout my time as a graduate student. 

 
Thank you to my previous bat mentors, Dr. Craig Willis and Dr. Liam McGuire, 

and especially to my first ever supervisor, Dr. Paul Faure. The three of you introduced 

me to the bat world and supported my decisions to move through it in different ways. 

Your knowledge and support have been invaluable, your humour constantly 

appreciated, and your company always enjoyed. 

 
Thank you to my parents, Bev and Bob Mayberry, as well as my siblings, Glen 

Mayberry and Katey Collett. Thank you also to my in-laws and wonderful nephew 

Harley. I truly appreciate all of the support you’ve given me, even if you weren’t entirely 



v 
 

sure what I was doing over these past 5 years. Thank you for encouraging me and for 

letting me tell you bat facts for over a decade. Collectively, you guys make up the most 

patient and brilliant family.  

Thank you to my incredibly wonderful husband, Jonathan Grynspan. Your love 

and support have guided me through the most stressful moments of this dissertation. I 

will always appreciate your patience and willingness to help. Thank you for always 

being here for me and having faith in my ability to do anything. You are an absolutely 

wonderful partner. 

 
Thank you to my incredible lab mates and / or field assistants, Jeneni Thiagavel, 

A. Vikram Chochinov, Joshua Hinds, Mads Olsen, Cylita Guy, and Krista Patriquin, for 

the years of laughs, occasional tears, and constant encouragement. Thank you to all of 

my graduate school friends, both at UTM (Lauren Barth, Ernest Prack, and Christopher 

Wong) and elsewhere (Alana Wilcox, Leonie Baier, Clément Céchetto, Dylan Baloun, 

and Shelby Bohn), for supporting me at every step of this adventure. You are all 

outstanding people / scientists and I am so excited to see where your lives take you. 

Thank you also to my friends in the “real world” for your love, patience, encouragement, 

and support (Gabe Steffler and Leenah Walsh).  

 
Thank you to all of my co-authors, whether you were aware of your contributions 

or not. It has been humbling and gratifying to work with such remarkable researchers. 

 
 

 

This PhD is dedicated to Elizabeth “Betty” Mayberry. 
 
 
 
 
 



vi 
 

Table of Contents 

 

 

Abstract……………………………………………………………………………………..ii 

Acknowledgements………………………………………………………………………iv 

Table of Contents…………………………………………………………………..…….vi 

List of Tables………………………………………………………………………………x 

List of Figures…………………………………………………………………………….xii 

 

Chapter 1: Synopsis………………………………………………………………………1 

 1.1 Echolocation for foraging.……………………………………………………..4 

 1.2 Feeding and landing buzzes………………………………………………….8 

 1.3 Sensorimotor integration……………………………………………………..10 

 1.4 Thesis outline………………………………………………………………….11 

 1.5 Chapter 2………………………………………………………………………12 

 1.6 Chapter 3………………………………………………………………………14 

 1.7 Chapter 4………………………………………………………………………16 

 1.8 Chapter 5………………………………………………………………………17 

Chapter 2: Little evidence of a jamming avoidance response in either toothed 

whales or laryngeal echolocating bats when hunting in pairs…….……………24 

 2.1 Introduction……………………………………………………………………28 

 2.2 Methods and Materials…………….…………………………………………32 

  2.2.1. Bats: flight room and recording set-up……..……………………32 



vii 
 

  2.2.2 Bat trials: solo and pairs.…………………………………………..33 

  2.2.3 Porpoises: pool area and recording set-up……..……………….35 

  2.2.4 Porpoise trials: solo and pairs…..………………………………..36 

  2.2.5 Matched trajectories: bats and toothed whales………………...37 

  2.2.6 Statistical analyses………………………………………………...38 

 2.3 Results………………………………………………………………………...40 

  2.3.1 Bat acoustic results………………………………………………..40 

  2.3.2 Bat behavioural results……………………………………………41 

  2.3.3 Porpoise acoustic results…………………………………………42 

  2.3.4 Porpoise behavioural results……………………………………..43 

 2.4 Discussion…………………………………………………………………….44 

  2.4.1 Jamming Avoidance Response…………………………………..45 

  2.4.2 Clutter Response…………………………………………………..47 

  2.4.3 Lombard Effect……………………………………………………..49 

  2.4.4 Directed Attention………………………………………………….50 

  2.4.5 Concluding Remarks………………………………………………53 

Chapter 3: Sonar strobe groups and buzzes are produced before powered flight  

is achieved in the juvenile big brown bat, Eptesicus fuscus…………………….75 

 3.1 Introduction…………………………………………………………………....78 

 3.2 Methods and Materials……………………………………………………….82 

  3.2.1 Subjects and trial conditions………………………………………82

  3.2.2 Acoustic data collection……………………………………………83 



viii 
 

  3.2.3 Flight data and analysis..………………………………………….85 

  3.2.4 Acoustic analysis…………………………………………………...85 

  3.2.5 Morphological data collection, other pertinent observations…..88 

  3.2.6 Rank correlations…………………………………………………...89 

  3.2.7 Captive vs. wild-born pups……………………..………………….90 

  3.2.8 Statistics……………………..………………………………………90 

 3.3 Results……………………..……………………..…………………………...91 

 3.4 Discussion……………………..……………………..……………………….97 

  3.4.1 Orientation calls……………………..……………………………..99 

  3.4.2 Sonar sound groups (SSGs) ……………………………………..100 

  3.4.3 Buzzes……………………..……………………..…………………102 

  3.4.4 Controlled, powered flight……………………..…………………..103 

  3.4.5 Wing morphology……………………..……………………………104 

  3.4.6 Concluding remarks……………………..………………………...105 

Chapter 4: Foraging niche release in North American bat species relatively 

unaffected by white-nose syndrome……………………..………………………..123 

 4.1 Introduction……………………..…………………………………………...126 

 4.2 Methods and Materials……………………..………………………………129 

  4.2.1 Field sites / data collection………………………………………129 

  4.2.2 Recordings……………………..…………………………………131 

  4.2.3 Time matching……………………..……………………………..132 

  4.2.4 Species identification……………………..……………………...133 

  4.2.5 Species activity……………………..…………………………….135 



ix 
 

  4.2.6 Weather……………………..……………………………………..136 

  4.2.7 Statistical analysis……………………..………………………….136 

 4.3 Results……………………..……………………..………………………….137 

  4.3.1 Open field, sedentary species…………………………………...137 

  4.3.2 Open field, migratory species……………………………………138 

  4.3.3 Edge and forest, sedentary species……………………………138 

  4.3.4 Edge and forest, migratory species…………………………….139 

  4.3.5 Over water, all species…………………………………………..139 

 4.4 Discussion……………………………..……………………………………140 

Chapter 5: Concluding Remarks……………………………………………………173 

 

   

 

 

 

 



x 
 

List of Tables 

Chapter 2………………………………………………………………………………………71 

Table 1. Summary of echolocation behaviours in each phase for bat  

 trials…………………………………………………………………………..…71 

Table 2. Summary of call directions for solo and paired bat trials………………..72 

Table 3. Summary of echolocation behaviours in each phase for porpoise   

 trials………………...………...………...………...………...………................73

 Table 4. Summary of click directions for solo and paired porpoise trials………..74  

Chapter 3……………………………………………………………………………………..119 

Table 1. Echolocation behaviour measurements as a function of age in big brown  

 bat pups……………………………………………………………….………119 

Table 2. Echolocation behaviour measurements as a function of flight ability in  

 developing big brown bat pups…..…………………………………………120 

Table 3. Morphometric measurements as a function of age in big brown bat 

 pups……………………………………………………………………………121  

Table 4. Morphometric measurements as a function of flight ability in big brown  

 bat pups. ……….………………….…………….…………….……….…….122 

Chapter 4……………………………………………………………………………………..168 

Table 1. Summary of SE Ontario bat species characteristics. ……….………...168 

Table 2. Summary of pass and buzz data comparisons between 2007/8 and 

 2017 for open habitats..……………………………………………………..169 

Table 3. Summary of pass and buzz data comparisons between 2007/8 and  

 2017 for clutter/edge habitats……….………………………………………170 



xi 
 

Supplementary Table 1. Summary of the 2007/8 (above) and 2017 (below) data  

 for sedentary species.……….……………………………………………....171 

Supplementary Table 2. Summary of the 2007/8 (above) and 2017 (below) data  

 for migratory species.……….……………………………………………….172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Figures 

Chapter 2………………………………………………………………………………………67 

Figure 1. Flight room set-up for bat trials.…………………………………………..67 

Figure 2. Outdoor enclosure for porpoise acoustic recordings and three-

dimensional view of the underwater recording area.………………………………68  

Figure 3. Summary of paired and solo bat acoustic and behavioural attention 

data……………………………………………………………………………………...69  

Figure 4. Summary of paired and solo porpoise acoustic and behavioural 

attention data……………………..........................................................................70 

Chapter 3……………………………………………………………………………………..115 

Figure 1. Full room set-up for acoustic and video data collection………………115 

Figure 2. Single representative orientation calls emitted by E. fuscus pups on 

indicated days……..…..…..…..…..…..…..…..…..…..…..…..…..…..…..………..116 

Figure 3. Single representative orientation calls emitted by an E. fuscus pups on 

indicated flight transition days..…..…..………....………..………..……………….117 

Figure 4. Sequences of clustered orientation (non-buzz) calls………………….118 

Chapter 4………………………………………………………………………...…….……..159 

Figure 1. Map of SE Ontario…………….……….……….……….………………..159 

Figure 2. Recording sites…………….……….……….……….……………………160 

Figure 3. Examples of multiple species recordings………………..……………..161 

Figure 4. Examples of individual bat pass recording………………..……………162 

Figure 5. Examples of terminal feeding buzzes………………..…………………163 

 



xiii 
 

Figure 6. Single call examples for each sedentary species in an open  

habitat……………………………………………………………………...…164 

Figure 7. Single call examples for each migratory species in an open  

habitat……………………………………………………………………...….165 

Figure 8. Single call examples for each sedentary species in a clutter/edge  

 habitat……………………………………………………………………...….166 

Figure 9. Single call examples for each migratory species in a clutter/edge  

 habitat……………………………………………………………………...….167 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 1 
 

Chapter 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Synopsis 



 2 
 

Introduction 

Foraging behaviour incorporates the strategies and decisions used to acquire energetic 

resources (Boogert et al. 2010). Animals must consider where these resources are, how 

to obtain them, and the most effective way to consume them to ensure their own 

survival. Foraging behaviours can be highly diverse; differences exist within the sensory 

systems used, participants involved, and morphologies required (Stephens et al. 2008; 

Le Roux et al. 2009). Pack hunting in wolves, for example, is vastly different from the 

web building of spiders or the electroreception of the platypus. As with all traits, foraging 

behaviour can be comprehensively examined through multiple perspectives. 

Historically, these perspectives have been characterized by four main questions: (i) 

what is the purpose of the behavior? (ii) how does it develop over an individual’s 

lifetime? (iii) how did it come to evolve over a species’ lineage? and (iv) how does it 

mechanistically function? (Tinbergen 1963). These four approaches, first proposed by 

Tinbergen, have become more scientifically intricate as our understanding of the natural 

world and available technology have advanced. The underlying rationale behind these 

“four questions”, however, remains valid and relevant to the study of foraging behavior 

and sensory ecology. 

The tactics and processes involved in foraging are based on the information 

acquired from an individual’s surrounding environment. That is, knowledge regarding 

the types of available resources, their locations, and appropriate means to obtain them 

allows for effective and efficient foraging. This environmental information, as well as the 

mechanisms through which it is acquired and the utility of the information itself, provide 

insight into the sensory ecology of different organisms (Dusenbery 2001). All organisms 
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necessarily interact with their environments, and these environments provide unique 

experiences and perceptions for each organism associated with them. The information 

received from those environments, the manner in which that information is processed, 

and the subsequent reactions to that information can, like foraging behaviour, be 

exceptionally diverse. The perception of electrical stimuli by the platypus, to return to 

this three species example, also differs greatly from that of mechanical vibrations used 

by some web-spinning spiders, or the olfactory information used by wolves (Masters 

and Markl 1981; Scheich et al. 1986; Schmidt and Mech 1997). After processing, this 

information can be used to inform and support different behaviours, in each of these 

instances the identification, localization, and interception of prey. 

Different organisms, then, rely on different information, behaviours, and 

associated sensory systems to forage successfully. In some bats and whales, 

echolocation exemplifies a sensory system that has evolved to support foraging 

behaviours under conditions where limited visual information is available. Echolocation 

involves the acquisition and processing of auditory information and involves a variety of 

adjustments in acoustic behaviour. Based on incoming environmental information (i.e. 

echoes), some echolocators change the design and pattern of their acoustic signals to 

optimize foraging efficiency. Echolocation, or biological sonar, is thus an active sensory 

process used to generate an auditory field of view that is updated at roughly the rate of 

echolocation signal emission rate (Madsen and Surlykke 2013). The energy emitted 

during acoustic signal production is transformed by the environment with respect to 

amplitude and time delay, as well as spectral and temporal properties. Echolocation can 
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be simply defined as the comparison between the original signal and the returning echo, 

with respect to changes in time, energy, and frequency content. 

What can undisputedly be called echolocation has been recorded from most 

bats, all toothed whales, some swiftlets, and Oilbirds (Au 1993; Fullard et al. 1993; 

Holland et al. 2004). All animal echolocators use echolocation for the same basic 

function of navigation and orientation. That is, to identify where they are in reference to 

other objects and to move purposefully through space (Brinkløv et al. 2013). An 

additional function of echolocation, used only by some laryngeal echolocating bats (i.e. 

non-pteropodid bats) and toothed whales, is that of prey detection, tracking, and 

interception. In short, only laryngeal echolocating bats (approximately 1100 species) 

and toothed whales (approximately 80 species) are able to use echolocation signals to 

hunt (Madsen and Surlykke 2013). Many species of bats and toothed whales hunt for 

actively moving prey that are typically several times smaller than themselves, and often 

do so in cluttered, three-dimensional environments. These foraging abilities suggest that 

bats and toothed whales have exceptional acoustic signal control, often surpassing the 

sonar of human-made systems (Madsen and Surlykke 2013). 

 

Echolocation for foraging 

Echolocation for prey pursuit is similar to echolocation for navigation and orientation. 

The use of echolocation for both activities involves the production of acoustic signals 

and the interpretation of temporal, spectral, and amplitude differences between the 

emitted and returned signals to extract environmental information (Suthers 1988). When 

foraging, laryngeal echolocating bat echolocation signals are highly flexible and often 
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can be adjusted to suit environmental conditions (Obrist 1995). To a lesser extent, 

toothed whales are also able to adjust spectral and temporal components of their 

echolocation signals to make hunting more efficient (Surlykke and Moss 2000; Tyack 

2015; Wisniewska et al. 2015). This increased efficiency is especially beneficial when 

hunting with conspecifics as well as in cluttered environments, as an individual’s 

relevant echolocation signals and echoes may become buried within the signals and 

echoes of other echolocators and obstacles (Moss et al. 2014). Sometimes referred to 

as the “cocktail party nightmare”, previous research has explored how some bats might 

contend with these high levels of acoustic clutter. 

In laryngeal echolocating bats, the observed influence of conspecifics on 

echolocation behaviour has generated two putative mechanisms and one involuntary 

reflex used by bats to deal with conspecifics: the jamming avoidance response (JAR), 

the clutter response, and the Lombard effect. Jamming avoidance responses are well 

known in weakly electric fish and involve two fish each adjusting their emitted signals 

such that their signals are less likely to overlap with one another (Rose and 

Heiligenberg 1985). Jamming avoidance response in bats appears to follow roughly the 

same principle: bats shift their call frequency and / or emission rate, plausibly to avoid 

spectral and / or temporal overlap with nearby bats (Ulanovsky et al. 2004; Amichai et 

al. 2015; Corcoan and Moss 2017). Clutter responses have also been widely studied in 

bats, as many bat species occupy heavily cluttered ecological niches (i.e. dense 

forests). A clutter response to a conspecific is relatively straightforward: bats interact 

with the conspecific as though they are simply a flying object in their immediate 

environment (Obrist 1995; Fawcett et al. 2015; Fawcett and Ratcliffe 2015). With 
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respect to toothed whales, jamming avoidance response has not been specifically 

studied however jamming avoidance response-like acoustic responses in the presence 

of noise have been reported (Tyack and Janik 2013). Additionally, toothed whales also 

seem to alter their echolocation signals when in a cluttered environment, suggesting 

possible clutter responses in their echolocation signals as well (Jensen et al. 2013). The 

Lombard effect, on the other hand, is an involuntary increase in signal amplitude, and 

associated spectral and temporal properties, resulting from ecologically relevant 

background noise (Zollinger and Brumm 2011; Hotchkin and Parks 2013).  

Laryngeal echolocating bats and toothed whales forage under very different 

environmental conditions, regardless of clutter or conspecifics. While toothed whales 

tend to hunt in dark and / or turbid waters, bats have a wide range of terrestrial 

environments available to them (Evans and Awbrey 1988; Au 1993; Obrist 1995; 

Vaughan et al. 1997; Grindal and Brigham 1999). Successful foraging within a specific 

habitat is thought to be driven by morphology and echolocation, allowing spatial 

resource partitioning between sympatric bat species with similar diets (Norberg and 

Rayner 1987; Neuweiler 1990; Seimers and Schnitzler 2004). Bats with low wing 

loading (low mass per unit area of the wing) are, for example, more manoeuvrable and 

efficient at foraging in and around cluttered environments and tend to use short duration 

echolocation calls of high peak frequency (frequency component with the highest 

energy) and broad bandwidth. Such signals minimize call-echo overlap, while providing 

detailed information on the size and shape of nearby objects. Conversely, bats that emit 

high intensity, long duration echolocation signals, ideal for long distance detection, 
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forage more efficiently in open habitats and have long, narrow wings and relatively high 

wing loading, allowing fast, agile flight (Aldridge and Rautenbach 1987). 

All predominantly animal-eating bats are laryngeal echolocators. Many 

insectivorous bats forage for similar prey within similar habitats and interspecific 

competition is thought to shape interspecific interactions (Arlettaz et al. 1999; Razgour 

et al. 2011). This competition helps to promote the distinction between the fundamental 

niches (potential environment) and realized niches (occupied environment) that 

describe particular insect-eating bat species. As a result of other bat species being 

present in a given community, species that could theoretically use multiple habitats for 

foraging may find themselves restricted to a subset of these habitats by the presence of 

other species. Reductions in dominant species populations, however, may decrease 

interspecific competition and allow for niche expansion (Ford et al. 2011; Jachowski et 

al. 2014). 

Since 2006, some, but not all, insectivorous bats in much of Canada and the 

U.S.A. have been experiencing large population declines due to an infectious disease 

called white-nose syndrome (WNS). Now spread to over thirty states and seven 

provinces, white-nose syndrome has reduced some bat populations by over 90% in 

certain areas (Frick et al. 2010; Moore et al. 2018). White-nose syndrome is caused by 

the fungus Pseudogymnoascus destructans (Pd), which causes skin lesions, 

dehydration, and disrupted hibernation patterns in the most affected species (Mayberry 

et al. 2017; McGuire et al. 2017). While many bat species test positive for the presence 

of Pseudogymnoascus destructans, not all experience high levels of associated 

mortality (Bernard et al. 2015). These differences in severity are thought to be related to 
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the hibernation patterns of different species. Since Pseudogymnoascus destructans is a 

psychrophilic (cold-loving) fungus, it is most dangerous for bats that hibernate in cold 

areas (Langwig et al. 2015). Migratory bats, which leave the colder northern North 

American climates during the fall and spend winter in warmer locations, exhibit no 

detrimental effects of Pseudogymnoascus destructans infection (Bernard et al. 2015). 

Other bats, such as the big brown bat, Eptesicus fuscus, exhibit different patterns of 

thermoregulation during hibernation which seems to reduce the severity of white-nose 

syndrome (Moore et al. 2018). 

 

Feeding and landing buzzes 

During the final phase of foraging (i.e. attempted interception of prey) both laryngeal 

echolocating bats and toothed whales produce a terminal buzz (Griffin et al. 1960; 

Madsen and Surlykke 2013). Echolocating birds do not buzz under any circumstances 

(Brinkløv et al. 2017). This terminal feeding buzz is a ubiquitous feature of echolocation 

for prey pursuit. For bats, the “buzz” is characterised by an increase in signal production 

rate (up to ~220 calls per second; Ratcliffe et al. 2013) and often a corresponding 

decrease in the peak frequency of the signals themselves (Griffin 1958; Surlykke and 

Moss 2000). This increase in call rate and decrease in signal frequency is thought to 

provide bats a near-constant update of information as well as produce a broader sound 

beam (Ratcliffe et al. 2013). In toothed whales, the buzz proceeds similarly, but at much 

higher rates (>300 signals/s versus >90 signals/s), which are accounted for by the 

greater speed of sound in water versus air, while the beam broadening is accomplished 

not through lowering the frequency of the signals, but instead by reducing the effective 
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aperture size of the melon (DeRuiter et al. 2009; Wisniewska et al. 2015). Both of these 

aspects of the buzz theoretically help to reduce the chances that the prey will escape. 

The ability of bats and toothed whales to emit such high signal rates suggests that these 

species have convergently evolved unique and sophisticated sound-producing 

structures to allow for the exploitation of poorly lit foraging niches. These feats of 

acoustic signal production and analysis, coupled with fascinating locomotory 

behaviours, make bats and toothed whales ideal study species for exploring both the 

extremes and limits of echolocation behaviour. 

Another type of buzz exclusive to laryngeally echolocating bats is the landing 

buzz. Bats produce landing buzzes when approaching a landing surface. Acoustically, 

landing and feeding buzzes are similar in that both buzzes involve an increase in call 

rate. Landing buzzes, however, display lower call rates (i.e. fewer calls per unit of time) 

and are often missing the second buzz component, a further increase in call rate 

occasionally coupled with a lowering of frequency observed in many feeding buzzes 

(Melcón et al. 2007). These differences between the two buzz conditions are thought to 

reflect the relative difference in difficulty between a three-dimensional aerial interception 

(feeding buzz) and a two-dimensional landing (landing buzz; Melcón et al. 2007; 

Hulgard and Ratcliffe 2016). 

From a developmental perspective, it is currently unclear when the ability to 

produce buzzes develops in juvenile bat pups. To date, references to bat pup landing 

buzz development have been limited to brief mentions in the context of bat pup flight 

development (Buchler 1980; Brown et al. 1983). In these reports, landing buzzes are 

described as consistently present as soon as pups were able to fly but were not 
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described in relation to earlier developmental flight abilities. Bat pups progress through 

developmental steps when learning how to fly, from “flop” in which they make no effort 

to move their wings or propel themselves forward, through to “fly”, in which true (i.e. 

powered and controlled) flight is achieved (Powers et al. 1991). Since the integration of 

flight and echolocation is vital to the survival of aerial insectivorous bats, it seems likely 

that the ability to produce sophisticated echolocation signals like a landing buzz would 

involve gradual change and development over time, likely in parallel with developing 

flight ability. 

 

Sensorimotor Integration 

Much of the physics, physiology, and even genetics underlying acoustic signal 

production and echo-receiving apparatus have been explored in echolocating bats and 

toothed whales (Griffin 1958; Au 1993; Shen et al. 2012; Madsen and Surlykke 2013; 

Ratcliffe et al. 2013; Wisniewska et al. 2015). When considering echolocation for prey 

pursuit and tracking, however, the necessary evolution of acoustic signal production 

with corresponding locomotion becomes apparent. The dynamic process of coupling the 

sensory system (e.g. echolocation) with the motor system (e.g. flight or swimming) is 

referred to as sensorimotor integration (Wood and Evans 1980; Moss and Sinha 2003; 

Luo et al. 2017). 

Sensorimotor integration with respect to bat and toothed whale echolocation 

involves using echo information to adjust motor (flight/swim) actions (e.g., speed, 

direction) while also using these motor outputs to modify current or future acoustic 

signal production (e.g., pulse rate, beam breadth, signal frequency; Kuc 1994; Valentine 
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and Moss 1998; Nelson and MacIver 2006). Echolocator sensorimotor integration is 

essential for effective foraging and survival, as hunting moving prey demands a precise 

interaction between obtaining prey information and taking actions towards prey 

interception. Bats and toothed whales have independently evolved to fine-tune both 

signal emission and motor responses during foraging, suggesting that sensorimotor 

integration, as well as sensory and motor systems independently, must exhibit some 

degree of flexibility. However, the extent and limitations of sensorimotor integration 

remain fertile ground for investigation. 

 

Thesis Outline 

By exploring the natural behaviours of mammalian echolocators from multiple ecological 

perspectives, I will illustrate how echolocation signals and their corresponding 

locomotory actions can be used to describe evolutionary, developmental, and ecological 

differences between organisms, individuals, and species. My primary focus will be 

vespertilionid bats. Furthermore, I have identified conditions under which the sensory 

and motor systems of echolocators should exhibit high flexibility, and others under 

which these animals may appear constrained by how they are built. Specifically, this 

thesis explores how the integrative sensorimotor behaviour of echolocators is 

expressed (i) during conditions of acoustic clutter from conspecifics, (ii) throughout early 

flight and vocal development, and (iii) within a species-specific population decline. This 

thesis is thus the first to explore the acoustic and motor effects of conspecifics on 

toothed whale echolocation during hunting activities, the first to specifically and 

comprehensively describe the development of landing buzzes in bat pups, and one of 
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the first to identify how a widespread disease influences the active foraging 

environments of un- or less-affected bat species. 

 

Chapter Two 

Chapter two describes the influence of conspecifics on acoustic and locomotory 

behaviours in laryngeal echolocating bats and toothed whales. This chapter also 

explores the similarities and differences of conspecific influences between these two 

mammalian groups, which have independently evolved the ability to echolocate. As 

study species, I used the laryngeal echolocating bat, Myotis daubentonii 

(Vespertilionidae) and the harbor porpoise, Phocoena phocoena (Phocoenidae). I 

hypothesized that the reactions of bats and toothed whales to the presence of a 

conspecific would be similar, as their use of echolocation is similar despite the obvious 

differences in locomotion (Jakobsen and Surlykke 2010; Madsen and Surlykke 2013; 

Wisniewska et al. 2015). For both species, I expected that the presence of a conspecific 

would elicit one of three probable reactions: (i) the conspecific would effectively be 

treated as a moving, similarly vocalizing object to which individuals would employ a 

jamming avoidance response (JAR), (ii) the conspecific would instead be dealt with 

simply as a moving or static obstacle, that is, be treated as any other form of clutter (i.e. 

eliciting a clutter response), or (iii) the conspecific would be treated as a form of 

inflexible acoustic noise, eliciting the Lombard effect. 

If bats and toothed whales in my study employed a jamming avoidance response 

in the presence of a conspecific, I predicted that paired organisms will emit echolocation 

signals greater spectral and temporal disparity than those emitted when hunting solo 
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(Ulanovsky et al. 2004; Amichai et al. 2015). If bats and toothed whales instead 

employed a clutter response, I predicted that these signals would have shorter 

durations, lower sound levels/intensities, and broader bandwidths (Fawcett and Ratcliffe 

2015). If bats and toothed whales exhibit the involuntary Lombard effect, I predicted 

paired signals would have higher sound intensities, higher frequencies, and longer 

durations. An additional hypothesis is that bats and toothed whales engage in subsets 

of both jamming avoidance response and clutter response behaviours simultaneously, 

potentially in addition to experiencing the Lombard effect. Since a jamming avoidance 

response helps to reduce interference and confusion from conspecifics, while clutter 

responses help to reduce interference from echoes from surrounding objects, using 

aspects of both may produce the most coherent and informative acoustic scene of the 

surrounding environment. Behaviourally, I also hypothesized that bats and toothed 

whales would shift their attention (direction of their echolocation beam) when in the 

presence of a conspecific. That is, I predicted that the average beam direction for solo 

hunters would be closer to zero degrees (zero degrees representing the direction of the 

target), and that when hunting in pairs, the average beam direction would be further 

from zero degrees, suggesting that deviations in beam direction away from the target 

occur more often. Additionally, I predicted that the average beam directions for paired 

and solo hunters would be different. 

In this chapter, I show that both bats and toothed whales exhibit the Lombard 

effect, and that bats additionally employ subsets of both jamming avoidance response 

and clutter responses when in the presence of conspecifics. Porpoises seem to show 

no acoustic differences between hunting conditions beyond the reflexive Lombard effect 
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changes. Furthermore, I illustrate that toothed whales hunting both alone and in pairs 

always emit echolocation beams with an average direction of zero degrees (i.e. towards 

the target). These average beam directions, however, differ between conditions, such 

that toothed whales hunting in pairs deviate their beam direction further from the target 

(i.e. further from zero degrees), as I predicted. Bats hunting both alone and in pairs also 

typically emit echolocation beams with an average direction of zero degrees, with single 

trial exceptions in both conditions. Bats hunting in pairs, however, show fewer instances 

of echolocation beam deviation from the target direction than when hunting solo. 

Unexpectedly, the average beam directions for bats hunting alone and in pairs are, 

overall, not different (i.e. both equivalently equal to zero degrees). 

 

Chapter Three 

The third chapter in this thesis focuses on the juvenile development of the landing buzz 

in the big brown bat, Eptesicus fuscus. Like Myotis daubentonii, E. fuscus belongs to 

the family Vespertilionidae: the most species rich family of bats. This project explores 

when, and in association with which stages of vocal, morphological, and physiological 

development, the landing buzz in bat pups occurs. This ontogenetic approach helps to 

provide some insight into how sensorimotor integration develops over time in bats. 

Specifically, I investigated how advanced vocal control changes in correlation with 

volancy, body size, and wing morphology. This chapter also examines sensorimotor 

integration timing – do advanced echolocation behaviours develop first, and then flight? 

Or do pups first fly before they produce a buzz? 
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In bats, juvenile flight and vocalization generally rely on physical growth as the 

various muscles involved must have grown sufficiently to allow for flight and for vocal 

control (Powers et al. 1991; Papadimitriou et al. 1996). As such, those animals who 

reach those morphological milestones faster theoretically have developed their 

musculature faster as well (Powers et al. 1991). I hypothesized that differences in 

growth rate would reflect differences in flight and vocal developmental rates. I predicted 

that pups who grew faster (i.e. reached larger mass and forearm lengths faster) would 

be able to (i) achieve true flight faster and (ii) produce landing buzzes, as well as the 

precursors to landing buzzes (multi-signal sonar strobe groups), at an earlier age. I also 

hypothesized that flight and landing buzz production would be temporally linked and 

predicted that the ability to produce a landing buzz should precede the ability to fly. 

Finally, I hypothesized that relative wing loading (RWL – the mass of the bat per unit of 

wing area; related to lift, flight speed and maneuverability) would be strongly associated 

with flight ability and therefore potentially also with buzz production. That is, I predicted 

that bats who achieve adult-like relative wing loadings earlier in development would 

both fly and produce landing buzzes earlier. 

In this chapter, I demonstrate that bats are able to produce adult-like orientation 

echolocation calls, sonar strobe groups, and landing buzzes before they are able to use 

controlled, powered flight. These results suggest that for bats the sensory system is 

most important for informing in-flight decisions, and develops concurrently with, but 

ahead of, the flight system. I found no clear relationship between pup physiological 

growth and the ability to fly or produce landing buzzes. However, a strong positive 

correlation was found between relative wing loading scores and flight ability, such that 
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pups that reach adult-like relative wing loading scores more quickly also transition to 

true flight faster. No such relationship was observed between relative wing loading 

score and buzz production. 

 

Chapter Four 

The final experimental chapter in this thesis explores the influence of a natural 

ecological population disturbance caused by white-nose syndrome (WNS). The reasons 

behind the differential susceptibility to white-nose syndrome and the overall impacts on 

affected species populations have been widely explored since white-nose syndrome 

introduction (Bernard et al. 2015; Moore et al. 2018). Few studies, however, have 

explored the secondary impacts of these population reductions on those remaining 

species (for notable exceptions see Ford et al. 2011 and Jachowski et al. 2014). The 

purpose of the study I describe in this chapter was to identify how white-nose syndrome 

has influenced the populations of different bat species in South Eastern Ontario pre- 

and post- white-nose syndrome introduction, specifically with respect to foraging activity 

(i.e. presence of feeding buzzes) and foraging/flight locations (i.e. where these species 

were found, now and then, and whether or not they are actively hunting there). Using 

acoustic recordings, this project uses species-specific echolocation signals to infer bat 

location and activity in three habitats: over fields, in clutter/edge areas, and over water. I 

hypothesized that the massive population decrease of the previously dominant species 

(the little brown bat, Myotis lucifigus) would allow for a shift in the use of the cluttered 

and over water habitats due to a decrease in interspecific competition. Specifically, I 

predicted that big brown bats, Eptesicus fuscus, as the only relatively unaffected 
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sedentary species, would show the greatest increase in flight and foraging over water 

and within clutter. Furthermore, I predicted that migratory species (also unaffected by 

white-nose syndrome) might also broaden their foraging niches, but perhaps not to the 

same extent as big brown bats, due in part to their wing morphology. 

In this chapter, I show that some endangered bat species exhibit the expected 

decreases in foraging (i.e. feeding buzzes) and presence (i.e. bat passes), but only over 

open fields. No differences between pre- and post- white-nose syndrome presence 

were observed for any endangered species in clutter/edge habitats or over water. I also 

show that no species (endangered or relatively unaffected) in any habitat exhibited an 

increase in foraging activity (buzzes), although big brown bats do have an increased 

presence at clutter/edge sites (passes). Finally, I provide evidence that migratory 

species increase their presence at both open field and clutter/edge sites, but not their 

hunting activity. In South Eastern Ontario, the niche of nocturnal insects over water, 

once occupied by little brown bats, appears now to be essentially vacant. 

 

Chapter Five 

In Chapter five, I briefly summarize all data chapters presented in this thesis. I also 

provide suggestions for future research. 
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Abstract 

Laryngeally echolocating bats and toothed whales are the only echolocators known 

to use biological sonar for prey pursuit / tracking in addition to navigation and 

orientation. When hunting, both bats and toothed whales must often contend with 

echolocating conspecifics hunting in proximity. Multiple hypotheses have been 

proposed to explain how echolocators handle the potentially overwhelming amount 

of acoustic information during group hunting: jamming avoidance responses (JAR; 

echolocators actively adjust the spectral and / or temporal components of their 

signals to reduce overlap with those of other individuals), clutter response 

(echolocators treat conspecifics as moving obstacles), and the Lombard effect 

(increases in signal amplitude in response to noise). To explore the similarities and 

differences between bats and toothed whales in echolocation behaviour when 

hunting in the presence of conspecifics, I measured acoustic (spectral and temporal 

parameters) and behavioural (direction of sonar emissions) changes made by 

Daubenton’s bats, Myotis daubentonii, and harbour porpoises, Phocoena phocoena, 

hunting alone and in pairs. I found that both bats and porpoises produce acoustic 

changes indicative of the Lombard effect, however bats showed additional changes 

that may represent JAR and / or a clutter response. Behaviourally, bats show 

minimal shifts in sonar beam direction under different hunting conditions, while 

porpoises consistently exhibit noticeable differences in click direction between solo 

and paired trials, suggesting they more explicitly attend to conspecifics. Overall, 

these results suggest that bats and porpoises engage in different acoustic and 

behavioural adjustments when hunting with conspecifics. While these differences 
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may reflect unique physiologies, evolutionary histories, and foraging environments, I 

caution against assigning acoustic signal changes to a specific response type. 
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Introduction 

Echolocation, or biological sonar, is a relatively rare sensory process that has 

evolved to support activity under conditions with limited potential visual information. 

All echolocators, from bats to swiftlets, oilbirds to toothed whales, use echolocation 

to orient themselves within the environment and to navigate through that 

environment. Of these natural echolocators, only laryngeal echolocating bats 

(hereafter, bats) and toothed whales use echolocation to detect and pursue prey 

(Madsen et al. 2005; Clausen et al. 2010; Liu et al. 2010a; Liu et al. 2010b; Madsen 

and Surlykke 2013). Similar to echolocation for navigation and orientation, 

echolocation for prey pursuit involves the production of acoustic signals and the 

interpretation of temporal, spectral, and amplitude differences between the emitted 

and returned signals to extract environmental information (Suthers 1988). When 

foraging, many bats’ echolocation signals are highly flexible and can be adjusted to 

suit environmental conditions (Obrist 1995). To a lesser extent, toothed whales also 

adjust spectral and temporal components of their echolocation signals to make 

hunting more efficient (Surlykke and Moss 2000; Wisniewska et al. 2015). 

The hunting behaviours of bats and toothed whales show similar patterns with 

respect to biosonar signal production. Prey tracking, pursuit, and interception via 

echolocation follow the same general progression though the search phase, 

approach phase, and finally the terminal buzz phase (Surlykke and Moss 2000; 

Verfuβ et al. 2008; Ratcliffe et al. 2013). Each phase has stereotypical acoustic 

trademarks that help to define the transition between consecutive phases, such as 

an increase in signal emission rate and, in some bats, a corresponding shift to lower 
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frequencies observed in the terminal buzz phase (Griffin et al. 1960; Moss and 

Surlykke 2001). The ability of bats and toothed whales to produce these terminal 

buzzes, with call rates of over 200 calls or 300 clicks per second, reflects the sonar 

sophistication used to offset the complexity of foraging / hunting behaviours 

(DeRuiter et al. 2009; Ratcliffe et al. 2013). 

Most, perhaps all, animals that hear have to contend with the problem of 

acoustic clutter, or background noise. Humans often experience the “cocktail party 

effect” when experiencing acoustic clutter: our brain’s ability to attend to our own 

conversation even in the midst of a noisy background environment (McDermott 

2009). The ability to focus one’s auditory attention, or to filter out less salient 

information, may be a necessary aspect of any animal which relies on acoustic 

signals for survival (Fullard et al. 2008), and specifically for those using echolocation 

(Ulanovsky and Moss 2008). As bats and toothed whales often forage in proximity to 

other actively echolocating conspecifics, the amount of acoustic clutter they 

experience, as well as the task of identifying their own echoes amidst the emitted 

and returning signals from other individuals, could, theoretically, be overwhelming. 

The influence of conspecifics on echolocation behaviour, specifically in 

aerially foraging bats, has been widely debated. The initial evidence did not suggest 

any form of active spectral shifts in signal production, however subsequent research 

suggested the existence of a jamming avoidance response (JAR). It was widely 

reported that bats engage in jamming avoidance responses when flying with 

conspecifics (shifting their echolocation call frequencies in attempt to avoid spectral 

interference / overlap; Ulanovsky et al. 2004, Bates et al. 2008). Conversely, other 
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researchers suggest that the design of calls emitted amongst other echolocators 

does not reflect a jamming avoidance response (Ratcliffe et al. 2004, Fawcett et al. 

2015). Instead, bats may simply be treating conspecifics as physical clutter. With 

respect to toothed whales, a jamming avoidance response has not been specifically 

studied, however some toothed whales apparently shift signal frequencies away from 

background noise and / or cease signaling until noise has lessened (Tyack and Janik 

2013). Additionally, toothed whales have been observed to decrease the source level 

and increase the emission rate of their echolocation signals when in a cluttered 

environment, suggesting a similar clutter response to bats (Jensen et al. 2013). 

Another explanation for acoustic changes observed when multiple 

echolocators are in proximity is the Lombard effect: an involuntary increase in signal 

amplitude observed under conditions of loud, ecologically relevant noise (Hage et al. 

2013; Bunkley et al. 2015). Increases in signal frequency and duration are also 

thought to represent this effect (Au et al. 1985; Parks et al. 2010). Together, these 

shifts to a higher vocalization effort under noisy conditions should reduce the 

likelihood of signal interpretation errors through higher signal energy / signal-to-noise 

ratios (SNR; Hotchkin and Parks 2013). Amichai et al. (2015) recently showed that 

the vesper bat, Pipistrellus kuhlii, increases echolocation call duration and intensity in 

the presence of conspecifics, while beluga whales (Delphinapterus leucas) and killer 

whales (Orcinus orca) apparently increase echolocation click intensity in the 

presence of increased noise (Hotchkin and Parks 2013). 

I assumed that attacking prey is a demanding task with respect to auditory 

attention, and thus might be seriously impacted by interference from other 
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echolocators. To explore these potential influences, I designed similar experiments 

to compare the echolocation and attention behaviour of both echolocating whales 

and bats. I elected to explore the hunting behaviours of both bats and toothed 

whales to (i) determine if, and if so where, the behaviour of these two animals 

differed from one another and (ii) assess whether there are any changes that occur 

when echolocators are hunting alone versus when hunting in pairs. I hypothesized 

that the reactions of bats and toothed whales to the presence of a conspecific would 

be similar, as their use of echolocation is similar despite the obvious differences in 

locomotion (Jakobsen and Surlykke 2010; Madsen and Surlykke 2013; Wisniewska 

et al. 2015). 

For both species, I expected that the presence of a conspecific would elicit 

one of three probable acoustic reactions: (i) the conspecific would effectively be 

treated as a moving, similarly vocalizing object (jamming avoidance response), (ii) 

the conspecific would be treated as a moving obstacle (clutter response), or (iii) the 

conspecific would be treated similarly to an acoustically noisy environment (Lombard 

effect). I predicted that under a jamming avoidance response, paired signals would 

be spectrally and / or temporally separate from one another with respect to peak 

frequency and / or call emission rate (Ulanovsky et al. 2004; Chiu et al. 2009; 

Amichai et al. 2015). If bats and toothed whales employed a clutter response, I 

predicted that paired signals would have shorter durations, lower sound levels, and 

higher bandwidths (Schnitzler and Kalko 2001; Broders and Forbes 2004; Fawcett 

and Ratcliffe 2015; Warnecke et al. 2015). If bats and toothed whales responded to 

conspecifics via the reflexive Lombard effect, I predicted that paired signals would 
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have longer durations, higher source levels, and higher signal frequency (Parks et al. 

2010; Zollinger and Brumm 2011; Hage et al. 2013). 

Behaviourally, I hypothesized that bats and toothed whales would shift their 

attention (direction of echolocation beam) in the presence of a conspecific. I 

predicted that the average beam direction for solo hunters would be closer to zero 

degrees (representing the direction of the target), and when hunting in pairs the 

average beam direction would be further from zero degrees, suggesting that 

deviations in beam direction away from the target occur more often. Additionally, I 

predicted that the average beam direction for paired and solo hunters would be 

different from one another. This study is the first, to my knowledge, to compare bats 

and toothed whales with respect to the influence of conspecifics during hunting from 

both an acoustic and behavioural perspective. 

 

Methods and Materials 

Bats; flight room and recording set-up 

I made bat echolocation call recordings at the University of Southern Denmark (SDU, 

Odense, Denmark), in an indoor flight room (L 7m x W 4.8m x H 2.5m). The flight 

room was constructed from aluminum poles covered in cotton batting and foam to 

attenuate echoes. The walls and ceiling consisted of thin mesh nylon. The floor was 

carpeted with a square pool (L2.5 x W2.5m x D0.2m) situated in the middle of the 

room; water depth was 10 cm (see Figure 1). 

I obtained acoustic data from bats as they hunted for and attacked prey. To 

this end, acoustic signals (exclusively echolocation calls) from five adult male 
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Daubenton’s bats (Myotis daubentonii) flying in the flight room were recorded. 

Because I wanted to identify and compare the influence of conspecifics on foraging 

behaviour, bats were released into the flight room either alone or in pairs. Bats were 

fed mealworms (Tenebrio molitor) during the experimental trials and provided with ad 

libitum access to water while in captivity. Bats were released at capture site upon 

completion of the experiment. 

Recordings were made using a 12-microphone array (1/4” 40 BF G.R.A.S., 

Sound and Vibration, Denmark, grids off) located above the pool in a 3-dimensional 

rectangular shape, microphones were spaced 235 cm apart horizontally and 55 cm 

apart vertically (Figure 1). Before and after each day’s trials, each microphone was 

calibrated using a 1 kHz pure tone at 114 dB SPL (type 42AM G.R.A.S. Sound 

Calibrator). Avisoft amplifiers were used to amplify the signals from microphones 

(amplified by 30 dB, high-pass filtered at 13.5 kHz). Signals in each recording were 

sampled at 500 kHz per channel using a Avisoft USGH 1216 A/D converter (16-bit) 

and were saved as a multi-microphone .wav file of 5 seconds long (1 s pre-trigger 

and 4 s hold time) onto a ThinkPad X201 laptop computer (Lenovo, Morrisville, 

USA). 

 

Bat trials: solo and pairs 

For each trial, 2-4 mealworms were placed on the water in the centre of the pool, as 

Daubenton’s bats are trawling bats that hunt for prey located on or slightly above the 

surface of water (Boonman et al. 1998). Echolocation calls were recorded while the 

bats were identifying, approaching, and retrieving the mealworms. Three-
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dimensional localization of each emitted echolocation call (x, y and z coordinates) 

was determined using the call’s time of arrival differences at a minimum of 4 

microphones. Recorded signals were analyzed using MATLAB (MathWorks) and a 

custom script (written by L. Jakobsen). For spectral and temporal analysis of 

individual signals, the multi-microphone recordings were split into their individual 

channels (single microphones) and analyzed using BatSound (v.4, Pettersson 

Elektronik, Uppsala, Sweden). 

The following parameters were measured or determined for each echolocation 

call: source level (dB re 20 µPa pp), beam aim (0-360 degrees off-target (prey 

position), based on the acoustic axis of the emitted call), maximum receiver (which 

microphone received the strongest signal, indicative of the general direction the bat 

was calling), call duration (ms, measured from start to end of call from the 

oscillogram), pulse interval (ms, measured from start the focal call to the start of the 

next call from the oscillogram), peak frequency (kHz, measured from the power 

spectrum (FFT)), minimum frequency of the fundamental (kHz, -10 dB below peak 

frequency measured from the power spectrum (FFT)), maximum frequency of the 

fundamental (kHz, -10 dB above peak frequency measured from the power spectrum 

(FFT)), and -10 dB bandwidth of the fundamental (kHz, measured as difference 

between -10 dB above and below peak frequency). 

For all recordings (solo and paired), the length of the search phase as well as 

the post-detection approach and terminal buzz phases were measured, with respect 

to length of time (in milliseconds) and the number of calls produced. The approach 

phase was defined as when the call period measured below 50 ms, while the buzz 
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phase was defined to have started when the call period measured below 11 ms 

(Surlykke and Moss 2000; Ratcliffe et al. 2013). The search phase contained all calls 

with PIs ≥ 50 ms. 

 

Porpoises; pool area and recording set-up 

I made the porpoise recordings in the Kerteminde harbour at Fjord & Bœlt in 

Kerteminde, Denmark. The enclosure was outdoors with netting used to create an 8 

m x 12 m pool in the harbour at sea level (see Figure 2a). Three adult porpoises 

were used in these experiments, two females and one male; all had been at the 

facility for several years. As with the bat trials, I was interested in obtaining acoustic 

data for the porpoises as they hunted and attacked prey. To this end, acoustic 

signals from the three harbour porpoises (Phocoena phocoena) swimming in the 

pool were recorded along with corresponding video footage. Since I wanted to 

identify any influence of conspecifics, porpoises swam alone and in pairs (to allow for 

comparison between conditions and also between species (bats and porpoises)). 

The pool in which the recordings took place was equipped with 16 calibrated 

Reson TC4014 hydrophones arranged in two horizontal linear arrays (8 hydrophones 

per array) and spaced 60 cm apart (see Figure 2b). The hydrophones were 75 cm 

and 125 cm below the surface of the water. All trials were recorded with a video 

camera (Profiline CTV7040, Abus, Germany). Prey (2-4 freshly thawed dead fish) 

were dropped into the pool in front of the hydrophones (ESM1). After the prey were 

introduced, the water above was splashed to attract attention and each porpoise was 

then released by the handler. For the solo trials, a single porpoise was released 
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alone and for the paired trials, two porpoises were released at the same time 

approximately 2-4 m apart (horizontally) at the same short end of the pool (ESM1). 

Only trials in which the porpoise(s) swam and produced clicks directly towards the 

hydrophone array were analysed. 

Echolocation clicks from the solo and paired porpoises were collected from 

the moment of release until prey capture, for a maximum of 5 seconds. Signals were 

amplified and filtered using a custom-made conditioning box and simultaneously 

converted (analog to digital) with 16-bit resolution at 500 kHz per channel (National 

Instruments PXI-6123). These echolocation clicks were analyzed with MATLAB 

(MathWorks) and custom scripts (written by M. Wahlberg). Two-dimensional location 

(x, y coordinates) was determined for each emitted click using hydrophone arrival 

time differences. Animal depth was estimated from the videos. 

 

Porpoise trials: solo and pairs 

For each recorded click, the following parameters were measured: source level (dB 

re 1 µPa pp), beam heading (0-360 degrees off-target position, using the acoustic 

axis of the emitted click), maximum receiver (i.e. which hydrophone picked up the 

strongest signal), peak frequency (kHz), click duration (µs), -10 dB bandwidth (kHz, 

measured at 10 dB from peak frequency on the FFT/power spectrum), and click 

interval (ms, measured from the start of focal click to the start of the next click on the 

oscillogram). Porpoise recordings consisted only of approach and buzz phases, 

since the target had already been identified before release (due to splashing the 

water to draw attention to the target). The approach phase was defined as when the 
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click interval measured below 50 ms, and the buzz phase was defined as occurring 

when the click interval was < 13 ms (Verfuβ et al. 2008; Wisniewska et al. 2015). For 

all recordings (solo and paired), the length of approach and terminal buzz phases 

were measured, with respect to length of time (in seconds) and the number of clicks 

produced. These data, however, were not used in the analysis because the 

assignment of clicks to individual porpoises around the transition between approach 

and buzz phases was difficult due to the stereotyped nature of porpoise clicks (i.e. 

clicks exhibit little individual variation). After excluding any clicks without confident 

individual assignment, I decided not to present data on phase duration and click 

count, as I believe these might give a false impression of acoustic behaviour 

between paired versus solo hunting conditions. 

 

Matching trajectories: bats and toothed whales 

For both the bat and porpoise data, I wanted to compare solo and paired acoustic 

and behavioural data as robustly as possible. Since the physical trajectory of a given 

individual can dramatically alter the patterns observed in both physical behaviour as 

well as in signals emitted, I elected to match flight / swim trajectories prior to analysis 

and to run statistical comparisons between solo and paired files in which the 

flight/swim trajectories were similar. Trajectories were re-created from the 

coordinates (x, y, z for bats; x, y for porpoises) determined by the custom MATLAB 

scripts. Each solo trajectory was visually matched as closely as possible with a 

paired trajectory from a paired file and analyses were performed on the acoustic 



 38 
 

signals and behavioural data contained within those two files. This process was 

repeated for each of the solo flight (N = 7) and solo swim (N = 5) trials. 

 

Statistical analyses 

Solo v. Paired: Acoustic analysis 

Signals from all trials were separated into distinct foraging phases defined by pulse 

intervals (PIs) prior to analysis. Signals were separated into three phases for bats 

and two phases for porpoises; search phase (pulse interval > 50 ms; bat data only), 

approach phase (50 ms ≤ pulse interval ≥ 11 ms for bat data; 50 ≤ pulse interval ≥ 13 

for porpoise data), and terminal buzz phase (pulse interval < 11 ms for bats, pulse 

interval < 13 for porpoises). For all data sets, Wilcoxon Signed-Rank tests were 

conducted to determine if differences in the following parameters existed between 

hunting condition (i.e. solo versus paired): average phase duration (bats only), 

number of signals (bats only), pulse interval (both groups), signal duration (both 

groups), peak frequency (both groups), minimum signal frequency (bats only), 

maximum signal frequency (bats only), and fundamental -10 dB bandwidth (both 

groups, see Tables 1 and 2). For bats, source levels (signal intensities) were 

converted into pascals for solo versus paired comparisons and re-converted into dB 

SPL for presentation. For porpoise data, such conversions were not feasible due to 

computational limits. Porpoise source levels, then, were compared using median dB 

values. Source levels were compared using Wilcoxon Signed-Rank tests (z-scores 

presented in Tables 1 and 2). 
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Solo v. Paired: Behavioural analysis 

When contending with conspecifics during a hunting event, individuals may need to 

divide their attention between the target they are attempting to intercept and the 

conspecific, potentially as a form of competition (i.e. to ensure first access to the 

target) or as a means of avoiding collisions. To determine if echolocators divided 

their attention between the target and the conspecific during paired motor activities, I 

analyzed and compared the aim / direction values of the bats and porpoises with the 

matched flight / swim paths in the paired trials (N = 7 for bats; N = 5 for porpoises) 

with the aim values for the trajectory-matched solo bat and porpoise (N = 7, N = 5, 

respectively). Within groups, I also collapsed and compared aim values for all paired 

bats and all paired porpoises with all solo bats and all solo porpoises of matched 

trajectories to get a sense of overall echolocator beam direction differences. Aim 

values are the calculated measurement (in degrees) of the direction that a signals 

beam was emitted at the moment it was captured by a given microphone and were 

determined by the custom MATLAB scripts (Jakobsen). Briefly, each signal in a trial 

had a designated microphone / hydrophone at which most of the energy in the 

vocalization was directed. Using the source levels of signals at all surrounding 

microphones, the MATLAB script calculated the direction the signal was emitted (i.e. 

the direction the bat’s mouth was facing, or the direction the porpoise’s head was 

facing). 

I only analyzed aim values for vocalizations emitted during the attack 

sequence (i.e. from the beginning of the approach phase up until the end of the buzz 

phase) for each individual. For each trial, I set the average aim direction during the 
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buzz phase to zero, as this was assumed to represent each individual “looking” 

towards the target. I then re-calculated the remaining aim values to represent 

deviations from zero (i.e. from the target) throughout the attack sequence. Using a 

circular statistics analysis program (Oriana, Kovach Computing Services, Anglesey, 

Wales), I calculated the following information for each paired and solo echolocator 

with matched flight / swim trajectories in each trial, as well as for all paired and all 

solo echolocators, combined: mean aim direction (µ), standard deviation. I used 

Watson’s U2 value to test for von Mises distribution, and V-test’s to test for deviations 

from a set mean. V-test values indicated whether the mean aim value was different 

from the set direction (zero degrees in this case, see Table 3). Watson’s U2 values 

indicated if the distribution of aim values conformed to a von Mises distribution (i.e. 

circular normal distribution / continuous probability distribution on a circle). I also 

compared mean aim values between a paired and solo echolocator with matching 

trajectories, using a two-sample t-test to determine if mean aim directions for each 

individual under the separate hunting conditions differed from one another. Since 

there was no evidence in any trials of a von Mises distribution of aim values (N = 0), I 

compared paired and solo means using a non-parametric Mardia-Watson-Wheeler 

test (Table 3). 

 

Results 

Bat acoustic results 

Bat acoustic results are summarized in Table 1. Representative buzzes for both solo 

and paired bat conditions are depicted in Figure 3a and b. In the search phase, I 
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found differences in fundamental bandwidth. Paired bats produced calls with 

narrower bandwidths (35.48 ± 6.8 kHz) than solo bats (50.63 ± 11.4 kHz; Wilcoxon 

Signed-Rank test: z = 2.3, P = 0.022). Paired bats in the approach phase emitted 

fewer calls (9.57 ± 3.0 calls) than solo bats (15.29 ± 3.2 calls; Wilcoxon Signed-Rank 

test: z = 2.69, P = 0.007). Finally, paired bats in the buzz phase produced shorter 

buzzes (84.58 ± 14.9 ms) than those flying alone (117.74 ± 17.0 ms; Wilcoxon 

Signed-Rank test: z = 2.68, P = 0.007). Paired bats in the buzz phase also emitted 

fewer calls (12.43 ± 2.0 calls), had longer pulse intervals (7.05 ± 0.6 ms), and higher 

minimum fundamental frequencies (30.17 ± 4.2 kHz) when compared to solo 

measurements (19.29 ± 2.5 calls, 6.41 ± 0.2 ms, and 26.88 ± 1.73 kHz, respectively; 

Wilcoxon Signed-Rank tests: z = 3.09, P = 0.002, z = -2.68, P = 0.007, and z = -3.07, 

P = 0.002, respectively). Some trends failed to reach significance, including: in all 

phases, paired bats produced calls with lower maximum fundamental frequencies 

and narrower bandwidths. In the search and buzz phases, but not the approach 

phase, paired bats produced calls that tended to have higher source levels and call 

durations (Table 1). 

 

Bat behavioural results 

Overall, both solo and paired bats produced echolocation signals with a mean 

direction of zero degrees (i.e. in the assumed direction of the target; 1.6˚ vs 346.6˚, 

respectively). V-test results for combined paired and combined solo trials suggest 

that these mean directions are not different from zero degrees. Indeed, the majority 

of individual trials for solo bats (N = 6) and paired bats (N = 6) also show mean aim 
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directions as not different from zero degrees (see Figure 3c and d for representative 

circular arrow graphs of a single trial paired (c) and solo (d) bat). When comparing 

solo and paired mean aim directions to each other (as opposed to comparing mean 

aim directions to zero degrees), 3 of the 7 trials had significant Mardia-Watson-

Wheeler results suggesting that the mean aim directions were different from one 

another, while the remaining 4 trials show no difference between solo and paired 

directions. However, when all paired and all solo trials are collapsed, no difference in 

mean aim directions was detected. In 6 of 7 trials, the mean direction for solo bats 

was closer to zero than the mean direction for paired bats, however as indicated 

above, the majority of these differences were not significant. Bat behavioural results 

are summarized in Table 2. An illustration of two bats flying together, indicating their 

simultaneous x-positions and call directions, is provided in Figure 3e, while an 

illustration of a bat flying alone is depicted in Figure 3f. 

 

Porpoise acoustic results 

Since my sample sizes for porpoises was small (N = 3 porpoises, N = 5 matched 

trials) applying appropriate statistical tests was difficult. As such, I chose to describe 

the results here, and include the statistical analyses in Table 3. As was the case for 

the bats, each trial compared a solo porpoise (one of the three porpoises swimming 

alone) with a paired porpoise (one of the three porpoises, swimming with a second of 

those three porpoises, along a swim trajectory best matching that of the solo 

porpoise). Representative buzzes for both solo and paired porpoise conditions are 

found in Figures 4a and b. 
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While no significant differences were observed in the approach phase, paired 

porpoises emitted clicks with higher source levels (more intense signals; 146.52 ± 

4.9 dB) than solo porpoises (138.3 ± 4.1 dB) during the buzz phase (Wilcoxon 

Signed-Rank test: z = -2.09, P = 0.037). With respect to peak frequency and -10 dB 

bandwidth, no consistent trends were observed in either phase. Click duration and 

click interval were consistently longer for paired porpoises (approach phase: 94.8 ± 

2.2 µs, 22.5 ± 2.8 ms respectively; buzz phase: 100.8 ± 12.4 µs, 3.19 ± 1.2 ms 

respectively) than for porpoises hunting alone (approach phase: 86.8 ± 6.9 µs; 20.96 

± 5.0 ms respectively; buzz phase: 99.8 ± 16.5 µs, 2.54 ± 0.7 ms respectively). 

 

Porpoise behavioural results 

Similar to the bat results, paired and solo porpoises (both in individual trials as well 

as when combined over all trials) had mean aim directions not different from zero 

degrees (N = 6 comparisons; 355.2˚ vs 347.4˚ for combined trials, respectively). 

After comparing solo and paired mean directions to each other, however, my results 

suggest paired porpoises and solo porpoises differed in the majority of trials, as well 

as between overall paired and solo data. Refer to Figure 4c and d for representative 

circular arrow graphs of a paired (c) and solo (d) porpoise from a single trial. In only 

one porpoise trial were there equivalent mean aim directions for both conditions. In 4 

of 5 trials, the mean direction for the solo porpoise was closer to zero than the mean 

direction for the paired porpoise (see Table 4). An illustration of two porpoises 

swimming together, indicating their simultaneous x-positions and click directions, is 
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provided in Figure 4e, while a similar illustration of a porpoise swimming alone is 

depicted in Figure 4f. 

 

Discussion 

My results suggest that the presence of conspecifics when hunting influences bats 

and porpoises both similarly and dissimilarly with respect to acoustic and behavioural 

adjustments. Both bats and porpoises hunting with conspecifics show evidence of 

the Lombard effect (Tables 1 and 3). Bats also appear to show some potential 

overlap between clutter response and jamming avoidance response but at the same 

time, no consistent change in call direction under different hunting conditions (Table 

2; Figures 3c and d). Shorter buzz durations are consistent with a clutter response, 

emitting fewer calls with longer pulse intervals would be more beneficial to avoid 

echolocation signal jamming, and narrower bandwidths with higher minimum 

frequencies reflect aspects of the Lombard effect (Table 1). These results suggest 

that the acoustic flexibility observed in aerial hawking bats may allow for the use of 

multiple vocal and behavioural responses to focus the attention during instances of 

high acoustic clutter. Porpoises, on the other hand, show few acoustic responses to 

conspecifics but consistent evidence of signal direction changes when hunting in 

pairs (Tables 3 and 4; Figures 4c and d) and thus may depend more on behavioural 

adjustments to contend with conspecifics than spectral / temporal shifts in 

echolocation signal production. 

The three general theories (Lombard effect, jamming avoidance response, 

and clutter response) each reflect a different interpretation of what conspecifics 
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represent as well as different goals of acoustic adjustments. Under JAR, conspecifics 

represent flexible acoustic signals masking the signals and echoes of the focal 

animal. The acoustic shifts that characterize a jamming avoidance response aim to 

separate one’s vocal signal from the vocal signals of others. In a clutter response, 

conspecifics can better be thought of as silent, physical obstacles and changes in 

vocalizations reflect call changes made as bats approach objects and may potentially 

also reflect an attempt to distinguish between echolocation signals / echoes and the 

less relevant echoes returning from those obstacles. Finally, the Lombard effect 

suggests that conspecifics are dealt with the same way as noise that masks the 

relevant frequencies of echolocation signals and returning echoes. The vocal 

changes observed during the Lombard effect make one’s own signals more salient 

and thus detectable. The specific acoustic changes thought to represent these 

hypotheses, specifically jamming avoidance response and clutter, can be 

contradictory and / or similar between responses. Below I explore each hypothesis 

with respect to the findings to identify why assigning spectral and / or temporal shifts 

to a single response type (i.e. jamming avoidance response, clutter, Lombard) may 

be misleading. 

 

Jamming Avoidance Response 

The key feature of a jamming avoidance response is the separation of signals from 

multiple sources, either with respect to spectral components, temporal components, 

or both. A jamming avoidance response between echolocators should be reflected 

by an active change in signal emission such that the vocalizations being produced 
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become more different from one another (Ulanovsky et al. 2004). Increases in signal 

frequency have been identified as representative of jamming avoidance as well as 

clutter and Lombard effect responses. Indeed, I observed an increase in minimum 

signal frequency in my bat data, although only during the buzz phase (Table 1), 

which may reflect a potential jamming avoidance response as higher frequencies 

promote increased signal directionality and, in turn, an increased signal-to-noise 

ratio (SNR) due to fewer extraneous returning echoes (Jones et al. 2018). Additional 

purported spectral evidence of a jamming avoidance response is increased 

bandwidth (Amichai et al. 2015; Hase et al. 2018). Increasing signal bandwidth 

would permit greater range of available frequencies for spectral shifts, thus allowing 

the most energy-rich frequency to be shifted more easily (Ulanovsky et al. 2004). 

However, I observed a decrease in fundamental bandwidth across all bat flight 

phases, although significant declines were observed only in the search phase and 

no such differences occurred for porpoise comparisons (see Tables 1 and 3). This 

decrease in bandwidth could instead reflect an aspect of the Lombard effect (see 

below). 

Other jamming avoidance response evidence includes adjustments in the 

temporal aspects of vocalizations. Some studies suggest that increasing the number 

of signals reflects a jamming avoidance response due to simply increasing the 

number of available signals for echo return (Amichai et al. 2015), however I suspect 

this response would be more indicative of the Lombard effect (i.e. an attempt to 

increase signal detectability, as opposed to separating signal overlap). Conversely, 

other studies suggest that decreasing the number of signals during interference is 
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more effective in reducing the likelihood of jamming, as there would be fewer 

vocalizations and echoes with which to overlap (Chiu et al. 2009; Jarvis et al. 2013; 

Adams et al. 2017). Because click counts were excluded from analysis, I can only 

speak to the changes in number of signals emitted for bat trials. The decrease in call 

numbers I observed, then, could theoretically represent a form of jamming avoidance 

response (see Table 1). The observed increase in pulse intervals (PIs; Table 1) 

during paired hunting for both bats and toothed whales may also lend support to a 

jamming avoidance response; signals emitted further apart from one another would 

reduce the likelihood that those signals would experience temporal overlap. Previous 

research suggests that extraneous acoustic signals only disrupt bat echolocation 

when those signals fall within a critical time window (Miller 1991; Ratcliffe and 

Fullard 2005; Corcoran et al. 2011). Greater pulse intervals, then, may allow 

conspecifics to better avoid signal overlap within these windows. 

 

Clutter Response 

While some characteristics of a putative jamming avoidance response are in dispute, 

the key aspects of a clutter response are relatively consistent. Most if not all work 

regarding clutter responses in laryngeally echolocating bats describe such responses 

as pronounced decreases in signal duration and amplitude in conjunction with 

increased signal bandwidth and higher peak frequencies (Arlettaz et al. 2001; 

Schnitzler and Kalko 2001; Broders and Forbes 2004; Sümer et al. 2009). Shorter 

call durations with lower source levels are thought to reduce pulse-echo overlap, 

allowing echolocators to distinguish between the relevant and irrelevant echoes 
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returning from obstacles (Fawcett and Ratcliffe 2015). Increased bandwidths and 

higher peak frequencies should (i) allow for the separation of echoes from multiple 

sources, (ii) enhance spatial resolution, and (iii) make signals more directional and 

informative to allow for safe passage through vegetation (Moss et al. 2006; Boonman 

and Ostwald 2007). Of these responses, I only found an increase in minimum 

fundamental signal frequency, theoretically supporting separation between target 

and clutter echoes (Sümer et al. 2009; Table 1). Increased frequency, however, is 

also indicative of a jamming avoidance response and the Lombard effect, again 

consistent with the supposition that response assignment based on spectral and 

temporal adjustments may be misleading. 

Temporally, an increase in signal emission rate would generally indicate a 

clutter response, as increasing the amount of information returning to the echolocator 

would reduce the likelihood of collisions and echoic ambiguities (Kalko and 

Schnitzler 1993; Fawcett and Ratcliffe 2015; Adams et al. 2017). As indicated above, 

however, I observed a decrease in signal emission by bats and an increase in pulse 

interval (i.e. greater signal separation) in both bats and porpoises (see Tables 1 and 

3). These observed rates and number of signals emitted, therefore, do not support a 

clutter response. Finally, studies report that within cluttered environments, shorter 

buzzes are employed to reduce the amount of time in which an echolocator 

experiences the potentially overwhelming information returned from such a high 

number of target and clutter echoes (Moss et al. 2006; Hulgard and Ratcliffe 2016). 

My results, then, may support a clutter response by bats with respect to average 

buzz duration or, instead, may reflect bats trading off improved accuracy for faster 
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acquisition times in the face of competition from conspecifics hunting for the same 

food reward (Table 1). 

 

Lombard Effect 

Both jamming avoidance responses and clutter responses suggest intentional 

changes in signal production. The Lombard effect, on the other hand, happens in 

humans without conscious thought (Zollinger and Brumm 2011). The Lombard effect 

has been reported for many different animals, including bats and toothed whales 

(Tressler and Smotherman 2009; Hotchkin and Parks 2013; Tyack and Janik 2013). 

The involuntary nature of the effect suggests that shifts to higher signal intensities is 

not to avoid overlapping with other signals (i.e. jamming avoidance response) or to 

avoid the distractions of extraneous echoes (i.e. clutter response), but exclusively to 

increase the saliency of one’s own signals when experiencing noise with ecologically 

relevant frequencies. The primary defining characteristic of the Lombard effect is an 

increase in source level, with the ultimate goal of increased signal-to-noise ratios and 

effective communication (Hage et al. 2013; Luo et al. 2017). While I observed no 

changes in bat source levels, I did observe a significant increase in signal amplitude 

during the buzz phase in paired versus solo porpoises (Table 3). 

Changes in signal frequency, duration, and bandwidth have also been 

attributed to the Lombard effect (Au et al. 1985; Parks et al. 2010; Bunkley et al. 

2015). Higher signal frequencies shift energy away from lower, more easily masked 

frequency components, reducing interference from background noise. As indicated 

above, I observed shifts to higher minimum signal frequencies under paired bat 
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hunting conditions, a response seemingly indicative of all three response types (see 

Table 1). Longer signal duration increases the amount of energy present, thus 

effectively increasing signal-to-noise ratios (Chiu et al. 2009; Bunkley et al. 2015; 

Jones et al. 2018). These signals and echoes, then, become more redundant and 

easily detectable among similarly pitched noise. While I observed no changes in 

signal duration between solo and paired conditions in any phase of my bat data 

trials, I did detect a trend across approach and buzz phases for paired porpoises to 

emit longer clicks, similar to that described by Tyack and Janik (2013; Table 3). 

Finally, narrower bandwidths also increase signal-to-noise ratios, and may thus 

represent outcomes of the Lombard effect, by concentrating signal energy into a 

narrower band of frequencies and thus activating a smaller number of frequency-

tuned neurons but increasing the given activity of a given frequency-tuned neuron 

within that bandwidth (Bunkley et al. 2015; Jones et al. 2018). My results suggest 

that bats narrow their bandwidths while hunting in pairs, but that porpoises do not 

(see Tables 1 and 3). 

 

Directed Attention 

With respect to behaviour, I focused on the direction of a signal (and theoretically the 

direction of that individual’s attention) during the attack phase. Under any hunting 

conditions (solo or otherwise), echolocators will benefit from maintaining directed 

attention towards their target, as directionality will promote the highest signal-to-

noise ratio of echoes returning from the target and maximize the likelihood of capture 

(Ghose and Moss 2003). When multiple targets are present, however, it may benefit 
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echolocators to divide their attention amongst these objects of interest. That is, 

echolocators would benefit from the knowledge of multiple prey items to increase 

foraging efficiency, as well as from the knowledge of obstacle position to avoid 

collisions (Fujioka et al. 2014). When an additional target takes the form of a 

conspecific actively hunting for the same resource, dividing attention between prey 

items and the nearby conspecific may also give echolocators a competitive 

advantage. 

These behavioural results suggest that bats, in general, did not divide their 

attention between their prey target and their conspecific during paired hunting. Solo 

and paired bats both emitted calls that, on average, did not deviate from the target 

during the attack phase (6 of 7 solo bats, 6 of 7 paired bats). Furthermore, in most 

trials, the direction of solo bat calls was not different from the direction of paired bat 

calls (Table 2, Figure 3). In 2 of the 3 trials in which solo and paired directions were 

not equivalent, the solo bats aimed their signals closer to the target than the paired 

bat. The ability of bats to engage in competitive foraging without noticeable 

deviations in attention away from the target suggests bats do not consider 

conspecifics to be a cause for concern. Bats do, however, make some acoustic 

adjustments when flying with conspecifics. These results may instead indicate that 

bats are aware of their conspecifics but choose to maintain directional attention on 

the target. Perhaps bats listen to one another to track each other’s position in shared 

space (see below). 

All porpoises (solo and paired) appear to maintain a focused attention on their 

targets but do so differently between hunting conditions. Under both conditions, all 
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porpoise trials analyzed showed click directions towards the target (Table 4, Figure 

4). When comparing the directions between solo and paired (as opposed to between 

attention direction and the direction of the target), I found that in 5 of 6 comparisons, 

including the combined average of all trials, the direction of the paired porpoise 

clicks is significantly different from that of the solo porpoises and that, in general, the 

paired porpoises emitted their clicks at an average direction that was further away 

from the target than solo porpoises, suggesting that when hunting in pairs porpoises 

do track one another using echolocation. 

The differences observed between the bat and porpoise behavioural / 

attention data may reflect a trade-off between acoustic signal adjustments and 

attentional adjustments: bats make several acoustic changes in the presence of 

conspecifics, whereas porpoises significantly alter only the intensity of their signals, a 

change that would not promote the identification or localization of their conspecific. 

Bats appear to forgo behavioural changes due to their use of spectral / temporal 

adjustments, while porpoises instead engage in attention splitting between targets 

and their environment. In other words, if echolocators are able to contend with 

conspecifics through acoustic changes (i.e. bats), they may not also need to shift 

attention towards them, but if echolocator vocalizations are so precise and 

conserved that adjusting them is not realistic (i.e. porpoises), they might need to 

resort to attention deviations to avoid collisions or as a means of securing a 

competitive advantage. However, this is only conjecture and further research is 

required to determine how echolocators attend to each other. 
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Concluding Remarks 

In describing my results as they support or refute various acoustic responses to 

conspecifics, it is clear that the literature-based descriptions and definitions of 

jamming avoidance response, clutter response, and the Lombard effect overlap 

which may lead to confusion. Additional complications in response assignment arise 

from the understanding that different bat species, engage in acoustic responses to 

obstacles, noise, and conspecifics in different ways, depending on the types of 

signals typically produced (Jones et al. 2018). Indeed, I observed individual 

differences along the entire spectrum of acoustic adjustments. Making specific 

predictions regarding which response is being employed based on observed acoustic 

changes is complex. Exploring each response with respect to the ideal outcomes of 

spectral and / or temporal adjustments, as well as the unique representation of 

conspecifics, allows for a more informative explanation of signal changes. Under 

these conditions, and in conjunction with my behavioural results, I argue that these 

acoustic measurements best support the Lombard effect as opposed to any 

intentional signal shifts. 

A jamming avoidance response necessarily indicates that signal adjustments 

are being made to minimize signal overlap, and I observed only minor temporal 

changes from paired bat data that could theoretically support this notion. Clutter 

responses require echolocators to actively attend to their conspecifics in order to 

avoid collisions. My behavioural results, however, provide no evidence that bats 

acknowledge the position of conspecifics. Porpoises do appear to shift their attention 

away from the target under paired conditions, likely towards the other porpoise. Most 
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of my results support the goal of increasing vocalization / echo signal-to-noise ratio 

and therefore individual signal detectability. In other words, my results suggest that 

conspecifics likely represent acoustic background noise as opposed to static 

obstacles or flexible signals and thus echolocators experience the Lombard effect. 

Since echolocation evolved in both bats and toothed whales tens of millions of years 

ago, it seems reasonable both contend with conspecifics via cross correlation of 

signals to echoes as opposed to active signal changes. 

An additional, but not mutually exclusive, explanation for some of the more 

unexpected bat results (specifically narrower bandwidths) could be simple 

competition. A trade-off exists between narrowband and broadband frequency 

modulated (FM) signals: typically, narrowband signals are better for target detection 

and classification, especially of moving objects, but broadband signals are better for 

target localization (Schnitzler and Kalko 2001). Furthermore, frequency modulated 

signals with narrower bandwidths increase an echolocators ability to detect small 

objects at greater distances (Boonman and Schnitzler 2004; Jones and Holderied 

2007). Although narrowband signals would cause a decrease in ranging accuracy, 

these signals would enhance their ability to identify an object at greater distances, 

thus perhaps allowing echolocators hunting in pairs to (i) detect prey faster than their 

conspecifics and also (ii) be consistently aware of the general location of their 

conspecific, either to avoid collisions or to ensure a competitive advantage with 

respect to prey. Assuming that paired hunting conditions involve conspecifics 

attempting to acquire a limited resource, my results suggest that the spectral 
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changes with respect to bat bandwidth may reflect the bats attempting to detect and 

intercept a target more quickly and efficiently than nearby conspecifics. 

In summary, I have provided the first comparison of bat and toothed whale 

foraging behaviour under the condition of conspecific influence and identified several 

areas that require further research. I have reported differences in both behavioural 

and signal flexibility between these two animals. I conducted trials with relatively 

small sample sizes, especially for the toothed whales. Additional trials with different 

individuals would likely increase the relevance of these results, as well as provide 

more information regarding how echolocators respond to group hunting conditions. 

That said, the differences I report here between the two species groups, 

vespertilionid bats and toothed whales, may reflect real differences in evolutionary 

foraging history / behaviours between these animals. 
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Figure Legends 
 
 
 
 
Figure 1. Flight room set-up for bat trials. Dimensions of the room (length, width, 

height) and floor pool (length, width) are indicated with black and white arrows, 

respectively. Microphones (N = 12) are indicated by white, dashed circles. 

 
 
Figure 2. (A) Outdoor enclosure for porpoise acoustic recordings. Dimensions of 

pool (length, width) indicated with white arrows. Location of prey placement indicated 

by white circle and location of porpoise release indicated by white “X”. (B) Three-

dimensional view of the underwater recording area. Hydrophones (N = 16) are 

depicted by black circles. 

 
 

Figure 3. Summary of paired and solo bat acoustic and behavioural attention data. 

(A) Terminal feeding buzz of Bat 1 with Bat 2 orientation calls indicated by an 

asterisk (*) at the top of the oscillogram (top) and along the bottom of the 

spectrogram (bottom). (B) Terminal feeding buzz of bat flying alone. Calls are shown 

in an oscillogram (top) and spectrogram (bottom). (C) Circular arrow graph indicating 

the direction of calls up until the end of the buzz for Bat 1 in the paired trial. 0 / 360˚ 

represents the direction of the target, and the length of each arrow corresponds to 

the frequency at which calls were emitted in that direction (i.e. longer arrows indicate 

the bat called in that direction relatively more often). The mean call direction (N = 83 

calls, µ = 351.7˚) and standard error (SE = 21.1) are indicated by the thicker black 

line extending beyond the outer circle. (D) Circular arrow graph indicating the 
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direction of attention of calls up until the end of the buzz for a bat in a solo trial. The 

mean call direction (N = 40 calls, µ = 350.2˚) and standard error (SE = 15.0) are 

indicated. Position and beam direction of calls emitted by bats flying together 

(simultaneous x-coordinates of Bat 1 and Bat 2 in panels A and C) are shown in 

panel (E) while those for the solo bat (from panels B and D) are shown in panel (F). 

Note that arrows indicate the direction of emitted beam, in reference to a hypothetical 

circle (shown in light grey around the flight paths) in which the target is located at 0 / 

360˚ (direction (not specific location) indicated by “X”). 

 
 
Figure 4. Summary of paired and solo porpoise acoustic and behavioural attention 

data. (A) Terminal feeding buzz of Porpoise 1 with Porpoise 2 orientation clicks 

indicated by an asterisk (*) at the top of the oscillogram (top) and along the bottom of 

the spectrogram (bottom). (B) Terminal feeding buzz of porpoise swimming alone. 

Clicks are shown in an oscillogram (top) and spectrogram (bottom). (C) Circular 

arrow graph indicating the direction of clicks up until the end of the buzz for Porpoise 

1 in the paired trial. 0 / 360˚ represents the direction of the target, and the length of 

each arrow corresponds to the frequency at which clicks were emitted in that 

direction (i.e. longer arrows suggest the porpoise clicked in that direction relatively 

more often). The mean click direction (N = 96 clicks, µ = 336.2˚) and standard error 

(SE = 1.8) are indicated by the thicker black line extending beyond the outer circle. 

(D) Circular arrow graph indicating the direction of attention of clicks up until the end 

of the buzz for the porpoise in the solo trial. The mean click direction (N = 48 clicks, 

µ = 15.0˚) and standard error (SE = 2.6) are indicated. Position and beam direction 
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of clicks emitted by porpoises swimming together (simultaneous x-coordinates of 

Porpoise 1 and Porpoise 2 in panels A and C) are shown in panel (E) while those for 

the solo porpoise (from panels B and D) are shown in panel (F). Note that arrows 

indicate the direction of emitted beam, in reference to a hypothetical circle (shown in 

light grey around the swim paths) in which the target is located at 0 / 360˚ (direction 

(not specific location) indicated by “X”). 
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Table Headings 
 
 
 
 

Table 1. Summary of echolocation behaviours in each phase for bat trials. Shown are 

the mean (± SD) spectral and temporal call parameters, number of calls, and call 

intensity for solo and paired bats in the search, approach, and terminal buzz phases 

across 7 trials. Results of Wilcoxon Signed-Rank tests between solo and paired hunting 

conditions are reported for each measure along with P-values. 

 

 

Table 2. Summary of call directions for solo and paired bat trials. Shown are the mean 

( 1 Standard deviation, SD) directions of bat calls emitted for 7 trials (7 solo trials and 7 

paired trials), as well as for the average of all trials together. Results of V-tests for solo 

and paired call directions (whether the mean is different from zero degrees) are 

reported for each trial along with P-values. When P < 0.05, mean call direction was not 

different from zero degrees. Results of Mardia-Watson-Wheeler tests for assessing the 

similarity between average solo and average paired call directions are reported for each 

trial along with P-values. When P < 0.05, mean call directions of solo and paired trials 

are different from one another. 

 

 

Table 3. Summary of echolocation behaviours in each phase for porpoise trials. Shown 

are the mean (± SD) spectral and temporal click parameters, number of clicks, and click 

intensity for solo and paired porpoises in the search, approach, and terminal buzz 

phases across 5 trials. Results of Wilcoxon Signed-Rank tests between solo and paired 

hunting conditions are reported for each measure along with P-values. 
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Table 4. Summary of click directions for solo and paired porpoise trials. Shown are the 

mean (± SD) directions of porpoise clicks emitted for 5 trials (5 solo trials and 5 paired 

trials), as well as for the average of all trials together. Results of V-tests for solo and 

paired click directions (whether the mean is different from zero degrees) are reported for 

each trial along with P-values. When P < 0.05, mean click direction was not different 

from zero degrees. Results of Mardia-Watson-Wheeler tests for assessing the similarity 

between average solo and average paired click directions are reported for each trial 

along with P-values. When P < 0.05, mean click directions of solo and paired trials are 

different from one another. 
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Abstract 

Laryngeally echolocating bats produce a rapid succession of echolocation calls just 

before landing. These landing buzzes exhibit an increase in call rate and decreases in 

call peak frequency and duration relative to pre-buzz calls and resemble the terminal 

buzz phase calls of an aerial hawking bat’s echolocation attack sequence. Sonar strobe 

groups (SSGs) are clustered sequences of non-buzz calls whose pulse intervals (PIs) 

are fairly regular and shorter than the PIs both before and after the cluster, but longer 

than the PIs of buzz calls. Like buzzes, SSGs are thought to indicate increased auditory 

attention. I recorded the echolocation calls emitted by juvenile big brown bats 

(Eptesicus fuscus) over postnatal development from birth to 32 days old, when full flight 

has normally been achieved, and tested the following hypotheses: (i) buzz production 

precedes the onset of controlled, powered flight; (ii) the emission of SSGs precedes 

buzzes and coincides with the onset of fluttering behaviour and, (iii) the onset of flight is 

attained first by young bats with adult-like wing loadings. I found that E. fuscus pups 

emitted landing buzzes before they achieved powered flight and produced SSGs 

several days before emitting landing buzzes. Both observations indicate the onset of 

adult-like echolocation behaviour occurs prior to adult-like flight behaviour. Pups that 

achieved flight first were typically those that also first achieved low, adult-like wing 

loadings. My results demonstrate that echolocation and flight develop in parallel but 

maybe temporally offset, such that sensory system precedes locomotory system. 
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Introduction 

Bats are uniquely characterized as the only mammals capable of powered flight. While 

a minority of today’s bat species do not echolocate, the common ancestor of all bats 

was likely both a laryngeal echolocator and an adept flier (Veselka et al. 2010; 

Thiagavel et al. 2018). As such, the first bat and the majority of chiropteran species 

alive today reflect an ancient transition (> 65 mya) from a non-volant, vision-reliant, 

nocturnal mammal to one almost exclusively reliant on flight using echolocation to orient 

and find food (Griffin, 1958; Maor et al. 2017; Thiagavel et al. 2018). The ontogeny of 

laryngeally-produced echolocation calls has been studied in a number of bat species 

(e.g., Brown et al. 1983; Balcombe 1990; Jones et al. 1991; de Fanis and Jones 1995; 

Kunz and Robson 1995; Moss et al. 1997; Zhang et al. 2005; Mayberry and Faure 

2015; Mehdizadeh et al. 2018), providing a comprehensive understanding of when 

specific acoustic features appear in the vocal repertoire of pups. Some features include 

the ubiquitous nature of isolation calls: relatively long duration, low frequency, multi-

harmonic vocalizations made in the first few days of life which facilitate infant-mother 

communication (Balcombe 1990; Gelfand and McCracken 1986; Bohn et al. 2007; 

Mayberry and Faure 2015). Adult-like echolocation call designs and the emission of 

rapid buzzes are present in some bat species at one month of age, around the time 

flight is first achieved (Jones et al. 1991; Moss et al. 1997; de Fanis and Jones 1995).  

Powered flight, laryngeal echolocation, and the ability to produce an acoustic 

buzz were three key innovations that allowed the first bats to exploit the then unrealized 

foraging niche of nocturnal flying insects (Griffin 1958; Ratcliffe et al. 2013). 

Documenting flight and vocalization ontogenies is crucial for understanding the 
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concurrent development of this integrated sensorimotor system. The ability of individual 

bats to achieve powered flight is associated with body size and wing morphology. Wing 

loading (WL = m•g/S [N/m2]) describes the relationship of body mass (m [kg]) multiplied 

by the net acceleration due to Earth’s standard gravity (g [m/s2]) divided by the wing 

area (S [m2]) (Findley et al. 1971; Norberg and Rayner 1987; Norberg and Fenton 

1988; Adams 1996; Stern et al. 1997). All else equal, animals with lower wing loadings 

produce greater lift that allow slower, more manoeuvrable flight than those with higher 

wing loadings (Norberg and Rayner 1987). Wing aspect ratio (henceforth referred to as 

aspect ratio; AR = B2/S) is the ratio of wing span (B) to wing area (S); bats with long, 

narrow wings have higher aspect ratios than bats with short, wide wings. During 

development, juvenile bats have higher wing loadings and lower aspect ratios than 

adults because their wing area is lower. Wing area also initially increases more rapidly 

than wing span, but both measures reach near adult values around the time of a pup’s 

first sustained flight around 24 days after birth (O’Farrell and Studier 1973; Powers at al. 

1991; de Fanis and Jones 1995; Papadimitriou et al. 1996; McLean and Speakman 

2000). It is not entirely clear how wing development relates to echolocation 

development and flight transitions.  

Echolocation works by comparing temporal and spectral differences between 

outgoing calls and reflected echoes to infer information about the environment 

(Neuweiler 1990; Moss and Surlykke 2010). Echolocation is an active and dynamic 

sensing process where bats not only alter the design of individual call emissions (e.g. 

peak frequency, bandwidth, duration, beam width) but also their temporal patterning to 

maximize information acquisition for goal-directed behaviour and perception (Moss and 



 80 
 

Surlykke 2001; Moss et al. 2006). Bats decrease the pulse interval (PI) between 

successive vocalizations with decreasing distance to a target during hunting and landing 

manoeuvres. For example, in free flight the big brown bat (Eptesicus fuscus) emits 

search phase calls up to 20 ms in duration with pulse intervals ranging from 20 to >100 

ms, but during the terminal buzz phase they decrease call durations and pulse intervals 

to < 1 ms and < 13 ms, respectively (Surlykke and Moss 2000; Moss and Surlykke 

2001). Most laryngeally echolocating bats also emit a rapid burst of short duration calls 

with pulse intervals < 13 ms (i.e. at rates over 76 calls/s) when landing on surfaces—the 

so-called landing buzz (Melcón et al. 2007; Ratcliffe et al. 2013). Landing buzzes 

closely resemble the initial component of buzzes emitted by bats during aerial hawking 

attack sequences (Griffin et al. 1960; Tian and Schnitzler 1997; Melcón et al. 2007) and 

those buzzes emitted prior to drinking (Greif and Siemers 2010). It is believed that 

landing buzzes help bats to accurately and efficiently land on surfaces (Melcón et al. 

2007). Among mammals, the ability to emit calls at the rate observed during landing, 

feeding and drinking buzzes reflects a speed of vocal-motor control unique to 

laryngeally echolocating bats (Elemans et al. 2011). 

Additional evidence that bats actively control the temporal patterning of their calls 

is seen by sonar strobing. A sonar strobe / sound group (SSG) is a sequence of 

clustered calls with short pulse intervals bracketed by calls with longer pulse intervals. 

When a sonar strobe / sound group contains ≥ 3 calls, the pulse intervals within the 

group are remarkably stable (Moss et al. 2006). Bats emit sonar strobe / sound groups 

during the search and approach but not terminal phases of echolocation, and when 

faced with challenging tasks, or those that require increased attention. For example, 
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bats commuting from a roost do not emit sonar strobe / sound groups, whereas bats 

foraging in the field and the lab do (Kothari et al. 2014). Use of relatively constant pulse 

intervals within the sonar strobe / sound group is thought to reflect increased auditory 

attention to sharpen the bat’s neural representation of spatial information (Petrites et al. 

2009; Hulgard and Ratcliffe 2016). Similarly, both their frequency of occurrence and 

number of calls emitted per sonar strobe / sound group increases with task complexity 

(Moss et al. 2006; Hulgard and Ratcliffe 2016). 

The co-development of vocal and motor abilities has been observed in many 

different species, including humans (Abney et al. 2014). Although the timing of flight and 

vocal development have, independently, been well studied in juvenile bats, their 

concurrent maturity with respect to landing buzz emissions, the onset of sonar strobe / 

sound group production, and flight milestone transitions have not been systematically 

explored. The big brown bat (E. fuscus) is arguably the world’s most thoroughly studied 

bat species. To my knowledge, the developmental trajectory of buzz call production has 

yet to be systematically explored in any bat, including E. fuscus (but see Moss et al. 

1997 for observations on buzz production in juvenile little brown bats, Myotis lucifugus). 

Previous authors mentioning landing buzzes in E. fuscus pups reported that they 

occurred at the offset of every flight (Buchler 1980; Brown et al. 1983); however, those 

studies looked exclusively at landing buzzes emitted close to a pup’s first flights (i.e. 3-4 

weeks after birth). Here, I report on the development of laryngeal echolocation—both 

call design and the temporal pattern of emission—and the acquisition of controlled, 

powered flight in the same bat pups over the first 32 days of post-natal life. I sought to 

determine at what ages landing buzzes and sonar strobe / sound groups first appear 
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and become indistinguishable from those emitted by adults. I also sought to reveal 

developmental correlations between flight ability, wing morphology, and the production 

of landing buzzes.  

Specifically, I predicted that the development of landing buzzes and adult-like 

echolocation calls would precede powered flight. I also predicted that the emission of 

sonar strobe / sound groups would precede landing buzzes, with sonar strobe / sound 

groups first observed around the time that bats transition between flopping flight versus 

fluttering to the ground. I reasoned that echolocation abilities would develop more 

quickly than flight abilities, hence the timing of sonar strobe / sound group production 

would correspond to the onset of wing beating behaviour in pups. I also tested two 

additional and non-mutually exclusive hypotheses by predicting that bats which moved 

quickly through the various flight phase transitions would develop echolocation abilities 

and reach adult-like (i.e. lower) wing loadings faster compared to conspecifics who 

transitioned through the same flight phases more slowly. 

 

Methods and Materials 

Subjects and trial conditions 

This study was conducted at McMaster University, Hamilton, Ontario, Canada. All 

procedures met the guidelines for the care / use of wild animals in research as per the 

Canadian Council on Animal Care and were approved by the Animal Research Ethics 

Board of McMaster University. Data were collected from 8 male big brown bat pups 

(Eptesicus fuscus, Palisot de Beauvois 1796) born in captivity to wild-caught mothers in 

2017 (March to May). The day of birth was defined as post-natal day zero (PND 0). 
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Pups were recorded either every day or every second day between post-natal day 1 

and post-natal day 32. I stopped recording after post-natal day 32 because at this age 

E. fuscus have reached adult size and are exclusively producing adult-like vocalizations 

(Kurta and Baker 1990; Moss et al. 1997; Mayberry and Faure 2015). Pups not 

discovered on their date of birth and / or deemed too vulnerable to risk maternal 

separation were first recorded on post-natal day 2. 

To ensure I had at least one matched set of adequate acoustic and video files 

per animal per recording day, several trials were conducted each day and a single trial 

with the best matched audio and video recordings was used for analysis. Multiple trials 

were necessary because some bats were uncooperative about making flight attempts or 

they would fly and land in an area not suitably monitored by microphones and cameras. 

When not tested, pups and mothers were housed together in stainless steel wire (1/4” 

mesh) holding cages (28 × 22 × 18 cm; l × w × h) in a temperature and humidity-

controlled room and were provided food (mealworms, Tenebrio molitor) and water ad 

libitum (Skrinyer et al. 2017).  

 

Acoustic data collection 

Acoustic recordings were collected in a flight room (4.9 × 3.3 × 3.3 m) whose ceiling, 

walls and floor were lined with sound attenuating foam (Sonex® Classic; Pinta Acoustic, 

U.S.A.). Recordings took place in darkness and two different microphone set-ups were 

used. At first, the set-up consisted of 6, CM16 microphones (Avisoft Bioacoustics, 

Glienicke, Germany; frequency sensitivity 2 to 200 kHz, frequency response 

approximately flat (± 3 dB) from 25 to 140 kHz). Midway through, the set-up was 
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changed to consist of 9, CM16 microphones. In both configurations, the microphones 

were connected to an Avisoft USGH 1216 A/D converter (16-bit). Thus, bat calls were 

first sampled at 375 kHz per channel, after the microphone configuration changes 

signals were sampled at 250 kHz per channel to accommodate the 3 additional 

microphones.  

The quality of the audio and video data collected in both set-ups was 

indistinguishable and therefore data from both configurations was used in my analysis. 

Microphones were placed throughout the flight room and aimed towards the airspace 

where bats were expected to fall / fly (Figure 1). Acoustic files were 11 s in duration (1 s 

pre-trigger, 10 s hold time) to record all relevant information, as pups would often take a 

few seconds to initiate a flight attempt. Signals were saved to a ThinkPad X240 laptop 

computer (Lenovo, Morrisville, NC, U.S.A.).  

Bats were hand released 60 cm above a table covered with foam. I did this to 

safely break the fall of young pups still unable to fly. This translates to a release point 

130 cm above the floor and in line with the highest recording microphone (Figure 1a, 

1c). The drop site was positioned 30 cm from the wall. Bats departed from the 

researcher’s hand on their own initiative. Young pups simply fell from the researcher’s 

hand onto the foam-lined table, while older pups often took flight immediately. For each 

trial, I noted the category of flight exhibited by the pup (see Flight data collection for 

flight classification key). Upon landing and cessation of movement, the bat’s horizontal 

distance from the drop site was quantified with a measuring tape. I also set up reference 

points with two parallel “hot pack lines” (i.e. two hand warmers per line; Hot Hands, 

Kobayashi, Dalton, GA, U.S.A.) to measure landing distances on images recorded by 1 



 85 
 

or 2 thermal cameras (T480, FLIR, Wilsonville, OR, U.S.A.), depending on camera 

availability. Hot pack lines ran parallel to the drop site, with the heat packs positioned 1 

m and 2 m from the wall closest to the release site (Figure 1c).  

 

Flight data and analysis  

After every trial I made notes on a pup’s flight attempts and movements. Flight abilities 

at different ages were classified into one of 4 categories using criteria established by 

Powers et al. (1991): (i) Flopping flight: pups fell straight down upon leaving the 

researcher’s hand and exhibited no wing movements or horizontal displacement; ( ii) 

Fluttering flight: pups fell straight down upon leaving the researcher’s hand and 

exhibited stretching or flapping wing movements but without achieving horizontal 

displacement; (iii) Flapping flight: pups exhibited wing flapping and achieved horizontal 

displacement upon leaving the researchers hand but with no control over their descent; 

and (iv) Powered flight: pups exhibited sustained (true) powered flight upon leaving the 

researcher’s hand with horizontal displacement and clear evidence of path control (e.g. 

turning).  

 

Acoustic analysis 

Trials in which the animal did not leave the researcher’s hand or when it flew to / landed 

in areas of the recording room not adequately monitored were not analyzed. Of the 

remaining files, acoustic analysis was conducted on those trials where bats landed in 

areas covered by the microphone set-up. Because multiple microphones were used in 

every trial, calls were recorded on multiple channels at different points along the pup’s 
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flight trajectory. I typically analyzed signals recorded closest to the landing site and / or 

with the highest signal-to-noise ratio. Clipped signals were not analyzed.  

Once signals to be analyzed were identified for each trial, I assigned calls 

emitted by pups to one of three phases: (i) pre-flight, defined as the 500 ms period 

before the pup left the researcher’s hand, (ii) in-flight, defined as the time between when 

the pup left the researcher’s hand and when it first contacted the landing surface, and 

(iii) post-flight, defined as the 500 ms period after the pup first contacted the landing 

surface. I then used oscillogram, power spectrum, and spectrogram displays (BatSound 

software v.4.2, Pettersson Electronik AB, Uppsala, Sweden) to manually measure 

temporal and spectral parameters of pup calls. From the oscillograms, I measure signal 

duration (ms; defined as time between signal onset and offset) and pulse interval (ms; 

defined as time from the onset of one call to the onset of the next call). From the 

spectrogram, I measured maximum fundamental frequency (kHz; defined as the highest 

frequency of the fundamental), minimum frequency (kHz; defined as lowest frequency of 

the fundamental), and fundamental bandwidth (kHz; defined as highest frequency minus 

lowest frequency in fundamental FM signal). From the power spectrum [automatic fast 

Fourier transform function (FFT), size 1024, Hann window] of each call, I measured 

peak frequency (kHz; defined as frequency of maximum energy). I also estimated the 

number of harmonics in each call using information combined from spectrogram and 

power spectrum displays. Sound analysis settings and displays were kept constant for 

all analyses to allow for comparisons between individuals and developmental 

milestones.  
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The presence or absence of landing buzzes and sonar strobe / sound groups 

was noted, and if present, the landing buzz duration and number of calls per sonar 

strobe / sound group was recorded. Landing buzzes are sequences of calls 

characterized by decreasing signal durations and peak frequencies, with pulse intervals 

< 13 ms (i.e. call rates ≥ 75 Hz). A sonar strobe / sound group is a temporal cluster of 

calls with short, stable pulse intervals bracketed by calls with longer pulse intervals. I 

used the Island Criterion and Stability Criterion for the identification and quantification of 

sonar strobe / sound groups. The Island Criterion identifies the temporal isolation of a 

sonar strobe / sound group within a continuous stream of biosonar emissions, whereas 

the Stability Criterion identifies the nearly constant pulse intervals within a sonar strobe / 

sound group (see Figure 1 in Kothari et al. 2014). When a sonar strobe / sound group 

consists of ≥ 3 calls, the individual pulse intervals within the group must be stable (i.e. ≤ 

5% deviation from mean pulse interval within cluster) and shorter than the pulse 

intervals flanking the group (i.e. flanking pulse intervals ≥ 1.2 times mean pulse interval 

within cluster; Moss et al. 2006). Note that the Stability Criterion cannot be used to 

identify a doublet sonar strobe / sound group.  

My analysis primarily focused on calls emitted in-flight because these 

vocalizations were most relevant to the study. I tested for differences in emitted call 

parameters for pups at different ages (i.e. between post-natal days 2, 12, 22 and 32) 

and flight ability phases (i.e. between each pup’s transition from the flop to flutter, flutter 

to flap, and flap to fly phases; see Flight data and analysis). 
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Morphological data collection and other pertinent observations 

I recorded morphological, developmental, and behavioural milestones for each pup on 

every trial: age (post-natal day), forearm length (mm), mass (g), eye status 

(open/closed), and whether the pup was attached to its mother when removed from the 

cage (yes/no). These milestones helped to ensure that pup development was healthy, 

normal, and conformed to growth trajectories reported in the literature (Kurta and Baker 

1990; Mayberry and Faure 2015). Forearm length and mass were also used to 

corroborate date of birth (Mayberry and Faure 2015).  

Photos of the left wing of each pup were taken every recording day and analyzed 

using ImageJ (National Institutes of Health, Bethesda, MD, U.S.A.) to measure the half 

wingspan (distance from tip of left wing to midline of torso) and half wing area (area of 

the entire left wing, including the left halves of the body and tail membrane). Measures 

were taken in triplicate before they were averaged and doubled to estimate the full 

wingspan (B) and full wing area (S), respectively. 

I calculated the aspect ratio and relative wing loading of pups on each recording 

day. Aspect ratio (AR) is a dimensionless number that describes wing narrowness (AR 

= B2 / S; = wing span [B] squared divided by wing area [S]). Wing loading (WL) 

describes lift and flight maneuverability (WL = m × g / S; = mass [m] times acceleration 

due to Earth’s standard gravity [g = 9.81 m/s2] divided by wing area [S]) (Findley et al. 

1971; Norberg and Rayner 1987; Norberg and Fenton 1988; Adams 1996; Stern et al. 

1997). Because wing loading increases with body mass in geometrically similar animals, 

for scaling reasons, larger bats will have higher wing loadings than geometrically similar 

but smaller bats (Norberg and Fenton 1988). To correct for scaling effects, I used 
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relative wing loading (RWL = WL / m1/3) because this index is independent of body size 

(Norberg and Fenton 1988). As with my acoustic data, I compared aspect ratios and 

relative wing loadings of pups across developmental ages (i.e. post-natal day 2, 12, 22, 

and 32) and behavioural milestones (i.e. flight transition phases).  

 

Rank correlations 

To reveal potential developmental relationships that exist between wing morphology, 

echolocation behaviour, and flight proficiency, I ranked the eight pups with respect to 

relative wing loading on post-natal day 2, 12, 22, and 32. I then compared the ranks 

with respect to the age when pups transitioned from flop to flutter, flutter to flap, and flap 

to fly, and also to the post-natal day ranks when sonar strobe / sound groups and 

landing buzzes were first observed. When comparing ranks of different variables, I 

selected variables that temporally corresponded with one another. In other words, I 

compared the age of milestone achievement with other, subsequent milestones and / or 

the most reasonable post-natal days around which the milestones occurred. For 

example, bats transitioned from fluttering to flapping flight around post-natal day 17. I 

compared these flight rankings to relative wing loading score rankings on post-natal day 

12 and 22 because these morphological rankings were most temporally similar to the 

behavioural rankings. For comparisons in which both variables were measured in post-

natal days (i.e. consecutive flight transitions, or flight transitions versus age of first  3 

signal sonar strobe / sound group or buzz), I used raw ages to explore linear 

relationships instead of ranked data.  
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Captive versus wild-born pups 

I compared the forearm length, mass, and relative wing loading of captive-born pups on 

post-natal day 32 to their mothers (see Mayberry and Faure 2015) and to wild-caught, 

volant adult and juvenile male E. fuscus captured from field sites in southern Ontario. I 

also compared the age of first flight in my pups to published reports of wild E. fuscus 

(Kurta and Baker 1990). 

 

Statistics 

Data are reported as the mean ± standard deviation (SD). My analysis of pup calls 

focused on temporal and spectral parameters providing the most insight into sonar 

strobe / sound group and landing buzz development (i.e. minimum pulse interval, 

maximum and minimum call duration, maximum peak frequency, minimum number of 

harmonics, maximum fundamental bandwidth, and maximum number of calls per sonar 

strobe / sound group). As previous literature has described the developmental 

trajectories of echolocation behaviours and morphometrics, I was able to make 

reasonable predictions regarding how these variables would change between 

consecutive time points. As such, I used pre-planned, 1-tailed, paired t-tests to compare 

call parameters measured in-flight and morphological measurements (body mass, wing 

span, relative wing loading, and aspect ratio) for selected post-natal days (i.e. post-natal 

day 2 versus post-natal day 12, post-natal day 12 versus post-natal day 22, and post-

natal day 22 versus post-natal day 32) and between consecutive flight transitions (i.e. 

last day of flop versus last day of flutter behaviour, and last day of flutter versus last day 
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of flap behaviour). I also used one-tailed, paired t-tests to compare the ages at which 

pups transitioned to new flight behaviours.  

For those comparisons in which I had no a priori information, I used one-way 

between subjects analyses of variance (ANOVA). Specifically, I used ANOVAs to 

compare the ages at which pups first produced both landing buzzes and sonar strobe / 

sound groups with ≥ 3 calls across the three phases of pup flight. I used 2-sample t-

tests to compare parameters between pups and adults. I used Spearman’s rank and 

Pearson’s correlation coefficients to identify relationships between individual pup 

development with respect to flight transitions, in-flight  3 call sonar strobe / sound 

group production, in-flight landing buzz production, and relative wing loading scores. 

Pearson’s correlation coefficients were used when the variables being compared were 

both measured in post-natal days, whereas Spearman’s rank correlation coefficients 

were used when variables were of different types (i.e. post-natal day and relative wing 

loading score). Alpha () values were adjusted using Bonferroni corrections (Rice 

1989).  

 

Results 

I compared in-flight call parameters across sequential pup ages at 10-day intervals (i.e. 

post-natal day 2 vs post-natal day 12, post-natal day 12 vs post-natal day 22, and post-

natal day 22 vs post-natal day 32), and between post-natal day 32 pups and their 

mothers (Table 1). Single representative pup calls on each analysis day are illustrated 

as oscillogram, spectrogram, and power spectrum displays in Figure 2. All call 

parameters of post-natal day 2 pups differed from post-natal day 12 pups. Minimum call 
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duration, maximum peak frequency, maximum bandwidth of the fundamental, and 

minimum pulse interval differed between post-natal day 12 and 22 pups. When 

comparing post-natal day 22 and post-natal day 32 pups, only the maximum bandwidth 

of the fundamental differed. Post-natal day 2 pups did not emit sonar strobe / sound 

groups or buzzes. Average in-flight call parameters between post-natal day 32 pups and 

their mothers were indistinguishable from one another.  

Very young E. fuscus pups (post-natal days 1 and 2) always exhibited flopping 

behaviour upon leaving the researcher’s hand. On average, pups transitioned from 

flopping to fluttering by 5.6 ± 2.5 days. Fluttering pups subsequently transitioned to 

flapping behaviour by 16.4 ± 3.8 days, and pups achieved true powered flight by 23.9 ± 

4.3 days. As expected, pups were significantly younger on the last day of flopping 

behaviour compared to the last day of fluttering behaviour and were also younger on the 

last day of fluttering behaviour compared to the last day of flapping behaviour (paired t-

tests: flopping versus flutter: t = 6.45, P < 0.001; fluttering versus flapping: t = 4.23, P < 

0.002). All pups transitioned from flapping to fluttering flight and from fluttering to 

flapping flight; however, only 7 of 8 pups transitioned from flapping to powered flight in 

the trials.  

To document how calls changed across successive flight classifications, I 

compared the temporal and spectral parameters of pup calls recorded in-flight on the 

final day when pups transitioned between flight ability categories described above 

(Table 2). I found differences in the minimum number of harmonics, maximum 

fundamental bandwidth, maximum peak frequency, minimum pulse interval, and 

maximum number of calls within a sonar strobe / sound group between calls emitted on 
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the final day of flopping flight and those emitted on the final day of fluttering flight. In 

contrast, only the maximum peak frequency differed between calls emitted on the final 

day of fluttering flight and the final day of flapping flight. Single representative pup calls 

on each final flight transition day, as well as a representative adult mother call, are 

depicted in Figure 3. 

Very young pups emitted vocalizations with no discernible temporal pattern (i.e. 

no obvious clusters or groupings). However, over time, pups started emitting bursts of 

vocalizations clustered into sonar sound groups with an increasing number of calls per 

group (Table 1; Figure 4). I focused my analysis on the ages when pups began to emit 

sonar strobe / sound groups with ≥ 3 calls because these sonar strobe / sound groups 

satisfy both the Island Criterion and Stability Criterion (see Kothari et al. 2014). There 

were no age differences when pups first began emitting sonar strobe / sound groups 

with ≥ 3 calls across the three flight phases (one-way between-subjects ANOVA, F = 

3.42, P = 0.052). Specifically, pups first emitted sonar strobe / sound groups with ≥ 3 

calls at 11.75 ± 6.84 days during the pre-flight phase, 6.38 ± 2.56 days during the in-

flight phase, and 6.38 ± 3.78 days during the post-flight phase.  

Buzzes are defined as a sequence of rapidly emitted calls that have decreasing 

signal durations, peak frequencies, fundamental bandwidths, and pulse intervals < 13 

ms (Schnitzler and Kalko 1989; Moss and Surlykke 2001). The average age when pups 

first began to emit adult-like landing buzzes in-flight was 17.38 ± 4.93 days. By post-

natal day 32, landing buzzes emitted by pups were indistinguishable from those emitted 

by mothers with respect to minimum pulse interval and buzz duration (Table 1; Figure 

4). All pups emitted landing buzzes during the in-flight phase; however, some also 
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emitted pre-flight and post-flight buzzes (i.e. some pups emitted buzzes before leaving 

the researchers hand and/or after landing). Of 8 pups examined, 4 emitted at least 1 

pre-flight buzz at an average age of 20 ± 8.6 days, and 7 emitted at least 1 post-flight 

buzz at an average age of 19.9 ± 6.9 days. There were no age differences when pups 

first emitted landing buzzes between the different flight phases (one-way between-

subjects ANOVA, F = 0.35, P = 0.708). The timing of in-flight buzzes with respect to 

landing varied with age; younger pups often produced landing buzzes hundreds of 

milliseconds prior to landing, while older pups tended to produce in-flight buzzes 

immediately before landing. Pre- and post-flight buzzes were also indistinguishable from 

adult landing buzzes with respect to minimum pulse interval and buzz duration. Pre-

flight buzzes were first produced at an age on (N = 2) or after (N = 2) the pup had 

already emitted an in-flight landing buzz. Of 7 pups who emitted post-flight buzzes, 5 

produced them after their first in-flight landing buzz, and 2 produced them either on the 

same day (N = 1) or 3 days prior to emitting their first in-flight landing buzz (N = 1).  

Landing buzz durations varied throughout development and across the different 

flight categories. Fluttering pups emitted landing buzzes with the longest durations (69.1 

± 48.9 ms) compared to the intermediate buzz durations emitted during flapping (58.25 

± 39.7 ms) and powered flight (54.0 ± 40.0 ms). A single pup emitted the shortest 

duration landing buzzes in flopping flight (17.5 ± 6.2 ms), but these buzzes contained 

only 1 or 2 PIs that reached the threshold for defining a landing buzz (i.e. the pulse 

interval < 13 ms). Although buzzes emitted in the flutter, flap, and powered flight 

categories were longer in duration compared to the flop category (paired t-tests: t = 

6.87, P < 0.001 for flop versus flutter; t = 8.88, P < 0.001 for flop versus flap; t = 7.58, P 
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< 0.001 for flop versus fly), there were no differences in the buzz durations among bats 

that had achieved the 3 most advanced flight capabilities (paired t-tests: t = -1.43, P = 

0.158 for flutter versus flap; t = -0.84, P = 0.402 for flap versus fly; t = -1.94, P = 0.056 

for flutter versus fly). 

Because wing morphology directly affects when a bat first achieves and 

maintains powered flight, I correlated wingspan, mass, relative wing loading, and aspect 

ratio with preselected post-natal day ages (i.e. post-natal day 2, 12, 22, and 32; Table 

3), and flight transition days (i.e. last day of flopping, fluttering, and flapping flight; Table 

4). All morphometric measurements differed between post-natal day 2 and 12 pups, and 

all but aspect ratio differed between post-natal day 12 and 22 pups. Only forearm length 

continued to increase between post-natal day 22 and 32 pups; all other measures 

appeared to plateau (Table 3). Wing aspect ratio remained constant throughout flight 

transitions (Table 4), and relative wing loading differences were only observed between 

the final days of flopping and final fluttering flight. Body mass and wingspan continually 

increased throughout flight development; I found differences for both measurements 

between the last day of flop versus flutter flight, and the last day of flutter versus 

flapping flight (Table 4).  

I also wanted to determine if the oldest pups (post-natal day 32) were 

morphologically distinct from their mothers as well as wild-caught juvenile male and 

wild-caught adult male E. fuscus (Table 3; note: wing span, aspect ratio, and relative 

wing loading were not measured in wild-caught bats). There was no difference in mass 

or forearm length between post-natal day 32 pups and wild-caught adult or juvenile 

males (adult data from Mayberry and Faure 2015). Moreover, the forearm length, 
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aspect ratio, and relative wing loading of post-natal day 32 pups did not differ from their 

mothers. Post-natal day 32 pups (all of which were male) did, however, have lower 

masses and shorter wingspans compared to their mothers (Table 3).  

 Finally, I explored relationships between when pups accomplish locomotory and 

vocal developmental milestones by comparing the average ages when pups achieve 

flight transitions and first emit in-flight sonar strobe / sound groups (≥ 3 calls/ sonar 

strobe / sound group) or landing buzzes. I found that pups transition from flopping to 

fluttering flight at roughly the same age (5.63 ± 2.45 days) when they first emit in-flight 

sonar strobe / sound groups with ≥ 3 calls per group (6.38 ± 2.56 days; paired t-tests, t 

= -0.56, P = 0.591). Furthermore, the age at which pups transition from fluttering to 

flapping flight (16.5  3.85 days) did not differ from when pups first produced in-flight 

landing buzzes (17.38  4.93 days; t = -0.41, P = 0.696). I also wanted to determine if 

pups that quickly reached flight milestones also reached acoustic milestones more 

quickly, and if pups that quickly reached an adult-like morphology also achieved flight 

and echolocation milestones more quickly. For each comparison, I used either the raw 

post-natal day or the relative rankings of each pup, with higher ranks representing more 

advanced progression (i.e. earlier accomplishment of SSG or landing buzzer 

production, flight ability, or adult-like relative wing loading). I found that the age when a 

pup transitioned from flapping to powered flight was strongly correlated with the relative 

wing loading score on post-natal day 22 (Spearman’s rank correlation, R = 0.97, P < 

0.001). All other correlations were not significant.  
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Discussion  

The developmental trajectories of echolocation call design and flight abilities observed 

in this study corroborate previous observations collected independently on bat pup 

vocal development and flight in vespertilionid and other laryngeal echolocating bats 

(Balcombe 1990; Jones et al. 1991; De Fanis and Jones 1995; Moss et al. 1997; Zhang 

et al. 2005; Mayberry and Faure 2015). That is, I observed the same changes from 

isolation call production in very young pups to adult-like echolocation calls over the first 

32 days of life (Moss et al. 1997), as well as transitions between historically described 

flight categories in pups to adult-like powered flight over this same time period (Powers 

et al. 1991).  

By post-natal day 6, big brown bat pups transitioned from flopping flight (i.e. 

falling with no wing movements) to fluttering flight (i.e. wing movements that enable a 

softer landing). Although fluttering flight does not result in horizontal displacement, the 

wing movements serve as a precursor to more advanced flying abilities (Powers et al. 

1991). Interestingly, pups also started emitting their first sonar strobe / sound groups 

with ≥ 3 calls at the same time. After reaching fluttering behaviour, pups effectively 

reduced the number of harmonic elements in their orientation calls and decreased their 

minimum call durations to adult levels measured in the same flight room (Tables 1 and 

2; Mayberry and Faure 2015). However, the peak frequencies and fundamental 

bandwidths of non-buzz calls only reached adult values around the time that pups 

transitioned to flapping flight (Tables 1 and 2). Controlled, powered flight was first 

observed in bats that were ~24 days old. These results demonstrate that the ability to 

emit SSGs in E. fuscus pups precedes the ability to produce landing buzzes. Moreover, 
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echolocation call designs and the temporal emission patterns used by adult bats to 

orient, attend to objects, and land develop before controlled, powered flight. I did not 

find that pups emitting sonar strobe groups and / or buzzes earlier in development were 

also those that transitioned through flight categories most quickly.  

Because data were obtained from captive-born pups born it is possible that the 

results may not apply to E. fuscus and or other bats raised in the wild. For example, 

captive bats typically have ad libitum access to food, so they may gain mass more 

rapidly and have more resources to allocate to laryngeal and/or neural development 

compared to individuals in nature. Alternatively, laboratory-born pups may have fewer 

opportunities to listen to the vocalizations of flying and / or landing adult bats so they 

may acquire echolocation skills more slowly (Prat et al. 2015). However, field and lab 

developmental studies on other bat species do not differ dramatically with respect to the 

ontogeny of echolocation call design and buzz emission (Scherrer and Wilkinson 1993; 

Moss et al. 1997). Similarly, ab libitum access to nutrition may promote faster flight 

development, but the confines of captivity could provide fewer opportunities for young 

pups to practice flying, plus a greater wing loading may slow development. In this study, 

pups had attained controlled, powered flight by post-natal day ~24 and this closely 

matches reports from the wild (post-natal day ~25; Kurta and Baker, 1990). Although 

adult E. fuscus kept in long-term captivity can weigh more than age-matched adults 

from the wild (Mayberry and Faure 2015), I found no difference in mass or relative wing 

loading between captive-bred male pups at post-natal day 32 compared to adult or 

juvenile volant males captured nearby (Mayberry and Faure 2015).  
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Orientation calls 

Big brown pups reach adult proportions approximately 30 days after birth (Kurta and 

Baker 1990; Mayberry and Faure 2015). Over this time, I observed a transition from 

intermittently produced, long duration, low frequency, multi-harmonic vocalizations (i.e. 

isolation and/or rudimentary echolocation calls) to more frequently and regularly 

produced echolocation calls with shorter durations, broader fundamental bandwidths, 

and fewer harmonics (Figure 2, Table 1). By post-natal day 32, pups were emitting 

orientation calls indistinguishable from adults (Table 1, Figures 2 and 3). These 

changes, consistent across trial phases, matched the general trends of previous studies 

on pup vocal development (Brown et al. 1983; Balcombe 1990; Jones et al. 1991; de 

Fanis and Jones 1995; Moss et al. 1997; Zhang et al. 2005; Monroy et al. 2011; 

Mayberry and Faure 2015; Mehdizadeh et al. 2018). Specifically, I observed that 

maximum and minimum call durations went from being relatively long and highly 

variable (Tables 1 and 2) on post-natal day 2 through the flop-to-flutter transition (post-

natal day ~6) to adult-like call durations before pups (i) reached post-natal day 12 

(Table 1), and (ii) transitioned from fluttering to flapping flight (post-natal day ~17; Table 

2). Maximum peak frequency and maximum fundamental bandwidth only reached adult 

levels after pups began to emit sonar strobe / sound groups with ≥3 calls, around the 

same time they began to emit landing buzzes, and just before transitioning to powered 

flight (Table 2). 

From a biomechanical perspective, the order of the developmental changes 

makes sense. Similar to other laryngeally-echolocating bats, the larynx of the big brown 

bat is hypertrophied, due in large part to its massive cricothyroid musculature (Moss 
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1988; Metzner and Schuller 2010). Calls are produced as the cricothyroid muscle 

relaxes and the rate of relaxation influences frequency-modulated sweep rates, while 

the tension achieved during contraction determines the highest frequency of the 

fundamental element (Elemans et al. 2011; Ratcliffe et al. 2013). My data suggest that 

over the first 32 days of life, the cricothyroid musculature obtains the ability to produce 

calls with adult-like durations before it acquires the ability to produce adult-like peak 

frequencies and fundamental bandwidths. In other words, the cricothyroid muscle can 

already relax sufficiently fast enough to produce short duration calls before it can 

achieve sufficient tension to produce higher peak frequencies and wider fundamental 

bandwidths. The fact that pups emitted calls with fewer harmonics between post-natal 

day 6 and post-natal day 12 demonstrates that the filtering properties of the pup’s 

supralaryngeal vocal tract are present early in development. Functionally, the early 

decrease in call duration should translate to fewer instances of call-echo overlap, and 

thus improved echolocation in cluttered conditions. The concurrent decrease in number 

of harmonics and increase in call peak frequency and fundamental bandwidth should 

maintain and/or improve object resolution and frequency-dependent timing.  

 

Sonar sound groups (SSGs) 

Sonar sound groups were first identified in the echolocation call sequences of flying big 

brown bats (Moss et al. 2006) and are produced most frequently when bats face 

perceptually challenging tasks (e.g., maneuvering in clutter, capturing moving prey; 

Moss et al. 2006; Petrites et al. 2009; Kothari et al. 2014; Hulgard and Ratcliffe 2016). I 

found that pups began emitting sonar strobe / sound groups with ≥3 calls around post-



 101 
 

natal day 6, as they transitioned from flopping to fluttering flight. Previous studies have 

suggested that SSG production is synchronized with respiration and the wing beat cycle 

(Petrites et al. 2009; Hulgard and Ratcliffe 2016), and the emergence of sonar strobe / 

sound groups concurrent with the first wing movements supports this idea. Also, pups 

emitted the maximum number of calls in sonar strobe / sound groups around the same 

time they transitioned from fluttering to flapping flight, suggesting a link between wing 

beats and sonar strobe / sound group production.  

In these pups, sonar strobe / sound group production always preceded landing 

buzzes, leaving open the possibility that sonar strobe / sound groups are a precursor to 

landing buzz production. With respect to individual trajectories, I found no individual 

correlation between the production of sonar strobe / sound groups and the production of 

first landing buzzes. In other words, pups who produced sonar strobe / sound groups 

earliest in development did not also emit the first landing buzzes, suggesting that the 

shift from sonar strobe / sound groups to buzz production is unidirectional but not 

individually conserved. Interestingly, sonar strobe / sound groups emitted on post-natal 

day 12 contained as many calls per group as on post-natal day 32, a period before pup 

calls had acquired adult-like peak frequencies and fundamental bandwidths (Table 1). 

Functionally, increasing the number of calls per sonar strobe / sound group during the 

switch from wing movements on post-natal day 5.63 to horizontal displacement on post-

natal day 16.5 may reflect selection on pups to acquire more information. Indeed, the 

subsequent increases in call peak frequency and bandwidth would also assist pups in 

acquiring finer details with echolocation (e.g. object size, texture, velocity). 
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Buzzes 

Adult laryngeally-echolocating bats emit buzzes when they are about to intercept 

airborne prey and land on or drink from surfaces (Griffin et al. 1960; Melcón et al. 2007; 

Greif and Siemers 2010). Buzzes are characterized by a decrease in call duration, peak 

frequency, and pulse interval (Britton and Jones 1999; Surlykke and Moss 2000; 

Ratcliffe et al. 2013). Because buzz calls are emitted at higher rates, the returning 

echoes provides bats with faster updates about their surroundings (Petrites et al. 2009; 

Ratcliffe et al. 2013). In this study, 6 of 8 bats began emitting landing buzzes before 

taking flight, and 4 bats began to emit landing buzzes prior to transitioning from 

fluttering to flapping flight. One pup emitted his first landing buzz on the same day it 

transitioned from flopping to fluttering flight; however, this transition was noticeably later 

compared to other pups (~4 days after the average transition time). In general, pups did 

not begin to emit landing buzzes or call sequences with pulse intervals approaching 

those of landing buzzes until ~11 days after they had begun emitting sonar strobe / 

sound groups and achieving adult-like echolocation call designs.  

Each echolocation call emitted by a laryngeally-echolocating bat is under 

independent neuromuscular control. Producing calls at landing buzz rates demands that 

the cricothyroid muscles contract and relax at rates much higher than possible in 

striated muscles of most vertebrates. In the larynges of vespertilionid bats, the buzz is 

powered by so-called superfast muscles (Elemans et al. 2011). Given the ubiquity of 

buzzes in echolocating bats, this data from E. fuscus pups suggest that superfast 

muscles continue to develop postnatally, reaching their fast rates of contraction near 

post-natal day 17 (i.e. approximately two-thirds through development).  
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Controlled, powered flight 

As in other vespertilionids, achieving controlled powered flight was correlated with pups 

having reached adult-like morphologies, specifically RWLs (Table 3; Hughes et al. 1995; 

Elangovan et al. 2007). My post-natal day 32 pups did not differ in mass or forearm 

length from wild adult or juvenile male E. fuscus (Mayberry and Faure 2015), or from 

their mothers with respect to forearm length, relative wing loading, and orientation call 

design (Tables 1 and 3). Although this study was laboratory-based, the fact that pups 

first emitted landing buzzes ~6 days before they began to fly is likely to occur in the 

wild. Indeed, in nature, juvenile E. fuscus achieve controlled, powered flight by post-

natal day ~25 (Kurta and Baker 1990), around the same time that my captive-bred male 

pups achieve the same milestone (post-natal day ~24). 

I found no association between the transition to powered flight and any 

echolocation behaviour milestone, indicating that, in general, pups develop echolocation 

abilities slightly in advance of flight abilities. Two pups in my study achieved powered 

flight 1 day prior to the production of their first landing buzz. Because I defined buzzes 

as having pulse intervals ≤ 13 ms, these individuals may have been emitting calls at 

near-buzz rates but without technically meeting my definition. Near-buzzes likely 

provide pups with comparably relevant information. Indeed, pups that flew before 

emitting buzzes with pulse intervals ≤ 13 ms had been emitting multi-call sonar strobe / 

sound groups with pulse intervals < 15 and < 18 ms, respectively, on or prior to their 

first day of flight.  

A single pup in my study failed to transition from flapping to powered flight. This 

pup also had the highest and least adult-like relative wing loading score and greatest 
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mass on post-natal day 32 compared to other pups (non-flier relative wing loading = 

56.94 N/m2, average relative wing loading = 45.4  6.7 N/m2; non-flier mass = 19.7 g, 

average mass = 17  2.1 g). These data suggest that this pup may have been unable to 

achieve powered flight due to high transport costs associated with a higher mass and 

relative wing loading (see below).  

 

Wing morphology 

The change in mass, wingspan, relative wing loading, and aspect ratio in E. fuscus 

closely match developmental trajectories described in previous studies (de Fanis and 

Jones 1995; Hoying and Kunz 1998; McLean and Speakman 2000; Mayberry and 

Faure 2015). I found that both mass and wingspan increased during development and 

plateaued between post-natal day 22 and 32, while relative wing loading decreased 

early in development and reached adult-like values shortly before a pup’s first flight. The 

decrease in relative wing loading results from differences between body mass and wing 

area growth; wing area increases faster than mass (Hughes et al. 1995; Stern et al. 

1997). A decrease in relative wing loading early in development also reflects the 

lowering of transport costs as pups begin to achieve sustained flight and has been 

observed in multiple species (O’Farrell and Studier 1973; Buchler 1980; Powers et al. 

1991; Adams 1996; Stern et al. 1997; McLean and Speakman 2000). Transport costs of 

sustained flight directly relate to wing loading; as relative wing loading decreases, the 

energy and power required for flight decreases due to proportionately larger wing areas 

relative to body mass (Powers et al. 1991). Transport costs often decrease further at the 

time of first flight because of a measurable reduction in mass (Hughes et al. 1995).  
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Wing aspect ratio shows a slight increase immediately after post-natal day 2 but 

plateaus quickly (Table 3). The overall development consistency in aspect ratio has 

been reported (O’Farrell and Studier 1973; de Fanis and Jones 1995; Hughes et al. 

1995) and reflects the parallel development of wingspan and wing area. As pup wings 

grow longer, they also increase in surface area. The change in aspect ratio immediately 

after birth may represent an initial divergence of wingspan and wing area; initially, pup 

wing area may increase faster than wingspan, resulting in a temporarily lower aspect 

ratio. 

 

Concluding remarks 

I observed younger pups emitting landing buzzes at non-optimal times. For example, 

buzzes emitting during the pre-flight and post-flight phases would not be helpful for 

acquiring updated environmental information immediately prior to landing. Pre-flight 

buzzes may reflect pups attempting to acquire information prior to movement due to 

inexperience with motor procedures involved with landing, while post-flight buzzes could 

represent vocal practice and / or learning. Because observations were restricted to a 

short period of time each day, pups may have emitted buzzes that were not 

documented. These results illustrate the trajectory of vocal development (i.e. production 

of sonar / strobe groups prior to landing buzzes).  

There was no clear association between the age when pups first emitted buzzes 

and their flight ability milestones; pups that buzzed earlier did not necessarily acquire 

powered flight earlier. This suggests that vocal development and flight ability, while 

clearly related and dependent on one another, are not tightly linked developmentally in 



 106 
 

a step-wise fashion. These results provide further information on the development of 

flight and echolocation abilities in aerially hawking bats. While it is clear that sensory 

system development precedes motor development with respect to echolocation signal 

sophistication and powered flight, further research on the ontogeny of terminal feeding 

buzzes during aerial hawking prey captures as well as landing buzzes of gleaning bats 

could provide additional insight into sensorimotor integration in bats.  
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Figure Legends 

 

Figure 1. Full room set-up for acoustic and video data collection. (A) Diagram of room, 

with microphones 1 through 9 indicated by grey numbered circles. Thermal cameras 1 

and 2 indicated by dark grey numbered rectangles. Plastic sheeting was affixed over the 

foam closest to the thermal cameras to dissuade bats from landing behind the recorded 

area. (B) Photograph of partial room; placement of thermal cameras and partial 

microphone placement indicated. (C) Photograph of partial room; parallel “hot pack 

lines” for thermal camera measurements are depicted, as well as the foam-covered 

table for safe flop flight landings and remaining microphone placements. Pup flight drop 

site indicated by a white asterisk.  

 

Figure 2. Single representative orientation calls emitted by E. fuscus pups on (A) PND 

2, (B) PND 12, (C) PND 22, and (D) PND 32. Shown for each call is an oscillogram 

(top), spectrogram (bottom left) and power spectrum (bottom right).   

 

Figure 3. Single representative orientation calls emitted by an E. fuscus pup on the last 

days of (A) flop, (B) flutter, and (C) flap flight behaviour. Shown in panel (D) is a typical 

orientation (non-buzz) call emitted by the pup’s mother. Each panel shows an 

oscillogram (top), spectrogram (bottom left) and power spectrum (bottom right). I note 

that panels B and D each show a faint echo immediately following the orientation call.   
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Figure 4. Sequences of clustered orientation (non-buzz) calls emitted by a (A) PND 32 

E. fuscus pup and an (B) adult mother, and sequences of approach and landing buzz 

calls emitted by a (C) PND 32 pup and an (D) adult mother. Each column shows an 

oscillogram (top), spectrogram (middle), and a plot of PIs over time (bottom). For panels 

A and B, the red circles in the PI plots show calls that satisfy one or both criteria that 

define SSGs (see Material and Methods). For panels C and D, the rapid series of calls 

emitted at the end of both sequences have PIs < 13 ms (horizontal dashed line) and 

thus meet the technical criteria for a true buzz. 
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Table Headings 

 

Table 1. Echolocation behaviour measurements as a function of age in big brown bat 

pups. Shown are the mean (± SD) spectral and temporal call parameters and number of 

calls per sonar sound group (SSG) on consecutive 10-day intervals for 8 pups 

measured at ages PND 2, 12, 22, and 32, as well as for adult mothers. Results of paired 

t-tests between consecutive age groups (i.e. PND 2 versus 12, PND 12 versus 22, PND 

22 versus 32, and PND 32 versus adult mothers) are reported for each measure along 

with P-values and Bonferroni corrected -values.  

 

Table 2. Echolocation behaviour measurements as a function of flight ability in 

developing big brown bat pups. Shown are the mean (± SD) spectral and temporal call 

parameters and number of calls per sonar sound group (SSG) measured on 

consecutive flight transition days for 8 pups. Flight transitions are the days when a pup 

last exhibited the less-advanced flight behaviour (i.e. the last day a pup exhibited 

flopping flight before transitioning to fluttering flight). Results of paired t-tests between 

consecutive flight transitions (i.e. flop / flutter versus flutter / flap, and flutter / flap versus 

flap / fly) are reported for each measure along with P-values and Bonferroni corrected 

-values. 

 

Table 3. Morphometric measurements as a function of age in big brown bat pups. 

Shown are the mean (± SD) body mass, forearm length, wingspan, relative wing 

loading, and aspect ratio on consecutive 10-day intervals for 8 pups measured at ages 
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PND 2, 12, 22, and 32, as well as for adult mothers (captive females), wild-caught 

juvenile males, and wild-caught adult males. Results of paired t-tests between 

consecutive age groups (i.e. PND 2 vs 12, PND 12 vs 22, and PND 22 vs 32) as well as 

between PND 32 pups and adult mothers, wild-caught juvenile males, and wild-caught 

adult males are reported for each measure along with P-values and Bonferroni 

corrected -values. Wingspan, RWL, and AR were not measured for any wild-caught 

animal.  

 

Table 4. Morphometric measurements as a function of flight ability in big brown bat 

pups. Shown are the mean (± SD) body mass, forearm length, wingspan, relative wing 

loading, and aspect ratio measured on consecutive flight transition days for 8 pups. 

Flight transitions are the days when a pup last exhibited the less-advanced flight 

behaviour (i.e. the last day a pup exhibited flopping flight before transitioning to fluttering 

flight). Results of paired t-tests between consecutive flight transitions (i.e. flop / flutter 

versus flutter / flap, and flutter / flap versus flap / fly) are reported for each measure 

along with P-values and Bonferroni corrected -values. 
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Abstract 
 

White-nose syndrome (WNS), a fungal disease which is responsible for killing many 

bats across North America, has rendered 4 of Ontario’s species endangered, while 

leaving the other 4 species found there relatively unaffected. The causes and extent of 

the declines have been widely studied. However, the influence of the population 

declines on the remaining bat species, including possible competition-related niche 

release, has not. Comparing acoustic data recorded ~10 years apart, I evaluated if, and 

if so how, the 8 bat species found in southeastern Ontario used different foraging 

habitats 1 or 2 years before, and 9 years, after WNS was detected. I found that the 

reduction of the once most common species, the little brown bat, Myotis lucifugus, has 

essentially left the foraging niche of flying insects near lake surfaces locally vacant. I 

also found expected decreases in now-endangered species foraging activity over open 

fields (Myotis leibii, M. lucifugus, M. septentrionalis, and Perimyotis subflavus). My data 

indicate these declines may have allowed for greater presence, but not hunting, in open 

field habitats and clutter/edge environments by the big brown bat, Eptesicus fuscus, and 

three migratory species (Lasiurus borealis, L. cinereus, and Lasionycteris noctivagans). 

Overall, my results suggest that the WNS-induced population reductions of 4 of 5 

resident bat species, including two that were common and abundant, have allowed 

species relatively unaffected by WNS to expand their foraging niches into habitats to 

which they are less well-suited but now face reduced competition. Sensory and / or 

biomechanical constraints, however, may limit these species from exploiting prey in 

these new habitats. 
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Introduction 
 
Bat communities are rarely monospecific and local assemblages can include over 100 

bat species in equatorial regions of Africa, Asia, and South America (Fenton & Ratcliffe 

2010). Even in less species-rich communities, interspecific competition might be 

expected between species with similar diets (Gordon et al. 2019). However, species 

with similar diets and foraging strategies often appear to co-exist in the same broad 

niche with respect to diet (Aldridge and Rautenbach 1987; Jacobs and Barclay 2009). 

At such locations, interspecific competition may be offset by spatial separation driven by 

sensory, morphological and behavioural differences (Aldridge and Rautenbach 1987; 

Fullard 1987; Norberg and Rayner 1987; Fenton 1990; Brigham et al. 1997; Arlettaz 

1999, Siemers and Swift 2006; Emrich et al. 2014). For example, differences in wing 

shape and limits on echolocation call design influence a species’ flight behaviour and 

ability to emit effective and ultimately informative echolocation signals. Wing 

morphology and signal characteristics are considered to be linked with a species’ 

general ecology and may predict habitats in which species are more likely to be present 

(Norberg and Rayner 1987). 

 
My study focuses on a relatively small community of bat species found in south-

eastern Ontario, Canada. I summarize these bats’ characteristics (wing design, typical 

echolocation calls, diet, migratory status, and preferred foraging habitats) in Table 1. 

With respect to migratory status, I have classified each of the 8 species as either 

“sedentary” or “migratory”. While I am aware that migration can refer to a variety of 

seasonal movements, in this paper I am exclusively using the term “migratory” to refer 

to species who participate in seasonal, two-way movements with relatively large 



 127 
 

latitudinal shift from colder to more favourable climatic environments (i.e. from South 

Eastern Ontario to / beyond the southern United States). I classified those species 

making seasonal roost shifts (e.g. M. lucifugus) and / or those who remain in the same 

general area throughout the winter months (i.e. without movement to warmer climates) 

as “sedentary”. 

 
For bats, potential foraging locations in rural Ontario can be broadly segregated 

into four main habitats: open areas (open fields with little to no tall vegetation (>2m)), 

cluttered areas (heavily wooded), edge habitats (transitional areas between wooded 

areas and adjacent open areas), and over water (including lakes, streams and ponds; 

Furlonger et al. 1987; Emrich et al. 2014). All eight species are insectivorous and 

sympatric during the summer at the study sites. While some species are markedly 

distinct from one another in body size and signal design, others share similar 

morphologies (body size, wing shape, etc.) and acoustic signatures (Fenton and Bell 

1981). These bats often forage for similar prey in habitats close to one another 

(Saunders and Barclay 1992; Bowie et al. 1999), suggesting interspecific competition. 

Interspecific competition can directly influence ecosystem biodiversity. Extreme 

reductions in a species population can have dramatic effects on the composition, 

abundance and niche use of any remaining species (Abul-Fatih and Bazzaz 1979; 

Power et al. 1996; Kunte 2008). The removal of dominant species through extinction or 

ecosystem manipulation can increase competitor abundance, reducing subsequent prey 

numbers and/or overall ecosystem biodiversity (Abul-Fatih and Bazzaz 1979; Smith and 

Knapp 2003; Langwig et al. 2012; Alves et al. 2014). Furthermore, removing a dominant 

species can release previously inhabited and competed for foraging areas open to 
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exploitation by the remaining species, thus causing a shift in habitat use (Jachowski et 

al. 2014). 

White-nose syndrome (WNS) is a fungal disease caused by a European strain of 

Pseudogymnoascus destructans introduced to North America in 2006 (Blehert et al. 

2009). First observed in New York State, the fungus has since spread to over thirty 

states and most Canadian provinces. White-nose syndrome has caused species-

specific declines of over 90% in some areas (Moore et al. 2018). White-nose syndrome 

most severely impacts species that rely on prolonged hibernation during the winter 

months. Species that migrate from cold areas (e.g. SE Ontario) to warmer climates do 

not appear to experience population declines after infection (Ford et al. 2011; Langwig 

et al. 2012; Alves et al. 2014; Jachowski et al. 2014; Bernard et al. 2015). The roosting 

temperatures experienced by these migratory species during winter are likely too warm 

for Pseudogymnoascus destructans growth, and / or the availability of prey in warmer 

climates may allow these species to avoid prolonged hibernation. M. lucifigus, 

previously the most abundant bat species in Ontario, is among those most severely 

impacted by white-nose syndrome (Frick et al. 2010). Another common hibernating 

species, E. fuscus, exhibits significantly lower mortality rates after infection. These 

differences in white-nose syndrome susceptibility are thought to be due to disparities in 

hibernation physiology and behaviour (Moore et al. 2018).  

 
The introduction of white-nose syndrome to Ontario has provided an opportunity 

to explore the effects of the reduction in a naturally dominant species on the remaining 

species with respect to species abundance, niche use, and changes to foraging 

habitats. Previous studies exploring species-specific white-nose syndrome population 
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declines have identified increases in overall activity and a shift in the niche partitioning 

of less-affected species, suggesting a relaxation of interspecific competition (Dzal et al. 

2010; Ford et al. 2011; Jachowski et al. 2014). These studies, however, focused on 

single habitats (i.e. close to / over water) and did not consider changes in foraging 

activity (i.e. the presence of feeding buzzes) across multiple environments (open fields, 

open water, and clutter/edge habitats). Comparing acoustic recordings from several 

sites in South Eastern Ontario 1 to 2 years before and ~9 years after the appearance of 

white-nose syndrome, I hypothesize that species-specific population reductions will 

have influenced the remaining species abundance and foraging activity within and 

between three distinct habitats (open fields, open water, and clutter/edge habitats). I 

predicted that a decrease in the overall activity of endangered species would promote 

higher activity levels in the remaining four species within clutter/edge environments and 

open water due to reduced interspecific competition. Specifically, I suspected that the 

big brown bat, E. fuscus, would exploit the decline of the little brown bat, M. lucifugus, 

as E. fuscus is the only relatively unaffected sedentary species in South Eastern 

Ontario’s bat community. 

 
 

Methods and Materials 
 

Field Sites / Data Collection 
 
I collected acoustic data at and around the Queen’s University Biological Station 

(QUBS) near Chaffey’s Lock, Ontario (44˚34'N, 79˚15'W) during the summers (early 

June to late September) of 2007, 2008, and 2017. The Queen’s University Biological 
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Station and the surrounding area comprise a variety of terrestrial and wetland 

ecosystems. This area, as with much of South Eastern Ontario, encompasses mixed 

deciduous and coniferous forest/shrubs, agricultural land, freshwater lakes, small 

ponds, swamps, and marsh areas. Of the 18 bat species occurring in Canada, 8 reside 

in Ontario. All 8 of these species occur in South Eastern Ontario, and specifically at and 

around the Queen’s University Biological Station. Of these 8 species, I classified 5 as 

sedentary (E. fuscus, M. lucifigus, M. septentrionalis, M. leibii, and P. subflavus 

(previously misclassified as Pipistrellus subflavus)) and 3 as migratory (L. noctivagans, 

L. cinereus, and L. borealis), as per the migratory status specifications indicated both 

above and in Table 1. I collapsed data from 2007 and 2008 into a single data set, 

referred to as 2007/8, for ease of comparison and because both of these summers 

represented a pre-WNS environment in this area (Dzal et al. 2010). For accurate and 

robust comparisons among data sets, I selected the nights for data collection in 2017 to 

closely match the Julian calendar dates of the 2007/8 recording nights (maximum of five 

days difference, most matched dates were within two days of one another). 

 
I began data collection at 9 pm and recorded continuously until 4 am, or as long 

as weather permitted. Due to the sensitivity of the recording devices to moisture (as well 

as the reluctance of bats to forage in rainy conditions (Fenton 1970)), recording nights 

were cancelled or cut short if rain was present. Any night from one season missing a 

matched night in the other season was discarded. In total, data from 26 matched nights 

were recorded (see Time Matching and Weather below). 

 
Data were collected from six sites: Station Road, Lane Sergeant, Elbow Lake, 

Boat House, East Field, and New Field (Figure 1). Station Road is a fallow field with 



 131 
 

little vegetation over 1 m high (Figure 2a). One side is bordered by forest, another by a 

more highly vegetated field, and the remaining sides were lined with fences to separate 

the field from two gravel roads. Lane Sergeant, East Field, and New Field are all open 

hay fields (harvested in October), each bordered by dense forest along one side (Figure 

2b-d). These four sites represented the “open field” sites as well as four “clutter/edge” 

sites in my analyses. Boat House and Elbow Lake were located along the shores of 

Lake Opinicon and Elbow Lake, respectively (Figure 2e and f). 

 
 

Recordings 
 
At terrestrial sites in both seasons, I positioned two Avisoft (CM16, Avisoft Bioacoustics, 

Glienicke, Germany) condenser ultrasound microphones attached to tripods such that 

one microphone was aimed out over the “open field” site and the second microphone 

aimed over the “clutter/edge” site. I placed microphones recording from the space 

above the open areas at least 5 metres away from the edge of the forested/cluttered 

areas and aimed them towards the open field / water (and directly away from the forest 

edge). I placed microphones recording the clutter/edge areas approximately 0.5 metre 

from the edge of the forest (placing the microphones and tripods further into the 

forested areas was often impossible due to thick vegetation). The same microphones 

were used at open water sites and were positioned at, and aimed away from, shore. All 

microphones were 1.5 m high and aimed upwards approximately 45 degrees from 

horizontal. 

Microphones were connected to a designated Avisoft UltraSoundGate (4 channel 

(416), 8 channel (816) or 12 channel (1216); Avisoft Bioacoustics, Glienicke, Germany) 
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device associated with a laptop computer (ThinkPad X240, ThinkPad X220 or ThinkPad 

T430; Lenovo, Morrisville, U.S.A.). Data were automatically saved to computers as a 

.wav file and transferred to external hard drives after each recording session. The 

recording interface only recorded echolocation signals that exceeded a manually 

designated threshold. Automatic 5 second recordings (2 second pre-trigger, 3 second 

hold time; 500 kHz sampling rate, 16-bit format) began when any signal containing 

frequencies between 20 and 250 kHz, and which had an intensity above 1% of the 

maximum amplitude of the recording system, was detected. Using pre-determined 

thresholds with automatic detection and recording minimized the likelihood that the 

recording equipment would be triggered by, and thus record, other sources of noise 

beyond bat calls (i.e. other animals, vehicles, etc.). Moreover, automatic recordings 

eliminated the potential concern of missing echolocation signals. That said, all 

recordings were made with a researcher present and attending to the visual display of 

detected acoustic activity. 

 

 

Time Matching 
 
For each recording night (i.e. from 9 p.m. to 4 a.m.), I identified the start and end times 

of bat activity, determined by the first and last .wav file recorded for that night. Using 

these times, I calculated the total active recording time for each night. I note that bat 

activity is often not consistent throughout the night, however species-specific 

differences are generally conserved (Kunz 1973; Jachowski et al. 2014) and it is 

possible that the matched nights may not represent accurate comparisons of bat 
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activity. In an attempt to ensure that activity was comparable between seasons, I 

trimmed both matched nights to include only files recorded between the latest start time 

and the earliest end time of both nights. For example, an active recording time span of, 

say, between 9 p.m. and 3 a.m. in 2007/8 and an active recording between 10 pm and 4 

am on the matched 2017 date would result in an analysis of files recorded between 10 

pm and 3 am on both nights. Any nights in which no files were recorded during the 

recording period in either season (N = 2) were eliminated. While I acknowledge that file 

trimming may exclude some species-specific activity, I believe these trimmed files 

permit the most robust comparisons between seasons while still providing data on all 

species activity. 

 
 
Species Identification 
 
I identified species based on echolocation calls and call sequences using two 

complementary methods, one semi-automated, one manual. First, I used SonoBat 

(version 4; North America, North-Northeast Regional Classifier; DNDesign, Arcata, CA, 

USA), software that automatically filters environmental noise and rejects files with low-

quality signals. In SonoBat, species classifications were made from full spectrum 

analyses of acceptable call sequences and determined by assessing the overall 

agreement of species identification between individual calls within that sequence. 

Probabilities of final species decisions were provided for each file. I accepted, after 

manual verification, species identifications with decision probabilities of 0.9 or greater. 

Species identifications with probabilities below this threshold were eliminated from 

analysis, except those that listed only E. fuscus and L. noctivagans as potential species. 
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Since E. fuscus and L. noctivagans echolocation signals have a high degree of spectral 

and temporal overlap, and manual inspection also failed to differentiate between 

species, E. fuscus / L. noctivagans classifications were accepted and subsequently 

treated as a composite species. 

 
Manual species identifications were also made using a subset of files (roughly 

15% of the files captured for each summer) using BatSoundPro (Version 3.31, 

Pettersson Elektronik AB, Uppsala, Sweden). For individual calls within each file, I 

measured call duration, peak frequency from BatSound oscillograms and power 

spectrums (Fourier transforms) and made species identifications based on the average / 

range data present in Table 1. Additional information, such as call shape and pulse 

interval, were considered when classification was ambiguous. These manual 

classifications were then compared with SonoBat’s automated classifications. These 

comparisons indicated that while the species identifications were nearly identical, 

SonoBat was, overall, more conservative than trained personnel. Moreover, SonoBat 

often distinguished between the three myotid species as well as between big brown 

bats (E. fuscus) and silver haired bats (L. noctivagans), a challenge because of 

similarities among call parameters (Table 1). As both classifications were broadly 

similar, and SonoBat provided a more conservative approach with additional specificity, 

I felt confident in using SonoBat’s accepted species identifications for analyses. 

Because SonoBat assumes each call sequence is from one animal, all files were 

visually assessed for the presence of multiple individuals / species. For any files in 

which multiple species were present (see Figure 3a, b), SonoBat’s automated 
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identification was considered accurate only for that species with the highest call energy. 

Any additional species, therefore, were classified manually using call design parameters 

based on the literature (Table 1). 

 

 

Species Activity 
 
For each file, I report the estimated number of individual bats present, the number of 

distinct bat passes observed (i.e. unbroken echolocation sequences apparently from a 

single bat, Figure 4a, b), and the number of feeding buzzes recorded (Figure 5a, b). I 

summed all individual, pass, and buzz data for each bat species present from files 

recorded within the matched start and end times for each night. 

 
Buzzes were identified by a noticeable increase in call rate (to greater or equal to 

90 calls/s) and a decrease in signal frequency (Griffin et al. 1960; Figure 5a and b). 

Buzzes are difficult to distinguish among Ontario bat species and therefore species 

identification was based on immediately preceding call sequences. I assumed buzzes 

represent feeding (hunting) attempts. Passes, representing bat presence, were defined 

as a set of sequential calls (N ≥ 5) with similar pulse intervals (Dzal et al. 2010; Figure 

4a, b). Each pass was assumed to have been emitted by a single individual unless the 

start times of each sequence were within one minute of one another; those passes 

recorded within one minute of one another and identified as the same species were 

conservatively assumed to be produced by the same individual. I acknowledge that 

individual call assignment with bats is difficult and suggest that the passes and buzzes 

data are likely more accurate, informative, and comparable to other acoustic monitoring 
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research than are the individual estimates (Fenton 1970; Kalcounis et al. 1999; Dzal et 

al. 2009; Ford et al. 2011; Jachowski et al. 2014). 

 
Weather 
 
Cold temperatures and precipitation negatively influence bat activity. Rain and cold 

increase the cost of energetic activities, limit echolocation signal and flight efficiency, 

and may be associated with reduced insect densities (Taylor 1963; Catto et al. 1995; 

Vaughan et al. 1997). Using historical weather data (Queens University Biology Station 

Weather Station Data, Elgin, ON, Canada; Weather Underground 

http://www.wunderground.com, The Weather Company, IBM, Brookhaven GA, U.S.A.), I 

determined the average temperature and total precipitation for each active recording 

night in 2007/8 and in 2017. Comparing between 2007/8 and 2017, I eliminated from 

analysis any nights (N = 8) for which (i) the average temperature difference between the 

years was greater than 5 degrees Celsius, and/or (ii) the total precipitation difference 

between the years was greater than 5 mm. There were no differences in average nightly 

temperature or total nightly precipitation between 200/8 and 2017 (paired t-tests: t = 

0.261, P > 0.1; t = 0.125, P > 0.1 respectively). 

 
Statistical Analysis 
 
After identifying overall differences in the number of individuals, passes and buzzes 

between 2007/8 and 2017 recording seasons, I analyzed pass and buzz data for each 

species individually. I compared both average counts and proportions between seasons 

for both passes and buzzes of each species. I used Wilcoxon signed rank tests to 

identify general and relative species activity. To explore species-specific temporal 

http://www.wunderground.com/
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changes, I calculated the cumulative sums of passes and buzzes across each season 

(i.e. 2007/8 and 2017). These data were log transformed and compared using two-

tailed tests for differences between two population regression coefficients (Zar 1999). 

The slopes of the linear regressions represent overall rates of activity. 

 

Results 

All pass and buzz data comparisons between 2007/8 and 2017 for each species within 

each site-habitat condition are summarized in Tables 2 and 3. Results of the statistical 

analyses are presented with and without Bonferroni correction. I collected a roughly 

equivalent number of files in 2007/8 and 2017 (1063 and 1317 respectively) with no 

difference in average number of files recorded each night (20.44 ± 5.86 and 25.32 ± 

6.01 respectively; paired t-test: t = -0.70, P > 0.1). Count, proportion, and cumulative 

sum data for all habitats in both seasons are included in the supplementary data 

section. 

 
Open field, sedentary species 
 
M. lucifugus activity (passes and buzzes) declined from 2007/8 to 2017 in open field 

habitats, as expected. I also found a decrease in M. septentrionalis (also endangered) 

passes between 2007/8 to 2017. While no difference in average or proportional data 

was detected for the 2 remaining endangered species (M. leibii and P. subflavus), all 

endangered sedentary species had higher regression coefficients (steeper slopes) in 

2007/8 than in 2017. As I was interested in species-specific changes between pre- and 

post- white-nose syndrome introduction, I avoided any pooling of endangered species. 

This trend was conserved for the cumulative sums both pass and buzz data. No 
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differences were observed for the final sedentary species, E. fuscus, between the pre- 

and post- white-nose syndrome seasons in open habitats (Table 2). See Figure 6 for 

single call examples of each sedentary species in open habitats. 

 
Open field, migratory species 
 

Considering L. borealis, L. cinereus, and L. noctivagans together, migratory bat 

abundance (i.e. average number and / or proportion of passes), overall, increased from 

2007/8 to 2017 in open field habitats. No differences in foraging (buzzes) between the 

decade-apart seasons were detected for any migratory species. My cumulative data for 

migratory species were highly variable (see Table 2). No comparative buzz data was 

available for E. fuscus / Lasionycteris noctivagans. Examples of each migratory species 

call recorded in open habitats are shown in Figure 7. 

 
Edge and forest, sedentary species 
 

Surprisingly, I found no difference in M. lucifugus activity with respect to presence 

(passes), foraging (buzzes), or rate of pass/buzz increase (cumulative sum slopes) 

between 2007/8 and 2017 in clutter/edge habitats. Furthermore, I found none of the 

expected declines in any endangered species (M. lucifugus, M. septentrionalis, M. leibii, 

and P. subflavus) for the average number or proportion of passes between the two 

seasons. The probable explanation for these findings is that edge/clutter activity for all 

species prior to 2017 was relatively rare. Regression coefficients of the cumulative 

sums of passes were higher in 2007/8 for all other endangered species. E. fuscus 

showed no difference in rate of pass increase (cumulative sum slope) between 

seasons, however I did observe an increase in the average number of passes from 
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2007/8 to 2017. All sedentary species with buzz data in both years (except M. lucifugus) 

had higher regression coefficients in 2017 for cumulative buzz data. I found no 

differences in buzz data (average number or proportions of buzzes) for any sedentary 

species within the edge/clutter habitats (see Table 3). See Figure 8 for single call 

examples of each species. 

 
Edge and forest, migratory species 
 
I observed an increase in the average number and proportion of passes from 2007/8 to 

2017 for all migratory species (Table 3). Furthermore, all migratory species had higher 

rates of both pass and buzz increase (cumulative slope sums) in 2017 than in 2007/8. 

However, I found no differences in buzz data (average number or proportions of 

buzzes) for any migratory species within the edge/clutter habitats. Single call examples 

are depicted in Figure 9. In general, calls (from both sedentary and migratory species) 

emitted in clutter/edge habitats had relatively higher peak frequencies and longer 

durations than those in open habitats (average open peak frequency = 39.2 kHz, 

average clutter/edge peak frequency = 44.3 kHz, paired t-test, t = -4.92, P = 0.002; 

average open call duration = 7.43 ms, average clutter/edge call duration = 5.48 ms, 

paired t-test, t = 4.75, P = 0.002). 

 
Over water, all species 
 

No differences between 2007/8 and 2017 data (number/proportion of passes and 

buzzes, regression coefficients of all cumulative sums) were detected for any species 

over water. Several species (4 of 8) did not have any foraging data (buzzes) in either 

pre- or post- white-nose syndrome seasons and therefore comparisons were not 
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possible. This absence of statistical difference may be due to (i) few instances of 

activity over water even in 2007/8 and (ii) bats formerly active over water (M. lucifugus, 

P. subflavus) having decreased due to white-nose syndrome. Further, sample sizes for 

over water comparisons were small (N = 5 nights) due to few pre- white-nose syndrome 

over water recording nights and weather/time matching data removal. 

 
 
Discussion 
 
Comparing species-specific data from pre- and post- white-nose syndrome introduction 

in South Eastern Ontario, I observed a profound change in bat activity over ten years. 

Those species most heavily affected by white-nose syndrome have experienced severe 

declines in activity, while those less affected may be expanding their realized niche. 

Activity by relatively unaffected migratory species has increased (i.e. average number 

and proportion of passes) in open habitats as well as previously unexploited 

clutter/edge environments (Tables 2 and 3). Endangered species (especially M. 

lucifugus) have not reduced use of clutter/edge habitats, however they have decreased 

their presence and hunting activity (i.e. average number and proportion of buzzes) 

dramatically over open fields. Likely due to small sample sizes, no statistical difference 

in over water activity was detected for any species (residential, migratory, or 

endangered). However, I note that while in 2007/8 bats were sometimes recorded 

hunting over water, no feeding buzzes were recorded there in 2017. Bat passes were 

recorded over water in both seasons, perhaps from bats in transit or in search of a 

drink. E. fuscus, the only relatively unaffected residential species, did not exploit the 

reduction in M. lucifugus activity as I predicted. E. fuscus exhibited an increase only in 
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the average number of clutter/edge habitat passes, with no similar changes observed in 

open areas, nor with respect to feeding buzzes (i.e. hunting behaviour). 

 
My results confirm many previously identified destructive effects of white-nose 

syndrome (Dzal et al. 2010; Ford et al. 2011; Langwig et al. 2012; Jachowski et al. 

2014). In Ontario, M. leibii, M. lucifigus, M. septentrionalis, and P. subflavus have been 

listed as endangered as a result of white-nose syndrome as well as habitat destruction 

due to urbanization (Government of Ontario 2018). As such, the significant overall 

reductions in M. lucifigus and M. septentrionalis activity in 2017 were not unexpected. 

Meanwhile, it is encouraging to report that P. subflavus and M. leibii abundance and 

activity have not significantly declined at the study site, at least proportionately. 

 
Bearing in mind the life history of insectivorous bats (long lived, low fecundity), 

the reported declines in previously dominant species (M. lucifigus) should have 

decreased the total bat activity (species combined) observed in 2017. In other words, 

since M. lucifigus activity was higher than all other species pre- white-nose syndrome, 

decreases in M. lucifigus populations should have translated into fewer automatically 

triggered recordings. Instead, I collected roughly the equivalent number of files in the 

2007/8 and 2017 seasons. These results suggest that I may have inadvertently 

oversampled during the post- white-nose syndrome season. While this oversampling 

(perhaps due to unidentified differences in recording systems) is regrettable, the results 

obtained still provide an accurate representation of the current bat population levels in 

Ontario. It is also possible, though unlikely, that the while total number of bats found in 

this local community has declined, individual activity levels for some species has 

increased at the recording sites. Alternatively, this data may reflect a greater number of 
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multi-individual recordings, suggesting that the total number of bats have not changed 

but individual bats are more active in the recording areas. Without season- / habitat-

specific quantitative prey information or mist-net capture data, I cannot differentiate 

between these explanations, however I do acknowledge the limitations of using activity 

recordings to reflect overall abundance. 

 
Despite controlling for temperature, precipitation, and active recording time, it is 

possible that nights with atypical activity levels could also have skewed my results. 

However, comparing averaged count data with proportionality data as well as assessing 

the slope differences between years confirms that my data appears unaffected by 

unusually high or low activity levels. In general, shifts in average number of passes or 

buzzes between years was conserved with respect to proportionality. For example, an 

increase in the average number of L. borealis clutter/edge passes was consistent with a 

higher proportion of L. borealis in the same habitat. Further, most species whose activity 

declined in 2017 activity also exhibited lower rates of cumulative sum increases of 

passes and / or buzzes. Less steep slopes in 2017 suggest that (i) the number of 

passes counted for that species were lower in 2017 and (ii) they remained lower 

throughout the entire 2017 season. 

 
My results suggest that some relatively unaffected species have expanded their 

realized niche and now are more common in different habitats. L. borealis and L. 

cinereus, for example, are proportionately more common in open and clutter/edge 

habitats, while L. noctivagans and E. fuscus exhibited an increase in clutter/edge 

activity. No relatively unaffected species, however, show any evidence of hunting (as 
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indicated by feeding buzzes) more frequently in any habitat in 2017 compared to 

2007/8. I expected and found that relatively unaffected species would hunt more in 

clutter/edge habitats given their increased presence in these areas. I did not, however, 

detect any change in the average number / proportion of feeding buzzes, suggesting 

that the ability of white-nose syndrome un- or less-affected species to actively hunt 

within previously un- or under-used habitats remains limited. This distinction between 

presence (as determined by pass data) and feeding (as determined by buzz data) in 

clutter/edge habitats may reflect the difference between the realized niches (occupied 

environment) and fundamental niches (potential environment) of relatively unaffected 

species. 

Foraging in dense forest or edge environments requires relatively slow, 

manoeuvrable flight and short, broadband echolocation calls to successfully detect and 

avoid obstacles and extract echoic prey information from an acoustically noisy 

background (Fenton 1990). Bats hunting in clutter/edge habitats typically have lower 

wing loading scores and produce higher frequency broadband echolocation signals at 

relatively low intensities (Aldridge and Rautenbach 1987; Norberg and Rayner 1987). 

The production of high frequency signals is directly related to mass and larynx size. 

Physically lighter bats with smaller larynges produce acoustic signals with higher 

frequencies (Thiagavel et al. 2017). Furthermore, wing shape and area being equal, 

bats with lower masses will also have lower wing loading scores. Species relatively 

unaffected by white-nose syndrome tend to be heavier than those more affected and 

emit search calls with lower average peak frequencies. They also tend to have wing 

designs better suited for open space than clutter (i.e. relatively high wing loading and 
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aspect ratios). As such, the production of high frequency signals and the necessary 

maneuverability for hunting fast moving insects within clutter may be unattainable (refer 

to Table 1 for species-specific mass and frequency information). 

 
Relatively unaffected species may also refrain from hunting in clutter/edge 

habitats despite their increased presence there due to lower prey availability. Insects 

predominantly present in these environments may be most suitable for smaller bats (i.e. 

myotids) but too small for larger bats to bother with. That is, small prey may be ( i) 

energetically insufficient for the diet of larger bats and / or (ii) too small for detection due 

to longer echolocation signal wavelengths (from lower frequency calls; Hickey et al. 

1996; Ford et al. 2011). Further research into the diversity of insects in clutter/edge and 

open habitats in South Eastern Ontario is needed to clarify this issue. 

Surprisingly, I observed that E. fuscus do not hunt more often in clutter/edge 

habitats post- white-nose syndrome. E fuscus readily forages in many habitats when 

prey is available, thereby earning its description as a generalist species (Brigham 1991; 

Agosta 2002). I expected that with a reduction in M. lucifugus population, E. fuscus 

activity (specifically hunting behavior) would expand into previously less-occupied 

habitats, including clutter/edge habitats and over open water. Although I did observe an 

increase in the average number of E. fuscus passes in clutter/edge habitats in 2017, I 

did not observe any increase in activity (i.e. number of passes) over water, nor in 

foraging attempts (i.e. number of feeding buzzes) in any habitat. Unlike the migratory 

species, E. fuscus has suffered population declines due to white-nose syndrome 

(Jachowski et al. 2014; Moore et al. 2018). These declines are less severe than those 

experienced by M. lucifugus and other endangered species, thus the designation of 
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“relatively unaffected”. This difference in white-nose syndrome susceptibility is thought 

to be the result of different patterns of thermoregulation during hibernation (Moore et al. 

2018). The lack of (i) increased hunting (buzzes) in any habitat and (ii) increased activity 

(passes) over water may simply reflect the fact that some E. fuscus have experienced 

negative effects of white-nose syndrome. This big brown bat population may remain 

relatively stable instead of permitting the increase in activity and foraging I predicted. A 

more in-depth study into the population changes of E. fuscus across South Eastern 

Ontario is required to resolve this issue. 

 
My results with respect to feeding buzzes may also indicate an unintended 

sampling issue. Throughout my data set, buzzes are consistently recorded less often 

than passes. In 2007/8, the approximate ratio of recorded buzzes to passes was 1:6. In 

2017, however, this ratio shifted to 1:20 buzzes to passes. As such, the lack of feeding 

behavior observed for the relatively unaffected species may reflect an under-sampling 

of capture attempts (successful or otherwise) in 2017 as opposed to a restriction to 

niche expansion. Regardless of sampling concerns, I am confident that the activity 

exhibited by all bats in South Eastern Ontario during these Julian days should reflect 

active foraging, including capture attempts. Bats mate immediately prior to hibernation 

and / or migration (Cryan et al. 2012). To prepare for hibernation, sedentary bats enter a 

state of hyperphagia to increase fat stores (Speakman and Rowland 1999; McGuire et 

al. 2009b). As such, residential bat activity during the time period I sampled should 

reflect these bats searching for and consuming prey (and little else). Migrating bats 

recorded in South Eastern Ontario between June and September are likely exhibiting 

both foraging and migratory behaviours (McGuire et al. 2009a; McGuire et al. 2013). 
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Flying in clutter/edge habitats, however, should impede the migratory process. 

Maneuvering through obstacles takes more time and energy than flying in open areas. It 

seems likely, then, that migratory species are now using clutter/edge habitats in search 

of prey. 

 
Bats face population declines from a number of sources, including climate 

change, wind energy installations, and habitat destruction (Baerwald et al. 2008; 

Sherwin et al. 2013; O’Shea et al. 2016). Additionally, white-nose syndrome continues 

to threaten the conservation of insectivorous bats across North America despite 

innovative attempts at disease mitigation (Boyles and Willis 2010; Cheng et al. 2017; 

McGuire et al. 2019). While the direct effects of white-nose syndrome have been widely 

studied, the indirect consequences have been less thoroughly explored. For example, 

even after the successful survival of white-nose syndrome exposure, previously infected 

bats may experience reduced survival and reproductive success (Davy et al. 2017). 

Other incidental effects include those on populations of relatively unaffected species. 

These results provide clear evidence of habitat changes resulting from species-specific 

population declines and suggest that relatively unaffected species have been able to 

extend their presence, but not hunting, into new habitats. Physiological limitations, on 

both flight and echolocation behaviour, may constrain the ecological flexibility of 

relatively unaffected bats. Further research is required to explore new venues for 

supporting North American bat biodiversity and conservation. 
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Figure Legends 
 

 

Figure 1. (A) Map of SE Ontario, with recording sites located within indicated area. (B) 

Aerial view of area indicated in Figure 1A, showing all 6 recording sites (Elbow Lake (A), 

New Field (B), Lane Sergeant (C), East Field (D), Station Road (E), and Boat House 

(F)). Latitude and longitude of the Queen’s University Biology Station (QUBS) are 

indicated. QUBS is located at / around Boat House site (F). 

 

 

Figure 2. Sites (N = 4; (A) Station Road, (B) Lane Sergeant, (C) East Field, and (D) 

New Field) representing “open field” and “clutter/edge” habitats. Microphone placements 

indicated by white “X”. Direction of microphone (N = 2 per site) coverage also indicated. 

Sites (N = 2; (E) Boat House, and (F) Elbow Lake) representing “open water” habitats. 

Microphone placements indicated by white “X”. Direction of microphone (N = 1 per site) 

coverage also indicated. 

 

 

Figure 3. Examples of open (A) and clutter/edge (B) recordings in which multiple 

species were present. The species with the highest call energy was classified 

automatically by SonoBat and any additional species present were classified manually 

using call design parameters described in Table 1. For each sequence I show an 

oscillogram (top) and a spectrogram (bottom). 

 

 

Figure 4. Examples of individual bat passes in both open (A) and clutter/edge (B) 

habitats. Passes were defined as unbroken echolocation sequences (N  5 calls) with 
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similar pulse intervals that appeared to originate from a single bat. For each sequence I 

show an oscillogram (top) and a spectrogram (bottom). 

 

 

Figure 5. Examples of terminal feeding buzzes in open (A) and clutter/edge (B) habitats. 

 

Buzzes were defined by a noticeable (i) increase in call rate (to  90 calls/s; pulse 

intervals below 11 ms) and (ii) decrease in peak frequency. For each sequence I show 

an oscillogram (top) and a spectrogram (bottom). 

 

 

Figure 6. Single call examples for each sedentary species ((A) E.fuscus, (B) M. leibii, 

(C) M. lucifugus, (D) M. septentrionalis, and (E) P. subflavus) in an open habitat. For 

each call I show an oscillogram (top), spectrogram (bottom left) and power spectrum 

(bottom right). 

 

 

Figure 7. Single call examples for each migratory species ((A) L. borealis, (B) L. 

cinereus, and (C) L. noctivagans in an open habitat. For each call I show an oscillogram 

(top), spectrogram (bottom left) and power spectrum (bottom right). 

 

 

Figure 8. Single call examples for each sedentary species ((A) E.fuscus, (B) M. leibii, 

(C) M. lucifugus, (D) M. septentrionalis, and (E) P. subflavus) in a clutter/edge habitat. 

For each call I show an oscillogram (top), spectrogram (bottom left) and power 

spectrum (bottom right). 
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Figure 9. Single call examples for each migratory species: (A) L. borealis, (B) L. 

cinereus, and (C) L. noctivagans in a clutter/edge habitat. For each call I show an 

oscillogram (top), spectrogram (bottom left) and power spectrum (bottom right). 
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Table Legends 
 
 

Table 1. Summary of SE Ontario bat species characteristics. Data were taken from the 

literature indicated in the far right column, and data for each species on ten 

characteristics are provided. For all measurements (average mass, average forearm 

length (FAL), wing loading (WL), aspect ratio (AR), search call duration, and peak 

frequency), averages are indicated with ranges in parentheses. If no averages were 

found, only ranges were provided. Preferred habitats are defined as: OF (open field), 

OW (over water), CL (within dense clutter), and ED (within edge habitats). An asterisk 

indicates which habitat, if any, that species is considered a specialist in. Migratory 

status is classified as either “migratory” or “sedentary”, as per my definitions. “Migratory” 

refers to any species that participates in seasonal, two-way movements with relatively 

large latitudinal shifts from colder climates to warmer (more favourable) climates. 

“Sedentary” refers to any species who either (i) remain in the same general area over 

winter, or (ii) participate in movements with relatively shorter latitudinal shifts. At-risk 

status is defined as LC (least concern), T (threatened), or E (endangered), as listed by 

the Government of Ontario as of 2018. 

 

 

Table 2. Summary of pass and buzz data comparisons between 2007/8 and 2017 for 

open habitats. For each species, the results of either the Wilcoxon signed rank tests (for 

passes, proportion of passes, buzzes, and proportion of buzzes data) or two-tailed tests 

for differences between two population regression coefficients (regression coefficients 
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of cumulative passes and buzzes data) are presented. For p values less than 0.05, the 

direction of the difference is noted (i.e. which years had the higher and lower average / 

proportion / regression coefficient). When no data was available for a given species in 

one or both years, these results were displayed as “N/A”. 

 
 

Table 3. Summary of pass and buzz data comparisons between 2007/8 and 2017 for 

clutter/edge habitats. For each species, the results of either the Wilcoxon signed rank 

tests (for passes, proportion of passes, buzzes, and proportion of buzzes data) or two-

tailed tests for differences between two population regression coefficients (regression 

coefficients of cumulative passes and buzzes data) are presented. For p values less 

than 0.05, the direction of the difference is noted (i.e. which years had the higher and 

lower average / proportion / regression coefficient). When no data was available for a 

given species in one or both years, these results were displayed as “N/A”. 
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Supplementary Table Legends 
 
 

Supplementary Table 1. Summary of the 2007/8 (above) and 2017 (below) total count, 

average proportion, and log-transformed cumulative sum slope data for each of the five 

sedentary species. Summaries for pass and buzz data in each of the three habitats 

(open field, clutter/edge, and over water) are provided. 

 

 

Supplementary Table 2. Summary of the 2007/8 (above) and 2017 (below) total count, 

average proportion, and log-transformed cumulative sum slope data for each of the 

three migratory species. Summaries for pass and buzz data in each of the three 

habitats (open field, clutter/edge, and over water) are provided. 
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Table 2.       

Species Passes Prop. passes Reg. coeff. passes Buzzes Prop. buzzes Reg. coeff. buzzes 

E. fuscus P= 0.47 P= 0.15 P= 0.22 P= 0.41 P= 0.08 P= 0.18 

L. borealis P= 0.16 P = 0.04 P < 0.001 P= 0.69 P= 0.44 P= 0.08 

  2017>2007/8 2017<2007/8    

L. cinereus P = 0.002 P = 0.001 P < 0.005 P= 1 P= 1 P= 0.09 

 2017>2007/8 2017>2007/8 2017>2007/8    

L. noctivagans P= 0.64 P= 0.84 P < 0.001 P= 0.75 P= 0.50 P < 0.001 

   2017<2007/8   2017<2007/8 

M. leibii P= 0.60 P= 0.38 P < 0.001 P= 1 P= 0.69 P < 0.001 

   2017<2007/8   2017<2007/8 

M. lucifugus P < 0.002 P < 0.02 P < 0.001 P < 0.001 P < 0.001 P < 0.001 

 2017<2007/8 2017<2007/8 2017<2007/8 2017<2007/8 2017<2007/8 2017<2007/8 

M. septentrionalis P = 0.03 P = 0.03 P < 0.001 P= 0.50 P= 0.50 P < 0.001 

 2017<2007/8 2017<2007/8 2017<2007/8   2017<2007/8 

P. subflavus P= 0.17 P= 0.32 P < 0.005 P= 0.38 P= 0.73 P < 0.001 

   2017<2007/8   2017<2007/8 

E. fuscus / L. noct. P= 0.22 P= 0.22 P < 0.001 N/A N/A N/A 

   2017>2007/8    
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Chapter 5: Concluding Remarks 

 

Sensory ecology explores how environmental information is obtained, processed, and 

used by different organisms. Using this information to optimize foraging behaviours 

illustrates how sensory systems can relate directly to the effective acquisition of energy. 

Echolocation is a relatively rare sensory system employed by a handful of vertebrate 

groups (Fenton 1984). Of all echolocators, only laryngeally echolocating bats and 

toothed whales use echolocation to hunt and, correspondingly, are the only 

echolocators known to produce landing and / or feeding buzzes (Madsen and Surlykke 

2013). These buzzes are extreme examples of acoustic signal production and control 

and, when combined with associated motor outputs, make bats and toothed whales 

ideal model systems for exploring the flexibility and limitations of sensorimotor 

integration. 

In this thesis, I first explored whether bats and / or toothed whales adjust their 

acoustic behaviour when hunting in the presence of conspecifics. Next, I investigated 

the development of the landing buzz in big brown bat pups from acoustic, flight, and 

morphological perspectives and identified correlations between different measures of 

juvenile bat growth. Finally, I analysed one of the most robust and comprehensive data 

sets of acoustic monitoring information for pre- and post- white-nose syndrome bat 

activity in South Eastern Ontario and identified the influence of species-specific 

population declines on relatively unaffected remaining species. Together, these projects 

will support further research and promote an inclusive understanding of sensorimotor 

integration, sensory system flexibility, and the natural behaviours of mammalian 

echolocators. 
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Each of my data chapters uses echolocation signals to extrapolate information 

regarding additional behaviours. In my first project, for example, I use changes in 

spectral, temporal, and directional signal information to identify behavioural responses 

to acoustic clutter (Moss and Surlykke 2010; Surlykke et al. 2009). In my second 

project, these spectral and temporal parameters were used to define the appearance 

and characteristics of a stereotypical landing buzz as well as its precursors (Melcón et 

al. 2007; Ratcliffe et al. 2013). Finally, in my third project, echolocation signals were 

used to identify species presence between habitats (where different species are 

located) as well as hunting activities (whether those species are hunting there). In 

addition to being behaviourally informative, acoustic recordings of echolocating 

mammals also provide a glimpse into a world that is otherwise unavailable to us for 

study. Much of the information emitted by echolocating mammals, specifically 

vespertilionid bats, is ultrasonic and therefore inaudible to humans without sophisticated 

recording and analysis technology (Jones 2005). As the study of bioacoustics 

continues, these data acquisition and analysis programs will likely become more 

advanced and allow future research to delve further into the intricacies of signal 

production and processing. 

My thesis explores echolocation and associated activities (e.g. hunting, 

locomotion, and landing) through multiple ethological perspectives and using multiple 

methodologies. I have combined experimental studies with natural observations to 

develop a comprehensive and robust analysis of the flexibility and ecological limitations 

of sensorimotor integration in echolocating mammals. As with all research, however, my 

data chapters allow for further analysis and study. Bat and porpoise foraging data (from 
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Chapter 2) can be processed for flight and swim speeds to consider the effects of food 

competition on motor activity outputs. Additionally, performing this study under 

conditions that are more representative of natural hunting conditions may provide more 

accurate and reliable results, such as using multiple conspecifics and mobile prey. 

With respect to my third chapter, future studies should consider whether the 

development of feeding buzzes occurs simultaneously with the landing buzz. 

Developmentally, it seems reasonable that pups experience surface landings prior to 

actively hunting moving prey. As indicated in my Chapter 3 discussion, captive adult 

bats are generally larger than wild adult bats, due to consistently available resources, 

reduced flight time, and constant temperatures / environmental conditions (Mayberry 

and Faure 2015). While my growth rates and developmental trajectories of captive 

animals were similar to those in the literature of wild juveniles (Kurta and Baker 1990), it 

is still possible that due to different environmental conditions, captive pups may not fully 

represent pup development (including landing buzzes) observed in the wild. 

Supplementing laboratory studies with data from wild animals, then, may help to confirm 

my results. 

Finally, my final data chapter (Chapter 4) could be augmented with mist net 

capture data to confirm species presence in different habitats, as well as insect capture 

surveys to identify whether the prey in different habitats is more suitable for certain 

species. Additional recording nights over water sites would also be helpful to assess the 

potential changes in water activity pre- and post- white-nose syndrome introduction. 

Analyses would also be improved with more matched evenings for comparison overall. 

Since it is not possible to retroactively acquire pre- white-nose syndrome information in 
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South Eastern Ontario, future studies comparing pre-and post- white-nose syndrome 

bat activity should be conducted immediately in areas that (i) are currently not affected 

by white-nose syndrome and (ii) match the ecological conditions under which white-

nose syndrome can flourish (i.e. high bat abundance, susceptible hibernating species, 

hibernation temperatures). Although ecologists hope that white-nose syndrome does 

not spread into currently unaffected areas, I cannot be naïve enough to assume this 

disease will not continue to spread. Bats do a good job of transmitting the fungus even 

without accidental human assistance, and Pseudogymnoascus destructans infection 

across North America seems, unfortunately, likely. 

Referring back to the four questions of ethology (Tinbergen 1963), my thesis 

confirms the importance of approaching a topic from multiple perspectives. By exploring 

the influence of conspecifics, I approached echolocation from both evolutionary and 

mechanistic perspectives. I provided information regarding (i) how natural selection 

experienced by different species has influenced echolocation with respect to acoustic 

clutter and (ii) the physiological basis for acoustic adjustments observed under different 

environmental conditions. In my second project, I took an ontogenetic approach to 

natural echolocation behaviours and identified (iii) the sequence of developmental traits 

that bring about the landing buzz during a pup’s infancy, and (iv) how both vocal and 

flight abilities change throughout sequential life stages, including potential underlying 

morphological mechanisms. Finally, my third data chapter exploring foraging niche 

release approached echolocation from the perspective of its current adaptive function. 

From this study, I identified (v) how variations in echolocation, physiology, and flight 

ability interact with habitat to influence species-specific foraging efficiency, and (vi) how 
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bat sensorimotor integration is limited by the differences between species-specific 

realized and fundamental, or potential, foraging niches. 

This conceptual overview of echolocation and associated sensorimotor 

integration has provided additional insight into animal communication, sensory ecology, 

and behavioural ecology. By using laryngeally echolocating bats and toothed whales 

specifically, I have examined natural echolocation behaviour at an extreme 

physiological level. Through mechanistic, developmental, evolutionary, and functional 

perspectives, I have provided evidence supporting the limited flexibility of echolocation 

behaviours and identified areas of sensory and foraging ecology that would benefit from 

further study. 
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