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ABSTRACT 

 

Habitat correlates of pulse parameters in the highly specialised acoustic system of 

Chiroptera. 

 

High Duty Cycle echolocating bats use high frequency echolocation pulses that have limited 

range but are clutter resistant i.e. can detect targets in dense clutter (the number of echoes 

produced other than those from the target of interest). A specialised echolocation pulse design 

(consisting of a constant frequency and frequency modulated components) facilitates foraging 

for prey in habitats characterised by dense vegetation or clutter. The constant frequency 

component, along with an acoustic fovea and Doppler Shift Compensation, allows them to 

distinguish small moving targets from stationary background objects. The frequency 

modulated components are thought to be used for depth resolution (i.e. ranging acuity). In 

contrast to their clutter specialist status, these species are found in a variety of biomes including 

open desert. A negative correlation between level of environmental clutter and frequency has 

been established for some species. The Foraging Habitat Hypothesis (FHH) proposes that the 

evolution of echolocation frequency is linked with changes in habitat clutter. In High Duty 

Cycle bats, the FHH predicts areas of low clutter should select lower frequency pulses because 

they are less susceptible to atmospheric attenuation making them more suited to long distance 

prey detection. Previous research has therefore focused on the methods by which bats vary the 

frequency of their pulses to achieve optimal propagation distances. However, the source levels 

of these signal emissions are also under control of the bat and must play a major role in signal 

propagation and therefore in detection of prey.  

My study tested the FHH by combining both an observational and experimental 

approach to determine how habitat clutter influences echolocation pulse divergence in High 

Duty Cycle bats. My focal species was Rhinolophus capensis, which has previously been 

shown to use different pulse frequencies apparently associated with differences in habitat 

structure. I focused on two populations, R. capensis in the fynbos (pulse frequency: 84 kHz) 

and R. capensis in the desert (pulse frequency: 74 kHz). Bats were recorded using a multiple 

microphone array in their natural habitat and in a flight room experiment where they were 

exposed to both a cluttered (simulating the fynbos biome) and open (simulating the desert 

biome) flight room. The experiment determined whether observed differences were a result of 

possible selection (as proposed by the FHH) or behavioural flexibility. A congeneric species, 



iii 
 

R. damarensis, was used as a control and additional test of the FHH because it inhabits the 

same desert biome as R. capensis but echolocates at a higher frequency (equivalent to the 

frequency used by R. capensis in the fynbos). In accordance with this hypothesis, I also tested 

if there were differences in the frequency modulated components of R. capensis pulses between 

biomes and whether these differences were due to possible selection for optimal ranging acuity 

in response to the degree of clutter in each biome.  

My results suggest the use of lower frequency echolocation pulses in R. capensis in the 

desert could have evolved for increased detection distance (as proposed by the FHH) but that 

lower frequencies may not be a prerequisite for successful foraging in open biomes. In R. 

capensis the greatest differences in prey detection between biomes was a product of both 

frequency and source level. However, higher source levels used by R. capensis in the desert 

had a greater contribution to observed differences in detection distances both within 

(emergence versus foraging area, cluttered versus open flight room) and between biomes 

(desert versus fynbos) than frequency. In addition, on average R. damarensis did not 

compensate for higher frequencies with higher source levels resulting in lower average 

detection distances than R. capensis in the desert. However, a few measurements of source 

levels for R. damarensis were the highest recorded and resulted in the largest prey detection 

distances recorded in my study. These findings support recent findings that suggest that SLs 

are energetically costly. In both biomes, bats used lower source levels when exposed to a 

cluttered versus open flight room. In the desert biome, bats actively lowered their source levels 

(compared to the source levels they use in the field) when exposed to a level of clutter that they 

do not experience naturally (cluttered flight room treatment).  

Unlike source levels, frequency (of the constant frequency component) was conserved 

during the flight room treatments. Frequency differences between R. capensis in the different 

biomes can therefore be attributed to possible selection rather than behavioural flexibility. The 

conservation of frequency prompted bats to vary their source levels to achieve appropriate 

detection distances when exposed to different environmental stimuli. Source level flexibility 

may therefore be the key to the capability of specialist clutter foragers to successfully hunt and 

survive in harsh open environments. To the same extent that source levels facilitate foraging in 

open environments, the frequency modulated components of High Duty Cycle bat pulses may 

facilitate the orientation and foraging of these bats in cluttered biomes. In accordance with the 

FHH, a strong correlation was found between the frequency (i.e. number of 

occurrences)/bandwidth of these components and the level of environmental clutter both within 
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(between the two treatments of the experiment) and between biomes. The findings in my study 

highlight the importance of environmental pressures, such as clutter, in shaping the 

echolocation pulse parameters of bats. 
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CHAPTER 1 

 

HABITAT CORRELATES IN BAT ECHOLOCATION PARAMETERS: A REVIEW 

 

Nikola Tesla once said, “If you want to learn the secrets of the universe, think of energy, 

frequency, and vibration”; these are the fundamental properties of waves (Gonzalez et al. 

2019). Sound waves are particularly important to animals because animals produce sounds that 

transmit information to other organisms (communication) and use sound to gather information 

about their surroundings (auto - communication) (Griffin et al. 1960; Richards and Wiley 1980; 

Jones and Teeling 2006; Kaveh and Farhoudi 2013; Caldwell 2014; Ladich 2015). Each 

environment provides its own unique challenges to animals for receiving and producing sound 

because sound propagates differently in different environments. The physical properties of an 

environment such as its vegetation, terrain, rainfall, temperature, and humidity all affect sound 

propagation (Brenowitz 1986; McFarland et al. 1989; Forrest 1994; Mercado and Frazer 1999; 

Padgham 2004).  

As sound travels through an environment it is subject to absorption, attenuation, 

scattering, degradation, and reverberation (Sternheim and Kane 1986; Gans 1992; Ey and 

Fischer 2009). These effects are greater in closed (such as dense forest) rather than open 

habitats (such as deserts). The degree to which sound is changed by its interactions with the 

environment is dependent on the properties of the sound wave itself. For example, high 

frequency trill sounds attenuate more than low frequency, constant sounds (Naguib 1998, 2003; 

Pijanowski et al. 2011). As a result, call properties such as low frequencies and high intensities 

are often indicative of sounds produced by animals communicating over long distances in 

highly vegetated habitats (Mitani et al. 1999; Brumm and Naguib 2009). Morton (1975) found 

that to increase propagation distances, birds living in closed habitats used lower frequency, 

more tone like mating calls than those living in open habitats. However, this is not true for all 

animals. Animals that use sound for auto - communication (echolocation) often produce higher 

frequency pulses in cluttered habitats to increase the information content of the returning echo. 

The use of such high frequencies makes these pulses particularly sensitive to environmental 

conditions (Griffin 1971; Lawrence and Simmons 1982; Goerlitz 2018).  
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Echolocation provides an excellent opportunity to study the evolution of signal design. 

Echolocating animals inhabit a variety of different ecosystems (e.g. oceans, forests, deserts) 

and provide a good example of convergent evolution. Animals such as bats, toothed whales, 

tenrecs and a few species of birds all evolved an echolocation system as a result of facing a 

similar set of environmental challenges (Liu et al. 2010; Davies et al. 2011; Parker et al. 2013; 

Thomas and Hahn 2015; Marcovitz et al. 2019). Animals that use echolocation have developed 

specific anatomical structures that enable them to both emit high frequency sounds and listen 

for/ interpret their returning echoes (Neuweiler 1980; Hutterer 1985; Fersen et al. 1992; Gans 

1992; Ketten 1992). Using this system animals can determine the size, distance, and texture of 

objects in their environment (Griffin 1958; Neuweiler 1980). 

The order Chiroptera (bats) provides a unique opportunity to study variation in 

echolocation pulse design. There are over 1,432 species of bats that are found on all continents, 

except Antarctica, and inhabit many different biomes (Simmons and Cirranello 2020). Most 

bat species use sound as a sensory system to exploit the niche of the night sky (Griffin 1958). 

The acoustic structures of their echolocation pulses vary in frequency (i.e. pulse frequency, 

bandwidth), time (i.e. pulse duration, inter - pulse interval), intensity, beam width, and rate 

both among and within different species (Vaughan et al. 1997; Parsons and Jones 2000; 

Papadatou et al. 2008; Russo et al. 2018). These variations coincide with how they exploit their 

respective habitats and ecological niches (Neuweiler et al. 1987; Siemers et al. 2001; Siemers 

and Schnitzler 2004; Jones and Holderied 2007; Denzinger and Schnitzler 2013). Additionally, 

two types of pulse strategies have developed to help bats resolve the problem of self - deafening 

(masking and forward masking). Masking occurs when outgoing echolocation pulses decrease 

the listener’s sensitivity to the weaker returning echoes (Suga and Schlegel 1972; Jen and Suga 

1976; Fenton et al. 1995). 

The first strategy (i.e. echolocation system) entails emitting short downward frequency 

modulated (FM) pulses that are either steeply or shallowly modulated. In this echolocation 

system the bat pauses after the emission of each pulse at which time it listens for the returning 

echo. This type of echolocation is called Low Duty Cycle (LDC) echolocation. Duty cycle is 

defined as the ratio of signal duration to the inter - pulse interval. The latter is the time between 

the start of one pulse and the end of another. In LDC echolocation the duration of the emitted 

pulse is shorter than the time between consecutive pulses. Using shorter duration pulses helps 

LDC bats avoid overlap between the outgoing pulse and weaker returning echoes i.e. forward 

masking (Schnitzler et al. 2003; Jones and Holderied 2007). In cluttered environments echoes 
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from prey are also sometimes masked by echoes from clutter. Target localization is improved 

by increasing pulse bandwidth. Widening bandwidth increases the frequencies that the pulse 

spans allowing a precise pulse - echo time comparison to be made for each frequency at each 

point in time (at any point in time the pulse is at one frequency point). Wider bandwidths give 

LDC bats a wider range of wavelengths to interpret the world, thereby increasing ranging 

(distance) acuity in areas where forward masking occurs (Simmons and Stein 1980; Jones and 

Holderied 2007).  

High Duty Cycle (HDC) echolocation is the other type of echolocation that is used by 

bat species in the families Rhinolophidae, Hipposideridae, Rhinonycteridae and bats in the 

Pteronotus parnellii complex (Neuweiler 1980; Fenton et al. 2012; Foley et al. 2014; Clare and 

Holderied 2015). These bats separate echolocation pulse and echo in frequency rather than 

time, making them particularly well suited to foraging in cluttered environments (clutter 

forager specialists). During flight, HDC bats emit lower frequency pulses compensating for 

Doppler Shift effects. As a result, the frequency of the returning echoes falls within the acoustic 

fovea. The acoustic fovea is a range of adaptations, ranging from features in the cochlea 

through to the auditory cortex and inferior colliculus in the brain, that makes the bat sensitive 

to a narrow range of frequencies. The acoustic fovea is a specific region of the auditory system 

that is sensitive to a unique frequency range. This frequency range is referred to as the reference 

frequency which is generally higher than the frequency these bats produce when stationary (i.e. 

resting frequency) (Neuweiler 1980, 1989). HDC pulses are long duration, narrowband pulses 

dominated by a constant frequency (CF) component with short pauses between pulses 

(Neuweiler 1984). The acoustic system of HDC bats allows them to detect the beating of an 

insect’s wings against background vegetation (Schuller and Pollak 1979b). These wing beats 

show up as small changes in frequency and intensity (acoustic glints) in the returning echoes 

of the CF component. Bats that use this type of echolocation are therefore referred to as flutter 

detection foragers and generally search for prey close to or within vegetation (Schnitzler 1987; 

Schnitzler and Denzinger 2010). In addition to the CF component, HDC bats typically have 

frequency modulated (FM) components (wider bandwidths) at the beginning and end of their 

pulses. These FM components are thought to increase ranging acuity (similar to LDC 

echolocators) (Neuweiler et al. 1987; Schnitzler and Denzinger 2010). Bandwidth might affect 

ranging acuity but the distance over which a signal can travel (i.e. the detection distance) is 

determined by both the acoustic properties of the environment as well as the intensity and 
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frequency of the pulse (Kalko and Schnitzler 1993; Surlykke and Kalko 2008; Odendaal et al. 

2014). 

 High frequency sounds have short wavelengths that reflect off smaller objects better 

than low frequency sounds. A complex relationship exists between wavelength and target size 

where most of the energy is diffracted around the target (the echo becomes weak due to 

Rayleigh scattering) if the target size is smaller than the wavelength (Houston. et al. 2004; Stilz 

and Schnitzler 2012). Most animals, such as non - human primates, use low frequency (long 

wavelength) pulses in cluttered habitats to increase the distance the sound is heard (low 

frequency sounds are less subject to attenuation than high frequency sounds and can travel 

through dense forests by diffraction) (Morton 1975; Marten and Marler 1977; Mitani and Stuht 

1998; Mitani et al. 1999; Ey and Fischer 2009). However, the opposite is true for sounds 

produced by bats for orientation and foraging (i.e. echolocation pulses) in cluttered areas. Bats 

depend on high frequency pulses to attain high resolution images of insects and to improve 

decision - making in clutter (Kalko and Schnitzler 1993). High frequency sounds only reflect 

echoes from close targets reducing the amount of information bats receive (i.e. reducing 

information overload). In contrast, bats foraging in open environments often use low frequency 

sounds to gather more information from echoes over a larger range of distances and to increase 

the distance over which insects can be detected (Neuweiler 1984; Jones and Barlow 2004).  

The effects of the habitat on echolocation can cause closely related species or 

populations within the same species to diverge in their echolocation systems. These effects can 

also cause divergence in other phenotypic traits associated with echolocation such as wing 

morphology (Aldridge and Rautenbach 1987) and body size (Jacobs et al. 2007).  For example, 

bats that emit high frequencies are often associated with broad wings that allow for slower 

flight and more maneuverability in clutter (Schnitzler and Kalko 1998). The relationship 

between body size and frequency (Allometry Hypothesis) has also been well established for 

several groups of bats including Rhinolophidae (Jones 1996; Jacobs et al. 2007; Stoffberg et 

al. 2011). Pulse frequency also varies intraspecifically. Some species are sexually dimorphic 

in pulse frequency with no variation in body size (Jones et al. 1992; Siemers et al. 2005; Russo 

et al. 2007) suggesting extrinsic factors may be responsible for observed frequency differences. 

Habitat influence on intraspecific divergence has been investigated most extensively in HDC 

bats because their resting frequencies can be recorded. Resting frequencies are taken from hand 

- held individuals avoiding Doppler Shift effects associated with flight (Schuller and Pollak 

1979b). Standardized recording methods eliminates variation caused by bats adjusting the 
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features of their pulses to different flight conditions. Ecological diversification of pulse 

frequency in HDC bats has been correlated with various environmental attributes such as 

differences in vegetation structure, atmospheric conditions, and prey composition (Gillam and 

McCracken 2007; Jiang et al. 2010, 2015; Odendaal et al. 2014). 

The Sensory Drive Hypothesis (SDH) proposes that lineage diversification in sensory 

systems, such as echolocation, is driven by the adaptation of these systems to the local climatic 

conditions of each environment (Endler 1992; Luo et al. 2013b). It predicts that acoustic signals 

vary in response to local atmospheric conditions to maximize signal transmission and minimize 

atmospheric attenuation. Environments characterised by high atmospheric attenuation, such as 

hot and humid climates, select lower pulse frequencies, driving diversification between bat 

lineages (Luo et al. 2013b). An inverse relationship between frequency and relative humidity 

was demonstrated in a population of Noack’s Roundleaf bat, Hipposideros ruber (Guillén et 

al. 1999). However, this study did not account for the complex non - linear interaction between 

temperature and relative humidity as well as other climatic variables associated with latitude 

and altitude. This complex relationship is clearly demonstrated by Mutumi et al. (2016) in 

Rhinolophus simulator and R. swinnyi. In these two species, as well as in R. clivosus and R. 

damarensis, such climatic factors had a strong influence on lineage diversification (Jacobs et 

al. 2017; Jacobs and Mutumi 2018). In addition to frequency, climate also affects detection 

distance through atmospheric attenuation which in turn is affected by a complex interaction 

between temperature and humidity (Luo et al. 2013a, b; Mutumi et al. 2016; Jacobs et al. 2017; 

Maluleke et al. 2017) amongst other climatic variables. This interaction and atmospheric 

attenuation are therefore likely to vary from arid to mesic habitats. Temperature has been found 

to have the greatest influence on resting frequency in arid biomes (Maluleke et al. 2017). Both 

temperature and humidity play a combined role in mesic habitats (Mutumi et al. 2016; Jacobs 

et al. 2017). This could explain why Odendaal et al. (2014) found no relationship between 

humidity and resting frequency in R. capensis, instead they found a positive relationship 

between clutter and resting frequency. Higher frequencies were correlated with higher degrees 

of environmental clutter.  

The Foraging Habitat Hypothesis (FHH), an adaptation of the Acoustic Adaptation 

Hypothesis formulated for birds, (Morton 1975; Hansen 1979) proposes that the evolution of 

echolocation frequency is coupled with differences in habitat clutter (Jones and Barlow 2004). 

It predicts that obstacle rich habitats (high clutter) should select for higher frequency pulses 

because they provide greater resolution of smaller targets from background vegetation and only 
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provide information from echoes reflecting off close targets (avoiding information overload). 

Such pulses are attenuated to a greater degree than low frequency pulses making them more 

suitable for short distance prey detection. On the other hand, areas of low clutter should select 

for lower frequency pulses because lower frequencies are less susceptible to atmospheric 

attenuation making them more suited to long distance prey detection (Jones and Barlow 2004). 

Support for this hypothesis has been found for some LDC bats species (e.g. Myotis lucifugus, 

Macrophyllum macrophyllum) (Wund 2006; Brinkløv et al. 2010). In areas of increased clutter 

these species used higher echolocation frequencies.  

The FHH has also been applied to the constant frequency portion of HDC bat species 

but its ecological significance is less well established. As clutter forager specialist, HDC bats 

do not need to increase their echolocation pulse frequencies in cluttered areas to retrieve greater 

resolution images of targets from background vegetation. Instead, these species use a 

combination of already high frequencies, Doppler Shift Compensation, and an acoustic fovea 

to detect the wing beats of insects against clutter (Neuweiler 1989; Waters et al. 1995). Even 

if these bats were to increase their echolocation pulse frequencies in clutter, at such high 

frequencies any increase in resolution would result in less than substantial differences in target 

strength (Jacobs et al. 2007). The use of high frequency echolocation pulses subjects HDC 

echolocation to extreme atmospheric attenuation that results in lower prey detection distances. 

Previous studies have therefore proposed that lower frequency pulses could have evolved in 

open habitats in HDC species for increased detection distance (Xu et al. 2008; Odendaal et al. 

2014). For example, Rhinolophus ferrumequinum occupy a variety of different habitats with 

various levels of clutter/vegetation. In relatively open habitats, this species emits lower 

echolocation frequencies (Xu et al. 2008). To ascertain the ecological significance of these 

frequency differences the relative contribution of frequency to sonar distance in environments 

characterised by different levels of clutter needs to be determined. Currently, little research has 

been done on the ecological significance of differences in frequency as they relate to the FHH.  

 In addition to frequency, the intensity at which the signal is emitted is also under the 

control of the sender and therefore plays a major role in signal propagation and detection 

(Surlykke and Kalko 2008; Brinkløv et al. 2011; Jakobsen et al. 2013b). However, intensity is 

not easy to measure. The measured intensity at the source will be different from that measured 

at a specified distance away from the source. The latter intensity, known as the source level 

(SL), is usually calculated at a predefined distance from the bat. The difference between the 

SL and the sound pressure level at the microphone is a result of sound degradation (spherical 
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spreading and atmospheric attenuation) that occurs between the emitter (i.e. the bat) and the 

recording microphone. The distance of the source of the sound from the microphone must be 

known to correctly calculate SLs (Holderied and Helversen 2003). Fortunately, multiple 

microphone arrays and software based on cross – correlation and triangulation allow the 

position of a moving animal relative to the recording microphones to be established. This is 

achieved by evaluating the time of arrival differences of each echolocation pulse at several 

microphones. Short broadband FM pulses, with steep frequency modulation are best suited for 

cross - correlation techniques used in flight localization using echolocation data recorded with 

multiple microphone arrays (Simmons and Stein 1980; Holderied et al. 2006). Consequently, 

previous research using such methods has focused on LDC bats, largely due to the difficulty 

associated with applying cross - correlation functions to constant frequency dominated HDC 

bat pulses. Such difficulties preclude accurate measurement of differences in arrival time. It is 

possible to apply cross - correlation techniques to the FM components of HDC bat pulses, 

allowing the accurate determination of the differences in arrival times of the pulses at each 

microphone in the array. Using these methods, a bats acoustic flight path can be reconstructed 

in three dimensions in relation to each array (Figure 1.1). SLs can then be calculated for each 

pulse emitted in each of these flight paths. Detection distances for different sized prey are 

derived using SLs, pulse frequencies, and the atmospheric conditions present during the time 

of the recordings (Stilz and Schnitzler 2012). It is important to note that beam width also effects 

sonar distance by focusing energy in one direction or radiating it in many (Jakobsen et al. 

2013b). The techniques used to study beam width in HDC bats are very new and have yet to 

be applied to field studies (See Chapter 5). For this reason, my microphone array setup was 

designed to measure accurate SLs of HDC bats in the field rather than measuring beam width.  

 

 

  

 

 

 



8 
 

 

 

Figure 1.1 An example of a three - dimensional acoustic flight path reconstructed from the 

echolocation pulse sequences of Rhinolophus capensis. Echolocation pulses were recorded as 

bats emerged from Wondergat cave in the desert biome. Circles indicate echolocation pulses 

and arrows indicate the bats direction of travel towards the microphones. This image was edited 

in PhotoScape (MOOII Tech, version 3.7, Korea). 

 Knowledge on SLs in bats is mostly from studies on LDC bats in the lab with even 

fewer studies investigating the combined effects frequency and SL play on detection distance 

(Jakobsen et al. 2013b). The limited number of studies that have calculated SLs from bats in 

the field reveal that bats emit very intense echolocation pulses (Jensen and Miller 1999; 

Holderied and Helversen 2003; Holderied et al. 2005; Surlykke and Kalko 2008). This suggests 

that SLs play a larger role in prey detection distances than previously thought. For example, 

research by Surlykke and Kalko (2008) documented the frequencies, SLs, and resulting 
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detection distances LDC bats use in the field. Bat species in the tropical assemblage they 

studied compensated for frequency - dependent attenuation by using higher SLs to achieve 

comparable prey detection distances. In contrast two species which used different foraging 

strategies and habitats (open air versus clutter) used a combination of frequency and SLs to 

achieve appropriate, but different, detection distances in their respective habitats 

(Mutavhatsindi 2018). When testing the FHH, studies need to consider the physical properties 

of the habitat (i.e. vegetation structure, climate), the specific ecology of the focal bat species, 

and the relative contributions of both frequency and SLs to detection distances.  

 The echolocation pulses of HDC bats are clutter resistant. HDC bats localize insects in 

clutter using long CF pulses in combination with Doppler Shift Compensation and an acoustic 

fovea to detect acoustic glints created in their echoes from flapping insect wings (Schuller and 

Pollak 1979a; Neuweiler 1990; Schnitzler and Kalko 2001). HDC echolocators are considered 

cluttered habitat specialists because their echolocation system is particularly well suited to 

foraging in thick vegetation (Neuweiler 1980). Foraging in high clutter requires these bats to 

be able to not only detect targets from background vegetation but also to maneuver around the 

high clutter - a task that is dependent on determining precise distances to surrounding 

vegetation. Previous research proposes that these clutter forager specialists accomplish this task 

using the FM components of their echolocation pulses (i.e. the FM components are used to 

determine ranging acuity) (Neuweiler et al. 1987; Tian and Schnitzler 1997; Schnitzler and 

Denzinger 2010; Fawcett et al. 2015). If these FM components are used for ranging acuity, the 

acoustic parameters of these components should also be correlated with level of clutter in their 

respective biome (as proposed by the FHH).  

 The FHH assumes that acoustic variation is driven by ecological selection (i.e. genetic 

variation or phenotypic plasticity). Phenotypic plasticity is the ability of one genotype to 

produce more than one phenotype when it is subjected to different environments (Scheiner 

1993; Price et al. 2003). Acoustic variation can be influenced by phenotypic plasticity if 

phenotypic plasticity promotes successful dispersal and survival in different environments 

(Pfennig et al. 2010). In these circumstances, the evolution of increased phenotypic plasticity 

would be favored over adaptive genetic divergence because new adaptations would arise within 

fewer generations (Pfennig et al. 2010). Evidence supporting phenotypic plasticity in 

rhinolophids was provided by Odendaal et al. (2014). They found variation in frequency 

between different populations of R. capensis despite sufficient gene flow. Gene flow is 

mediated by reproduction and vertical gene transfer from parent to offspring. Frequency in 

rhinolophids is largely genetically determined (Rübsamen 1987; Chen et al. 2009) but its fine 
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tuning may be learnt via mother – to - offspring transmission (Matsumura 1979; Jones and 

Ransome 1993; Boughman and Moss 2003). Phenotypic plasticity may therefore explain small 

shifts in frequency between some of the populations of R. capensis in Odendaal et al. (2014) 

study but it would not explain the larger shift in frequency (9 kHz) in the desert population. 

Divergence in the presence of gene flow does not provide definitive evidence for phenotypic 

plasticity. Divergence can still occur with gene flow if selection is severe enough to overcome 

the stabilizing influence. The steep frequency differences between the desert and the 

neighbouring populations could therefore be a product of genetic variation (Odendaal et al. 

2014). In addition to genetic variation, phenotypic differences could also be a product of 

epigenetic variation (Dolinoy et al. 2007; Kucharski et al. 2008; Liu et al. 2015). Recent 

publications suggest that phenotypic variation (Dolinoy et al. 2007; Kucharski et al. 2008; Liu 

et al. 2015) may result from epigenetic variation and DNA methylation as a response to a 

rapidly changing environments and that these changes could be inherited by future generations. 

This was observed in three species of bats: the great roundleaf bat (Hipposideros armiger), the 

least horseshoe bat (Rhinolophus pusillus) and the eastern bent-winged bat (Miniopterus 

fuliginosus). DNA sequence divergence, epigenetic drift and environmental variables all 

contributed to observed epigenetic diversity in these three species (Dolinoy et al. 2007; 

Kucharski et al. 2008; Liu et al. 2015). 

 In addition to ecological selection variation and epigenetics, variation can also be a 

product of genetic drift or behavioural flexibility. However, divergence in sensory traits are 

usually mediated by adaptive processes (instead of genetic drift) because of their involvement 

in important ecological functions such as orientation, foraging, communication, mate choice, 

and conspecific recognition (Barton and Charlesworth 1984). These functions all have a direct 

impact on an organism’s fitness (Barton and Charlesworth 1984; Neuweiler 2003; Gübitz et al. 

2005; Schuchmann et al. 2012; Puechmaille et al. 2014; Bastian and Jacobs 2015). This notion 

is supported by previous studies of several rhinolophid species that show little evidence for 

drift in their echolocation pulses (Mutumi et al. 2016; Jacobs et al. 2017; Jacobs and Mutumi 

2018). Despite these findings and the functional relevance of echolocation, genetic drift may 

occur during founder events establishing new populations (Barton and Charlesworth 1984). 

Acoustic variation can also stem from behavioural flexibility. Unlike phenotypic plasticity and 

genetic selection, behavioural flexibility is a change in a trait that is not the result of an 

interaction between the genome and the environment (Piersma and Drent 2003). Behavioural 

flexibility plays out within single individuals and genotypes (Piersma and Drent 2003).  
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 Bats often display behavioural flexibility of the acoustic phenotype. Prime examples of 

this include bats adjusting their acoustic signals during prey detection and capture (Kalko and 

Schnitzler 1993) and in response to background noise (Luo et al. 2015; Jiang et al. 2019). 

Behavioural flexibility allows bats to actively respond to changes within their environment or 

the changing environment itself. Some species of LDC bats have shown to change the 

frequency of their echolocation pulses in response to both clutter and changing atmospheric 

conditions. In HDC bats, the frequency of the constant frequency component of their pulses 

may have a learnt component, be individual - specific, and is tightly coupled with the acoustic 

fovea (Fenton et al. 2012). Large frequency changes in response to environmental factors are 

more likely a result of selection as proposed by the FHH. Consequently, HDC bats may actively 

respond to their environment using other acoustic properties such as changing SLs or adjusting 

the parameters of their FM components. Behavioural flexibility in these parameters could be 

paramount to allow these bats to occupy different biomes and further their survival in the face 

of global environmental change. The main aim of my study is to determine whether there are 

differences in in the echolocation parameters of bats occupying biomes characterised by vastly 

different habitat structures and determines whether these differences are a product of 

behavioural flexibility or possibly selection (as proposed by the FHH).  

 

 

RESEARCH AIMS 

 

My study combines an observational and experimental approach to determine how 

habitat clutter influences echolocation pulse divergence in HDC bats. An ideal way of testing 

this variation is by comparing the pulses of different populations of the same species (e.g. 

Rhinolophus capensis), thus controlling for phylogenetic history that occupies different biomes 

characterised by different vegetation structures. My study species, R. capensis, occupies 

multiple biomes and uses different echolocation frequencies in these biomes. No relationship 

between atmospheric variables, such as relative humidity and frequency, were found between 

these populations (Odendaal et al. 2014). Pulse frequencies used by R. capensis in these biomes 

contradicted the SDH. Lower pulse frequencies were not found in environments that experience 

hotter more humid average nightly conditions, such as the fynbos (Odendaal et al. 2014). 

Instead a relationship between clutter and RF was found in this species. This study will, 

therefore, focus on only testing the influence of clutter i.e. testing the Foraging Habitat 

Hypothesis (FHH).  
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 As predicted by the FHH, Odendaal et al. (2014) found a negative correlation between 

frequency and clutter in R. capensis, with the lowest frequencies occurring in the open desert 

biome. However, whether R. capensis uses different SLs and FM components in these different 

biomes is not known. A heterospecific species, R. damarensis, was used as a control and 

additional test of the FHH. R. damarensis inhabits the same desert biome as R. capensis but 

echolocates at a higher frequency (equivalent to the frequency used by R. capensis in the 

cluttered fynbos habitat). Previous studies suggested that these frequency differences evolved 

to avoid acoustic overlap by the two species (Heller and Helversen 1989; Jacobs et al. 2007; 

Bastian and Jacobs 2015). However, whether these differences in frequency have ecological 

impacts on detection distances were not determined. This study tested the predictions proposed 

by the FHH. To determine the ecological significance of these frequency differences, I 

determined the relative contributions of both frequencies and SLs to prey detection distances 

of bats living in two vastly different biomes (desert versus fynbos). As a further test of the 

ecological significance in echolocation differences, particularly differences in pulse frequency, 

I investigated the SLs and prey detection distances of Rhinolophus damarensis. The FHH 

assumes that divergence is the result of possible selection. However, acoustic variation can also 

be the result of behavioural flexibility. Experiments were used to determine whether 

differences in frequency were a result of possibly selection or behavioural flexibility. Degree 

of clutter was manipulated to determine if bats from one biome (desert or fynbos) could change 

their echolocation parameters to that of bats from the other biome (desert or fynbos) to deal 

with an increase or decrease in clutter.  

 

THESIS OUTLINE 

 

Chapter 2 tests the predictions of the FHH in my model species through a comparison of 

detection distances between R. capensis populations in the desert and fynbos and between R. 

capensis and R. damarensis in the desert. The ecological significance of these frequency 

differences in R. capensis are explored within the desert biome in different situations (in a 

foraging area versus emergence), thus controlling for differences in pulse function. I propose 

that if lower frequency pulses in R. capensis in the desert have evolved for increased prey 

detection distances in the desert (as proposed by the FHH) then 1) detection distances for desert 

bats i.e. R. capensis and R. damarensis should be similar to each other but greater than that for 

fynbos R. capensis 2) SLs of R. damarensis should be higher than those for desert R. capensis 
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if they are to have similar detection distances i.e. similar responses to open space given the 

differences in their pulse frequencies 3) differences in detection distances in R. capensis should 

largely be the result of differences in pulse frequency. 

Chapter 3 uses an experimental approach to determine whether recorded differences in the 

acoustic parameters (SL and frequency) of R. capensis echolocation pulses are a result of 

possibly selection (as proposed by the FHH) to clutter or behavioural flexibility. Chapter 3 

deals with within individual differences in acoustic parameters of bat’s echolocation pulses (as 

opposed to differences between populations that was explored in Chapter 2).  The flexibility of 

acoustic parameters of bats at the individual level may be constrained by the auditory traits of 

that animal (e.g. acoustic fovea). Observed differences in acoustic parameters within 

individuals could therefore be less than observed differences between populations. To 

determine the level of flexibility within individuals as well as between individuals in the 

different biomes, bats were exposed to a two - treatment flight room experiment where they 

were flown in a) the same level of clutter as their own biome and b) a level of clutter of the 

other biome. If observed differences are due to behavioural flexibility rather than possibly 

selection (albeit for reasons other than clutter/changes in volume of open space) then 1) desert 

bats should be able to adjust their frequency and/or their SLs to have the same detection 

distances as fynbos bats when exposed to the same degree of clutter as fynbos bats and vice 

versa 2) similarly, under the controlled environment of the flight room, at least with respect to 

clutter/open space, both desert and fynbos populations of R. capensis should adjust their pulse 

frequency and SLs to changes in atmospheric attenuation across a night to maintain similar 

detection distances.  Furthermore, I compared the acoustic parameters of bats in the flight room 

experiments to those in the field. I then tested whether the relative contributions of frequency 

and SL were similar in the controlled conditions of the flight room to those in the field with the 

purpose of gaining further insight into the function of both parameters in optimising detection 

distance.  

Chapter 4 explores the correlation between habitat clutter and the frequency modulated 

components of R. capensis echolocation pulses. The previous chapters draw a correlation 

between the acoustic parameters a HDC species, R. capensis, employs to achieve different 

detection distances and the level of clutter in their environment. This chapter uses the same 

approach but investigates whether there is a correlation between level of clutter and the acoustic 

parameters of the frequency modulated components. Previous research suggests that HDC bats 

may be measuring the time elapsed between pulse and echo of the frequency modulated 
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components of their pulses for better ranging acuity (Schnitzler and Denzinger 2010; Fenton 

et al. 2012). If HDC bats are using the frequency modulated components to determine distance 

to objects, then the acoustic parameters of these components should be correlated with level of 

environmental clutter because highly cluttered environments require greater ranging acuity. I 

therefore investigated if there are differences in the frequency modulated components as well 

as the acoustic parameters of the whole pulse that dictate FM emission rate (pulse duration, 

inter - pulse interval, duty cycle, and distance from start to maximum amplitude) of the 

echolocation pulses of R. capensis in two biomes characterised by different degree of clutter 

(i.e. open desert and cluttered fynbos) using both an observational and experimental approach. 

I explored two potential explanations. The first, in accordance with the FHH, proposes that the 

differences between biomes is due to possibly selection for optimal ranging acuity in response 

to the degree of clutter in each habitat. It predicts that there are functionally significant 

differences between biomes which are fixed i.e. bats from a particular biome are unable to 

change their FM components in response to a degree of clutter that they do not experience in 

their natal habitat (Prediction 1). The second explanation proposes that differences in the FM 

components between the two biomes are the result of behavioural flexibility. It predicts that 

bats from the different biomes can change the parameters of the FM components in similar 

ways in response to degrees of clutter that is markedly different from what they experience in 

their natal habitat (Prediction 2).  

Chapter 5 concludes the thesis by discussing the integrated results of the previous chapters to 

address the research aims and predictions outlined above as well as to provide direction for 

future acoustic research. I discuss the benefits of using R. capensis, a species which has 

successfully inhabited a variety of different biomes, to test the predictions of the FHH in HDC 

bats. Variation is viewed from two perspectives: behavioural flexibility and adaptation. I 

highlight the benefits of studying this variation to determine how HDC bats use each pulse 

component for successful orientation and foraging in their respective biome. This research has 

given us new insight the evolutionary forces driving acoustic variation in HDC bats.  

 

STUDY SYSTEMS 

 

Our focal species is the endemic cape horseshoe bat, Rhinolophus capensis. R. capensis, is a 

medium sized bat weighing around 10 g – 16 g with a forearm length of 47 mm – 52 mm 

(Jacobs et al. 2007). R. capensis forages in or near cluttered habitats (Csorba et al. 2003; Jacobs 

et al. 2007). Their diet consists mainly of Lepidoptera and Coleoptera (Jacobs et al. 2007). R. 
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capensis is largely restricted to the narrow coastal belt of the western and southern coast of 

South Africa between the coastline and the great escarpment encompassing a variety of 

different biomes. Body size and echolocation frequency (+/-10 kHz gradual change across its 

range) vary across the geographic distribution of R. capensis (Odendaal et al. 2014; Bastian 

and Jacobs 2015). Spatially defined mitochondrial groups do exist but there is gene flow across 

its range (Odendaal et al. 2014). This range is characterised by relatively open habitats in the 

North and West (desert and karoo biomes) spanning habitats characterised by an increase in 

clutter in the East (fynbos, albany thicket and forest) (Figure 1.2). These differences in 

vegetation are the result of a latitudinal gradient with aridity increasing northwards and 

longitudinal seasonality shift in rainfall. South Africa is predominantly a summer rainfall 

region (with approximately half of R. capensis range occurring these regions) with a seasonal 

shift in rainfall that is caused by the winter rainfall zone that occurs along the southwestern and 

southern tip of the African continent. The rainfall in the winter rainfall zone is predominantly 

caused by cold fronts stemming from polar cyclone systems originating over the South 

Atlantic. The diminishing influence of these polar frontal systems in the north is correlated 

with a decrease in rainfall and an increase in aridity (Matthews et al. 2016; Bamba et al. 2018) 

(Figure 1.2).  

Despite gene flow in R. capensis, the marked differences in rainfall and vegetation 

across their range has resulted in a stable relationship between pulse frequency and increasing 

vegetation; pulse frequency increases from open areas in the North West (75 kHz) to highly 

cluttered habitats in the South East (86 kHz) (Odendaal et al. 2014). Differences in body mass 

do not explain differences in resting frequency because populations with similar body mass 

have different echolocation frequencies. Similarly, relative humidity does not explain these 

substantial differences in pulse frequency (Odendaal et al. 2014). The frequencies of R. 

capensis in both desert and fynbos biomes contradict the Sensory Drive Hypothesis which 

states that lower frequency pulses should have evolved in bats inhabiting environments with 

hotter, more humid average nightly conditions (such as the fynbos) (Luo et al. 2013b). 

In the north of their range, R. capensis co - occurs with Rhinolophus damarensis and in 

the south with Rhinolophus clivosus (Figure 1.2). R. damarensis (forearm length: 47 mm - 52 

mm) and R. clivosus (forearm length: 56 mm – 57 mm) are both medium sized bats (Jacobs et 

al. 2007). R. capensis echolocates at approximately 9 kHz lower than their respective 

heterospecifics in the northern and southern regions where they overlap with these two species. 

According to the Acoustic Communication Hypothesis, R. capensis in the desert have evolved 

lower frequency pulses to avoid acoustic overlap with R. damerensis (Heller and Helversen 
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1989; Jacobs et al. 2007; Bastian and Jacobs 2015). Variation in pulse frequency, body size, 

and the environment of R. capensis, coupled with the occurrence of sympatric congeneric in 

parts of their range provide an excellent opportunity for investigating factors that influence 

intraspecific phenotypic divergence.  

 

 

Figure 1.2 The geographic distribution of R. capensis, R. damarensis, and R. clivosus in the 

different biomes in South Africa (modified from (Mucina and Rutherford 2006; Odendaal et al. 

2014)). 

 

STUDY SITES 

 

This study was conducted at two locations within the geographic range of R. capensis that have 

vastly different vegetation structures (desert versus fynbos). One location is in the desert biome 

in the extreme north - western part of its range near the Orange River. In the desert biome, R. 

capensis is found roosting at Wondergat cave (- 28.41900, 16.88800) and R. damarensis is 
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found roosting at Numeesberg mine shaft (- 28.43556, 17.02139) and at a cave along the 

Orange River (- 28.70215, 17.53992). Numeesberg mine shaft is located to the north west of 

Wondergat cave, approximately 15.8 km away. The Orange River cave is 71.7 km away from 

Wondergat and 58.6 km away from Numeesberg mine shaft. The other site is to the south and 

in the middle of their range, in the fynbos biome (natural shrubland or heathland vegetation 

located in the Western and Eastern Cape provinces of South Africa) in De Hoop Nature 

Reserve, near Bredasdorp. In the fynbos biome, R. capensis is found roosting at Hot Hole cave 

(- 34.45792, 20.44477). The maximum vegetation height in the fynbos biome is usually around 

3 m (Okitsu 2010). 

 

 ETHICAL STATEMENT 

 

This study followed the guidelines set out in the American Society of Mammalogists 

(Committee 1998; Sikes and Mammalogists 2016) for recording, capturing, and handling bats. 

These methods were approved by the University of Cape Town’s Faculty of Science Animal 

Ethics Committee (2016/v1/DJ) and Biological Safety Committee. Permits were attained for 

research in both the Cestern cape (Cape Nature: AAA007-00012-0052) and Northern Cape 

(FAUNA 0013/2016) where the study occurred.  
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CHAPTER 2 

 

BAT PULSE SOURCE LEVELS AND PREY DETECTION DISTANCES 

CORRELATE WITH HABITAT 

 

INTRODUCTION 

 

Bats’ success as nocturnal hunters can be attributed to their use of echolocation (Griffin 1958; 

Neuweiler 1980). The acoustic characteristics of their biosonar pulses play a crucial role in 

how bats detect, localize, and classify objects (Griffin et al. 1960; Kingston et al. 1999; Siemers 

and Schnitzler 2004; Wund 2005; Jung et al. 2007, 2014). The distance over which bats can 

detect prey is determined by two key echolocation properties: pulse frequency and source level 

(SL) (Stilz and Schnitzler 2012). Variation in pulse frequency has been attributed to several 

environmental factors, including climate and habitat structure (clutter: often in the form of 

vegetation) (Barclay et al. 1999; Jones and Barlow 2004; Snell-Rood 2012; Luo et al. 2013b; 

Mutumi et al. 2016). 

Climate affects detection distance through atmospheric attenuation which in turn is 

affected by a complex interaction between temperature and humidity (Luo et al. 2013b; 

Mutumi et al. 2016; Jacobs et al. 2017; Maluleke et al. 2017) amongst other climatic variables. 

This interaction and atmospheric attenuation are therefore likely to vary from arid to mesic 

habitats. In arid habitats temperature has been found to have the overriding influence on 

atmospheric attenuation (Maluleke et al. 2017) but in mesic habitats both temperature and 

humidity play a role (Mutumi et al. 2016; Jacobs et al. 2017). This could explain why Odendaal 

et al. (2014) found no relationship between humidity and resting frequency in R. capensis. 

Instead they found a relationship between clutter and resting frequency. For this reason, this 

study will focus only on testing the influence of clutter i.e. testing the Foraging Habitat 

Hypothesis (FHH).  

The influence of habitat structure was formalized in the FHH, which proposes a close 

relationship between the range of echolocation frequencies used by bats and the degree of 

clutter (vegetation density) they are exposed to in different habitats (Jones and Barlow 2004). 

This hypothesis was first proposed for Low Duty Cycle (LDC) bats. In LDC bats the FHH 

proposes that bats increase pulse frequency in obstacle rich habitats for increased resolution of 
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prey against background vegetation (Neuweiler 1984; Norberg and Rayner 1987; Siemers et 

al. 2001; Jones and Barlow 2004). The ecological significance of the FHH in clutter rejection 

foragers (High Duty Cycle: HDC bats) is less well established despite marked variation in 

echolocation pulse frequencies across biomes (Xu et al. 2008; Odendaal et al. 2014). Unlike 

LDC bats, HDC bats have the unique ability to reject background clutter and simultaneously 

detect fluttering prey using high frequencies, Doppler Shift Compensation, and the acoustic 

glints generated from the wing beats of insects (Schuller and Pollak 1979b; Suga et al. 1983; 

Neuweiler 1989). This allows them to easily distinguish flying prey from background 

vegetation. Furthermore, as clutter specialists many HDC bats species evolved the use of very 

high echolocation pulse frequencies allowing them to retrieve echoes from small objects 

(leaves, twigs, wings of insects). These high frequencies supply them with ample amount of 

frequency resolution (Neuweiler 1989; Waters et al. 1995). At such high frequencies increases 

in resolution would be minimal because differences in frequency are not large enough to 

produce substantial differences in target strength (Jacobs et al. 2007). The use of high 

frequencies subjects the echolocation pulses of HDC bats to extreme atmospheric attenuation 

resulting in lower prey detection distances. In open environments this puts these bats at a 

disadvantage, despite this HDC species occupy open environments such as deserts. In these 

open environments lower pulse frequencies have been associated with lower levels of clutter 

(Xu et al. 2008; Odendaal et al. 2014).  The proposed ecological significance of these lower 

frequency pulses in open environments (as proposed by the FHH) is an increase in prey 

detection distance. Detection distance is a product of both frequency and SL (Stilz and 

Schnitzler 2012). Testing the FHH, therefore, requires precise SL calculations.  

SL is important to determining the operational distance achieved through echolocation. 

Increasing pulse SL increases the distance over which that pulse can return echo information 

loud enough to be heard by the echolocating bat (i.e. the operational distance of echolocation) 

(Stilz and Schnitzler 2012). SLs are paramount to testing the predictions of the FHH. 

Measuring SL requires known distances and orientation of the emitter relative to the recording 

microphone. These measurements are further complicated when attempting to calculate free 

flying bats. SLs of bats in the field can be measured using microphone arrays to plot a bat’s 

acoustic flight path in relation to a recording microphone (Holderied and Helversen 2003) 

(Figure 1.1). Such technological advances have revealed that LDC bats, regardless of size, are 

using extremely intense (high SLs) echolocation pulses in the field (Surlykke et al. 1993; 
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Jensen and Miller 1999; Holderied et al. 2005; Surlykke and Kalko 2008). Use of such high 

SLs suggests that SL plays a significant role in detection distance.  

The ecological significance of SL has only been explored in a few studies on LDC bats 

that have shown its functional impact on prey detection distances. For example, Surlykke and 

Kalko (2008) investigated the effects of SLs on prey detection distances of LDC bats. They 

found that bat species in the local tropical assemblage compensated for frequency - dependent 

attenuation by using higher SLs to achieve comparable detection distances. In contrast, two 

species in a temperate region with different foraging strategies and habitats (open air versus 

clutter) used a combination of frequency and SL to achieve appropriate but different detection 

distances in their respective habitats (Mutavhatsindi 2018). These findings suggest that both 

the physical properties of the habitat (i.e. vegetation structure, climate) and the specific ecology 

of the focal species must be considered when testing the FHH. Currently, the only information 

on SL and detection distances in HDC bats comes from laboratory studies (Schnitzler and 

Grinnell 1977; Waters and Jones 1995; Schuchmann and Siemers 2010a). Recent advances in 

cross - correlation methods (microphone array analysis) uses the FM component of HDC bat 

pulses to accurately determine differences in arrival times of the pulses at each microphone in 

the array and therefore the position of the bat relative to the microphones. Using this method 

SLs of HDC bats can be calculated from the field and lab. Field studies are vital to 

understanding the natural SLs and resulting detection distances emitted by bats in their 

respective environments.  

Detection distance is a product of both SL and frequency as well as the acoustic 

properties of the environment, such as clutter (absorption) and climate (attenuation) (Stilz and 

Schnitzler 2012; Luo et al. 2013b). The significant impacts SL and frequency have on prey 

detection distance can be determined by assessing acoustic variation as it relates to 

environmental properties. This requires knowledge on the relative contributions of both 

frequency and SL to detection distance. Variation in one acoustic parameter (i.e. frequency or 

SL) may contribute significantly less to observed differences in detection distance compared 

to variation in the other acoustic parameter. Observed variation in the first acoustic parameter 

(e.g. frequency) may therefore not be a product of increasing detection distance, in which case 

alternative explanations for this variation should be explored. Testing the FHH requires 

determining whether observed variation in frequency between habitats is large enough to 

produce ecologically significant differences in prey detection distances.  
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There are distinct differences in the echolocation pulse frequencies of HDC bat species 

(Heller and Helversen 1989; Kingston et al. 2000, 2001; Jacobs et al. 2007; Russo et al. 2007). 

The FHH attributes these frequency differences to level of environmental clutter (Jones and 

Barlow 2004). However, the ecological significance of why bats already using a clutter 

rejection system would undergo evolutionary change in response to differences in clutter is still 

unclear. My study investigated the correlation between clutter and pulse frequency in 

Rhinolophus capensis (Odendaal et al. 2014). R. capensis successfully inhabits a variety of 

biomes characterised by different degrees of clutter (from cluttered fynbos to open desert). I 

studied two populations of R. capensis that occupied habitats which differed in their level of 

clutter, one in the desert (echolocation frequency: 75 kHz) and one in the fynbos (echolocation 

frequency: 84 kHz) (Odendaal et al. 2014). The desert population of R. capensis deviated from 

the correlation between pulse frequency and body size (Odendaal et al. 2014) more than any of 

the other populations i.e. it had a lower pulse frequency than predicted by its body size. 

Similarly, it also deviated more than the other populations from the relationship between pulse 

frequency and clutter. This begs the question why lower pulse frequencies would be 

advantageous to a species using a clutter rejection, flutter detection echolocation system. As a 

clutter forager specialist, R. capensis evolved a combination of high frequencies, an acoustic 

fovea, and Doppler Shift Compensation to allow them to distinguish prey from background 

clutter (Schuller and Pollak 1979a; Neuweiler 1989, 1990). At such high frequencies R. 

capensis can discriminate even the smallest of prey (4 mm and smaller in body length) (Jacobs 

et al. 2007) giving them ample resolution. Instead of resolution, difference in pulse frequencies 

in R. capensis could be the result of possible selection for increased detection distance. Lower 

frequency echolocation pulses are less subjected to atmospheric attenuation and therefore travel 

further (Griffin 1971; Lawrence and Simmons 1982; Stilz and Schnitzler 2012; Luo et al. 

2013b). In an open desert environment this could allow desert R. capensis to detect prey at 

greater distances, allowing the larger volumes of space in the desert to be searched more 

efficiently. The ecological significance of pulse frequency variation could be reflected in the 

detection distances of bats occupying different biomes. However, detection distances alone 

may not explain observed differences in the frequencies used by R. capensis in the desert versus 

the fynbos. Frequency differences could also be explained by the Acoustic Communication 

Hypothesis (ACH) (Heller and Helversen 1989; Jacobs et al. 2007; Bastian and Jacobs 2015). 

The ACH proposes that R. capensis uses lower frequencies to prevent acoustic overlap with 

conspecifics (Heller and Helversen 1989; Jacobs et al. 2007; Bastian and Jacobs 2015).  
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A conspecific, Rhinolophus damarensis, inhabits the same desert habitat as R. capensis 

but uses an echolocation pulse frequency equivalent to R. capensis inhabiting the fynbos. The 

use of higher pulse frequencies in the desert should result in much shorter detection distance 

for R. damarensis than R. capensis. Given its similar size and wing loading to R. capensis 

(Jacobs and Bastian 2018), this would place R. damarensis at a considerable disadvantage. In 

addition to frequency SLs also influence detection distance (Brinkløv et al. 2011; Stilz and 

Schnitzler 2012; Jakobsen et al. 2013a). For R. damarensis to achieve comparable detection 

distances to R. capensis in the desert they would need to use higher SLs (as was found for LDC 

bats) (Surlykke and Kalko, 2008). If both R. capensis and R. damarensis in the desert have 

higher detection distances than R. capensis in the fynbos, then this would provide support for 

the FHH. This is contingent on pulse frequency and not SLs contributing more to observed 

differences in detection distances in R. capensis between biomes. This would suggest that 

differences in frequency confer an ecological advantage in the respective habitats occupied by 

R. capensis (e.g. in the form of increased detection distance in open habitats).  

This study tested the FHH hypothesis which proposes that differences between desert 

and fynbos bats are the result of possibly selection for increased detection distances in desert 

bats in response to lower levels of clutter (increased volumes of space) in the desert (Jones and 

Barlow 2004). If so 1) detection distances for desert bats i.e. R. capensis and R. damarensis 

should be similar to each other but greater than fynbos R. capensis 2) SLs of R. damarensis 

should be higher than desert R. capensis if they are to have similar detection distances i.e. 

similar responses to open space given the differences in their pulse frequencies 3) differences 

in detection distances in R. capensis should largely be the result of differences in pulse 

frequency. 
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METHODS  

 

Sampling Sites 

Bats were recorded in two biomes with contrasting clutter levels (desert and fynbos). 

Levels of clutter can be estimated by satellite - based vegetation assessment using the metric 

Normalized Difference Vegetation Index (NDVI). This index ranges from -1 to 1 with negative 

values correspond to little or no vegetation cover and positive values corresponding to different 

degrees of vegetation cover (Turner et al. 2003). The desert biome sampled in this study has a 

NDVI index of 0.22 and the fynbos has a NDVI index of 0.45 (Odendaal et al. 2014). In the 

desert, R. capensis was recorded during emergence at Wondergat cave (a day roost) and at a 

nearby foraging area (dried riverbed) shortly after emergence. Foraging sites were identified 

by the presence of feeding buzzes in on - site recordings of bat echolocation pulses. The desert 

foraging site was located 3.9 km away from Wondergat cave. R. damarensis was recorded in 

the desert biome during emergence from Numeesberg mineshaft and at the Orange River cave 

(See Chapter 1 study sites for more information on recording sites). Orange River cave was 

considered both cave and foraging site because of the presence of feeding buzzes in the 

echolocation recordings of bats in this area. In the south coast, R. capensis was recorded at Hot 

Hole cave in De Hoop Nature Reserve (Figure 1.2). Hot Hole cave was characterised as both 

cave and foraging site. Echolocation pulses recorded at Hot Hole cave were therefore grouped 

into an emergence/foraging category because they could not be separated.  

 

Calculating Source Levels (Predictions 1 – 3)  

Calculation of the source levels (SLs) (sound pressure level of the bats echolocation pulses at 

a predefined distance of 10 cm in front of the bat in the current study, in decibels [dB]) followed 

methods used in Chapter 2. This required that the position of the bat in relation to each 

microphone be known. Microphone array analysis calculates SLs by reconstructing bats flight 

path in three dimensions in relation to each array (Brandstein et al. 1995; Holderied and 

Helversen 2003; Gillette and Silverman 2008). Flight paths were constructed in Matlab 

(Mathworks, Version 2013, Natick, United States) following a script used in Holderied and 

Helversen (2003). Individual flight paths were only constructed from search phase sequences, 

even when feeding buzzes were present e.g. in recordings from foraging areas (i.e. feeding 

buzzes were not included in the analysis). Feeding buzzes were distinguished as a sequence of 
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pulses towards the end of a train of pulses where the bat increased its duty cycle to around 90 

% (Gudra et al. 2011).  

Acoustic flight path reconstructions were based on the differences in the Times of 

Arrival (TOA) of each pulse at each of the microphones as the bats flew towards the arrays 

(Aubauer 1994; Aubauer and Ruppert 1994; Holderied and Helversen 2003). TOA differences 

were calculated using cross - correlation analysis, which measures the similarity between two 

signals as a function of their relative time delay. Certain pulse designs produce clearer i.e. 

narrower and less error - prone cross - correlation results (Holderied et al. 2006). Short 

broadband FM pulses, with steep frequency modulation are best suited for cross - correlation 

techniques in contrast to constant frequency signals, that preclude unambiguous measurement 

of differences in arrival times at the microphones in the array (Simmons 1967, 1973; Simmons 

and Stein 1980; Holderied et al. 2006). The TOA of the pulses at each of the eight microphones 

was therefore based on the terminal frequency - modulated component of the echolocation 

pulses of R. capensis. The voltage generated by each pulse at the centre microphones of two 

arrays were converted to recorded dB SPL (taking propagation losses into account) converted 

back to SLs calculated at 10 cm from the bat (calculated for each pulse in a flight path) (Matlab 

script, ©Holderied). SLs were corrected for both atmospheric attenuation (absorption losses 

that were dependent on temperature, humidity, and atmospheric pressure) and spreading losses 

(a decrease in sound pressure levels as a sound propagates away from a source) (Sternheim and 

Kane 1986; Ey and Fischer 2009; Stilz and Schnitzler 2012) based on the distance of the bat to 

the microphone and the recorded frequency of each pulse (Holderied and Helversen 2003). 

Dynamic range was calculated for R. capensis in the different recording areas by subtracting 

maximum SLs minus minimum SLs (species level: across all the acoustic flight paths 

recorded). Automatic parameter measurements (Avisoft - SASLab Pro, v5.2, Avisoft 

Bioacoustics, Glienicke, Germany) were used to measure echolocation pulse frequency.  

Prevailing atmospheric conditions (temperature, humidity, air pressure, and wind 

speed) at the time of recording echolocation pulses, for the determination of bat flight paths, 

were recorded to allow precise calculation of SLs. Atmospheric variables were recorded using 

a weather station (Wireless Pro Weather Station, Oregon Scientific, Oregon, USA). The 

weather station was set up within a few metres of the arrays and three metres above the ground, 

the maximum flight height of R. capensis (Jacobs et al. 2007).     

 

Calculating Detection Distances (Testing Prediction 1) 
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The calculation of detection distances followed the methods outlined in Chapter 2. Maximum 

detection distances for detecting different sized prey were calculated using the following 

formula: DT= SL+ TLA + TLS + TS (Bazley 1976; Møhl 1988; Holderied and Helversen 2003; 

Goerlitz et al. 2010) where DT is the detection threshold; TLA is transmission loss due to 

absorption; TLS is the transmission loss due to spherical spreading and TS is the target strength. 

TLA and TLS are functions of distance. TLA was calculated using the National Physical 

Laboratory online calculator (http://resource.npl.co.uk/acoustics/techguides /absorption/ISO 

9613). The calculator uses echolocation pulse frequency (frequency of the pulse with the 

greatest SL in each pass), local atmospheric conditions (temperature, humidity, and 

atmospheric pressure), and target type to calculate TLA for each pass. Detection distances were 

calculated using maximum SLs (dB SPL) for each pass and the corresponding frequency of 

that echolocation pulse. The auditory threshold (detection threshold) of the bat was assumed to 

be 20 dB SPL for bats flying under natural conditions (Stilz and Schnitzler 2012). Target 

strength is the acoustic energy reflected from an ensonified echolocation signal on a target. 

 Detection distances were calculated for different prey sizes because target strength 

varies with the size of the object, reflecting the impinging pulse and generating the echo. Each 

size class has its own target strength, which is used to determine the effective range at which 

bats can detect different sized prey. Target strengths for each category of insects was assigned 

as follows: small (-65 dB), medium (-50 dB), and large (-40 dB) in accordance with Stilz and 

Schnitzler (2012). These target strengths were based on size ranges (4 mm - 28 mm) of insects 

given in previous studies (Waters et al. 1995; Holderied and Helversen 2003). To determine if 

the size range of prey available to bats in each habitat (and therefore the target strength) 

matched those given by these studies, two insect light traps were set up at each recording site 

at night (from dusk till dawn). Ultraviolet black light (Sylvania Blacklight FC22W/350BL UV 

lamp, Massachusetts, United States) and medium sized buckets (volume: 17.68 L) were used. 

Collected insect samples were stored in 70 % ethyl alcohol and kept in a freezer until analysis. 

Sample specimens from the orders Coleoptera (beetles) and Lepidoptera (moths) were analysed 

based on previous dietary analysis of R. capensis in South Africa (Jacobs et al. 2007). This 

analysis showed R. capensis dietary composition consisted mainly of these two orders (Jacobs 

et al. 2007). Body length was used as a measure of size (Jacobs et al. 2007). Measurements of 

body lengths were taken from the hind - most tip of the abdomen to the forward most part of 

the head (excluding the antennae). Sizes of smaller insect were measured using a stereo 

microscope (Leica EZ4 model) fitted with a calibrated eye - piece graticule (Morse et al. 1988; 

http://resource.npl.co.uk/acoustics/techguides%20/
https://www.google.co.za/search?q=Wilmington+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MKowja9KUuIEsQ1zjQoqtLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFACRPh7BFAAAA&sa=X&ved=0ahUKEwjcydi2zKLaAhXoDMAKHZB0DlQQmxMI0wEoATAU
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Grimbacher and Stork 2007). Sizes of larger insects were measured using hand - held dial 

calipers with a ± 0.02 mm increment. The range of sizes of insects collected in this study was 

then compared to those used by Stilz and Schnitzler (2012) to calculate different target 

strengths.  

Calculating Contribution of Frequency and SL to Detection Distance (Testing Prediction 3) 

To determine whether pulse frequencies or SLs has the greatest influence on prey detection 

distances of R. capensis in each habitat and in which of these habitats the effect was larger 

(Prediction 3) I compared detection distances calculated using maximum and minimum values 

for each parameter i.e. SL and frequency. Detection distance were calculated for each acoustic 

flight path using the atmospheric conditions present at the time of the pass and the maximum 

and minimum values recorded for that night for one parameter while keeping the second 

parameter constant (i.e. using the average recorded value for the second parameter for that 

night). These detection distances were calculated across one night of recording in each habitat. 

Within the desert biome, which acoustic parameter had a greater effect on detection distances 

(frequency or SL) was determined by comparing detection distances calculated using 

atmospheric conditions of flight paths recorded at Wondergat cave using a) average frequency 

of desert passes and varied SLs (average SLs of desert bats versus average SLs of fynbos bats) 

b) the average SLs of desert bats and different frequencies (average frequency of desert bats 

versus average frequency of fynbos bats) c) the average frequency and SLs for each biome 

(desert and fynbos). 

Clutter Index 

A laser range finder (Leica Disto S910, Leica, St. Gallen, Switzerland) measured the distance 

of objects relative to a reference point creating a three dimensional (3D) image of the recording 

environment. This 3D image was then used to compare the degree of clutter in each recording 

environment by creating a clutter index (the percent of space occupied by vegetation or 

objects). To create this index a grid (8 m width × 8 m length × 3 m height) was constructed 

over the recording area. This grid size was determined by both recording area (the maximum 

area over which flight paths could be constructed) as well as the average maximum height at 

which R. capensis flies when foraging (Jacobs et al. 2007). A measurement point was counted 

for every metre on the 8 m × 8 m grid if vegetation or an object (e.g. fence, rock) was present. 

For every metre, measurement points were taken at 0.25 m intervals (starting 0.25 m off the 

https://www.google.com/search?q=St.+Gallen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMoqM8lTgjBNTPMstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gkv0FNwTc3JS8wCVf0-eUQAAAA&sa=X&ved=2ahUKEwj7sKDt3MngAhUDQxUIHdtcDv8QmxMoATATegQIChAK
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ground) up to 3 m high. Percent clutter was calculated by dividing the points recorded by the 

total possible points for that recording area. This percentage is the clutter index.  

Statistical Analyses  

Statistical analyses of acoustic data were performed using STATISTICA (StatSoft, Inc., 

Version 12, Tulsa, USA) with a global level of significance of 5%. Data were log transformed 

(=log (#, 10)) because of the different scales of measurement of the parameters. Predictions 1 

and 2 were tested using Generalised Linear Models (GLMs). GLMs compared response 

variables (atmospheric variables, frequencies, SLs, and detection distances) to categorical 

variables (species, biomes, sites and recording environments (foraging versus emergence)).  

Each flight path was an independent variable that consisted of values for its acoustic parameters 

and atmospheric variables. Detection distances were calculated using maximum SLs (dB SPL) 

for each pass and the corresponding frequency of that echolocation pulse. Atmospheric 

variables were compared from recordings nights of R. capensis over the entire period of the 

study (Chapter 2 field recordings and Chapter 3 experimental recordings). A GLM and 

Wilcoxon Matched Pairs were used to test Prediction 3. A GLM compared the detection indices 

for each biome. The detection index for each biome was calculated by subtracting detection 

distances using maximum acoustic parameter values minus detection distance using minimum 

acoustic parameter values. In the GLM the detection index was the response variable and the 

two biomes the categorical variable. Wilcoxon Matched Pairs Tests compared detection 

distance using maximum values for each acoustic parameter against detection distances using 

minimum values for each acoustic parameter within each biome. Within the desert biome, 

Wilcoxon Matched Pairs Tests tested for differences in detection distances calculated using the 

average acoustic parameters of either the desert or fynbos biome.  
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RESULTS  

 

In the desert biome, 21 flight paths were constructed for R. capensis during emergence from 

Wondergat and 19 flight paths were constructed from the foraging site. For R. damarensis, 13 

and 19 flight paths were constructed for emergence from Numeesberg mine shaft and the 

Orange River cave respectively. In the fynbos biome a combined total of 28 flight paths for R. 

capensis were constructed during emergence from Hot Hole cave and whilst the bats were 

foraging in the area around Hot Hole cave. Prey sampled in both desert and fynbos biomes 

ranged in size from 4 mm - 28 mm (Table 2.1). Recording sites ranged in level of clutter (Table 

2.2, Figure 2.1). In areas where R. capensis was recorded, fynbos had the highest degree of 

clutter (40 % clutter) followed by the desert foraging site (24% clutter) and Wondergat cave (7 

% clutter). In areas where R. damarensis was recorded, Orange River cave (19 % clutter) had 

the most clutter followed by Numeesberg mineshaft (13 % clutter).  

 

Table 2.1 Mean, standard deviation, median, and range of body lengths (mm) of insects 

collected from the fynbos biome (8 nights), desert biome (8 nights), and the Orange River site 

(2 nights). 

 
Sample Size 

(# insects) 

Mean ± SD 

(mm) 

Median 

(mm) 

Range 

(mm) 

Moths (Lepidoptera) 
    

Fynbos 140 13.89 ± 4.33 13.44 5.09 - 27.78 

Desert 153 13.88 ± 3.76 13.44 5.61 - 23.02 

Orange River 38 13.88 ± 3.83 13.55 5.62 - 20.72 

Beetles (Coleoptera) 
    

Fynbos 144 6.24 ± 3.00 13.34 1.91 - 13.06 

Desert 112 8.21 ± 5.46 6.99 2.00 - 26.74 

Orange River 36 5.74 ± 2.34 5.91 2.03 – 9.82 
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a) 

  
b) 

  
c) 

  
d) 

  
e) 

  
 

 

Figure 2.1 Google earth (left) and photographic (right) images taken of recording sites in South 

Africa of Rhinolophus capensis and Rhinolophus damarensis listed from lowest to highest 

clutter a) Wondergat cave (desert), b) Numeesberg Mineshaft (desert), c) Orange River cave 

(desert), d) R. capensis foraging site (desert), e) Hot Hole cave (fynbos).
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Table 2.2 Acoustic parameters (average ± SD) of echolocation pulses from R. capensis and R. damarensis recorded at different sites in both fynbos 

and desert habitats. N = sample size.  

 

    
 

Clutter 

Index 

(%) 

N 

(flight 

paths) 

Peak 

Frequency 

(kHz) 

Source 

Levels 

Average 

(dB) 

Source 

Levels 

Range 

(dB) 

Detection 

Distance 

(Small) 

(m) 

Detection 

Distance 

(Medium) 

(m) 

Detection 

Distance 

(Large) 

(m) 

Rhinolophus capensis  
 

 
  

 
   

 
Fynbos  

 
 

  
 

   

  
Hot Hole cave 40 28 83.7 ± 0.7 122.3 ± 4.5 117.4 - 132.9 3.4 ± 0.4 4.9 ± 0.5 6.0 ± 0.5 

 
Desert 

 
 

  
 

   

  
Wondergat cave 7 21 73.2 ± 1.5 127.1 ± 4.4 121.7 - 133.2 4.1 ± 0.5 5.8 ± 0.6 7.0 ± 0.6 

  
Foraging area 24 19 74.0 ± 1.2 130.6 ± 3.3 119.5 - 134.9  4.3 ± 0.3 6.0 ± 0.4 7.3 ± 0.4 

Rhinolophus damarensis  
  

 
   

  
Mineshaft 13 13 82.8 ± 0.6 123.8 ± 8.7 114.1 - 141.4 3.6 ± 0.8 5.2 ± 0.9 6.3 ± 1.0 

    Orange River cave 19 19 83.9 ± 1.5 125.9 ± 6.4 114.9 - 137.1 3.6 ± 0.6 5.0 ± 0.6 6.1 ± 0.7 
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Prediction 1 and 2  

Echolocation pulses of R. capensis and R. damarensis differed significantly in frequency, SL, 

and detection distances between species and biome (Generalised Linear Model (GLM): F = 

239.35, DF = 5, 93, P = 0.00; Table 2.2).  

Echolocation Frequencies (kHz) 

Within the desert biome, R. capensis emitted pulses of similar frequency during 

emergence and at the nearby foraging area (GLM): F = 64.54, DF = 5, 61, P = 0.00; unequal n 

HSD, P = 0.11). R. damarensis recorded emerging/foraging by the Orange River cave emitted 

pulses of slightly higher frequencies than those of R. damarensis recorded emerging from 

Numeesberg mine shaft (GLM: F = 13.61, DF = 5, 26, P = 0.00, unequal n HSD: P = 0.03) 

(Table 2.2). Between species R. damarensis pulses were significantly higher in frequency than 

R. capensis pulses recorded in the desert (GLM: F = 293.35, DF = 5, 93, P = 0.00; unequal n 

HSD: P = 0.00). 

Between biomes echolocation pulses of R. capensis in the desert biome (open habitat) 

were significantly lower in frequency (unequal n HSD, P = 0.00) than R. capensis pulses 

recorded in the fynbos biome (cluttered habitat). R. damarensis echolocation pulse frequencies 

were not significantly different to the echolocation pulse frequencies recorded from R. capensis 

in the fynbos (unequal n HSD: P = 0.80).  

Source Levels (dB) 

R. capensis recorded in the field had a wide dynamic range (maximum - minimum SLs) of 18 

dB across individuals and biomes (Table 2.2). Within the desert biome bats called louder in the 

foraging area than during emergence from Wondergat cave (GLM: F = 64.54, DF = 5, 61, P = 

0.00; unequal n HSD, P = 0.00). Between biomes (desert versus fynbos), average SLs for R. 

capensis in the desert were higher than those for R. capensis in the fynbos (unequal n HSD, P 

= 0.00). In addition, the maximum recorded SLs in the desert was higher than the maximum 

recorded SLs in the fynbos. 

The dynamic range of R. damarensis (28 dB) calculated over both sites was much wider than 

that in R. capensis (Table 2.2). SLs were not significantly different for R. damarensis between 

Numeesberg mine shaft and the Orange River cave (GLM: F = 13.61, DF = 5, 26, P = 0.00, 

unequal n HSD: P = 0.48). On average R. damarensis emitted significantly lower SLs than R. 

capensis recorded in the desert (GLM: F = 293.35, DF = 5, 93, P = 0.00; unequal n HSD: P = 
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0.02) (as a consequence of lower minimum recorded SLs) but not significantly lower SLs than 

R. capensis in the fynbos (unequal n HSD: P = 0.16) biome (Table 2.2). However, maximum 

recorded SLs for R. damarensis (141 dB) were substantially higher than those recorded for R. 

capensis in both biomes.  

Prey Detection Distances (m) 

Within the desert biome (during emergence versus at a nearby foraging area), there was no 

difference in detection distances for R. capensis between roost emergence and the foraging site 

for all prey sizes (GLM: F = 64.54, DF = 5, 61, P = 0.00; small, medium, and large: unequal n 

HSD, P > 0.05) (Table 2.2). Between biomes (desert versus fynbos), a combination of lower 

frequency and higher SL pulses yielded significantly higher detection distances (small, 

medium, and large: unequal n HSD, P < 0.05) for R. capensis in the desert than in the fynbos. 

Within the desert biome no significant differences in detection distances were found 

between R. damarensis recorded at Numeesberg mine shaft and the Orange River cave (GLM: 

F = 13.61, DF = 5,26, P = 0.00, small, medium, and large: unequal n HSD, P > 0.05). R. 

damarensis had lower average detection distances than R. capensis in the desert (GLM: F = 

293.35, DF = 5, 93; P = 0.00 small, medium, large: unequal n HSD: p < 0.05) but not fynbos 

biome (unequal n HSD: p > 0.05) (Table 2.2). However, R. damarensis had higher maximum 

detection distances (5.3 m, 7.0 m, 8.2 m) (because of higher maximum SLs) than both desert 

(4.8 m, 6.6 m, 7.9 m) and fynbos R. capensis (4.1 m, 5.6 m, 6.8 m).  

Relative Contributions of Frequency and SLs to Detection Distances (Prediction 3) 

Within biomes, SLs had a greater influence on detection distances of R. capensis than 

frequencies. In each habitat differences in prey detection distances calculated for R. capensis 

using both maximum and minimum (for that respective biome) SLs was greater than 

differences in prey detection distances calculated when using maximum and minimum 

recorded frequencies (Wilcoxon Matched Pairs Test: fynbos: Z = 4.62, P = 0.00, N = 28; desert: 

Z = 3.82, P = 0.00, N = 19) (Table 2.3). This effect (differences in prey detection distances 

when using either maximum or minimum recorded SLs) was larger for the fynbos biome 

(GLM: F = 3939, df =15, 182, p = 0.00; unequal n HSD, p = 0.00) (Table 2.3). Differences in 

average recorded SLs between biomes (Table 2.4a) contributed to greater differences in prey 

detection within the desert biome than differences in recorded average frequencies (Table 2.4b; 

Friedman ANOVA: χ2 = 168, N = 21, P = 0.00). The greatest differences in detection distance 
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were found when comparing detection distances calculated using both average frequencies and 

SLs of each biome (Table 2.4c; Friedman ANOVA: χ2 = 168, N = 21, P = 0.00). 
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Table 2.3 Differences (DIFF) (average ± SD) in calculated detection distances (DD) of small (S), medium (M) and large (L) prey of R. capensis 

(in both fynbos and desert biomes) when using the maximum and minimum values of one acoustic parameter (either SL = source level or PF = 

peak frequency), the average of the second acoustic parameter (either SL or PF), and the atmospheric conditions experienced for each site on a 

single given night (N = number of acoustic flight paths). 

 

 

 

 

 

 

 

 

 
 

N 

 

 

PF 

Min 

(kHz) 

 

PF 

Max 

(kHz) 

 

SL 

Min 

(dB) 

 

SL 

Max 

(dB) 

DIFF 

DD (S)  

(SL) 

(m) 

DIFF 

DD (M) 

(SL) 

(m) 

DIFF 

DD (L) 

(SL) 

(m) 

DIFF 

DD (S) 

(PF) 

(m) 

DIFF 

DD (M) 

(PF) 

(m) 

DIFF 

DD (L) 

PF 

(m) 

Biome 
 

    
      

Fynbos 28 82 85 117.4 132.9 2.30 ± 0.68 1.93 ± 0.04 2.05 ± 0.00 0.03 ± 0.04 0.05 ± 0.06 0.06 ± 0.08 

Desert 19 72 75 123.3 134.9 1.39 ± 0.00 1.52 ± 0.00 1.64 ± 0.00 0.11 ± 0.00 0.16 ± 0.00 0.21 ± 0.00 
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Table 2.4 A comparison of the differences in detection distances (average ± SD) of echolocation passes (n = 21 acoustic flight paths) calculated 

using atmospheric conditions of flight paths recorded in the desert at Wondergat cave using a) average desert frequency with either average SL 

from the desert and fynbos biome b) average desert SL with average frequency from the desert and fynbos biome c) the average frequency and SL 

for each biome.  

  Detection 

Distance 

(Small) 

(m) 

Detection 

Distance 

(Medium) 

(m) 

Detection 

Distance 

(Large) 

(m) 

(a)  Average Frequency Desert Biome (73khz)  
   

 Desert SL (127 dB) 

Fynbos SL (122 dB) 

Difference  

4.92 ± 0.01 6.22 ± 0.02 7.64 ± 0.03 

 4.32 ± 0.01 5.55 ± 0.02 6.92 ± 0.02  

 0.60 ± 0.00 0.67 ± 0.00 0.72 ± 0.00 

(b)  Average SL Desert Biome (127 dB) 
   

 Desert Frequency (73kHz) 

Fynbos Frequency (84kHz) 

Difference  

4.92 ± 0.01 6.22 ± 0.02 7.64 ± 0.03 

 4.62 ± 0.01  5.80 ± 0.02 7.07 ± 0.03 

 0.30 ± 0.00 0.43 ± 0.01 0.57 ± 0.01 

(c)  Average Frequency and SL for Desert and Fynbos 

Biomes  

   

 Desert averages: Frequency 73kHz, SL 127 dB 

Fynbos averages: Frequency 84 kHz, SL 122 dB 

Difference 

4.92 ± 0.01 6.22 ± 0.02 7.64 ± 0.03 

 4.08 ± 0.01  5.20 ± 0.02  6.42 ± 0 .02 

 0.84 ± 0.00 1.02 ± 0.00 1.22 ± 0.01 
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Atmospheric Conditions  

During recording nights of R. capensis (over the period of the entire study: Chapter 2 and Chapter 

3) only temperature and atmospheric pressure differed significantly between biomes (GLM: F = 

280.13, DF = 12, 397, P = 0.00) with nightly desert temperatures reaching slightly higher (unequal 

n, P = 0.00) than the fynbos (Figure 2.2). Variation in atmospheric pressure between biomes was 

largely a result of the lower atmospheric pressure at the experiment site in the desert (where R. 

capensis has not been recorded) (Figure 2.2) compared to other sites within both biomes (unequal 

n, p = 0.00). Average weather conditions, given in Odendaal et al. (2014) (obtained from nearby 

weather stations and reported by the South African weather service) report the following minimum 

temperatures (Celsius) and relative humidity (percent): Desert: 12.05º C, 73.31 %, Fynbos: 13.49º 

C, 83.90%. 

  

 

 

 

Figure 2.2 Box and whisker plots of the mean atmospheric conditions a) atmospheric pressure b) 

wind speed c) temperature and d) relative humidity between desert and fynbos R. capensis.  
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DISCUSSION 

 

The results of my study suggest that the use of low frequency echolocation pulses could 

have evolved for increased detection distance in R. capensis (as proposed by the FHH) but they 

may not be a prerequisite for successful foraging in open biomes. R. capensis in the desert had 

greater detection distance than R. capensis in the fynbos (Prediction 1) because of both lower 

frequency and higher source level pulses. Lower frequency, higher SL pulses travel further than 

higher frequency, lower SL pulses allowing R. capensis in the desert to search greater volumes of 

open space in the desert biome. However, higher source levels used by R. capensis in the desert 

had a greater contribution to observed differences in detection distances between biomes than 

frequency (Prediction 3). In addition, on average, R. damarensis did not compensate for higher 

frequencies with higher source levels (Prediction 2) resulting in lower average detection distances 

than R. capensis in the desert but not the fynbos (Prediction 1). However, a few measurements of 

source levels for R. damarensis were the highest recorded and resulted in the largest prey detection 

distances recorded in my study. This supports recent research that suggests that there are energetic 

costs to using higher SLs for increased detection distances (Currie et al. 2020). In my study, a 

combination of both SLs and frequencies produced the greatest differences in observed detection 

distances in R. capensis between biomes. Therefore, the possibility that lower frequency pulses 

were selected for increased detection distance in R. capensis in the desert cannot be excluded.  

According to the Foraging Habitat Hypothesis (FHH) the proposed ecological significance 

of lower frequency echolocation pulses in open habitats (desert) is for increased detection distance 

(Jones and Barlow 2004). In my study, lower frequency echolocation pulses in R. capensis in the 

desert resulted in greater detection distances than R. capensis in the fynbos. However, R. 

damarensis, the congeneric species that inhabits the same desert habitat as R. capensis but uses a 

higher pulse frequency, had lower average detection distances to R. capensis in the desert (but not 

fynbos). Contrary to Prediction 2 they did not compensate for these lower pulse frequencies with 

higher average SLs. This opposed findings by Surlykke and Kalko (2008) who found that bats 

within local assemblages were compensating for frequency - dependent losses in sound 

propagation by using higher SLs to achieve comparable prey detection distances. An important 

caveat to these findings were the few single high SL found in R. damarensis, recorded outside both 

cave entrances, that produced detection distances greater than those of both fynbos and desert – 

inhabiting R. capensis. These single data points from R. damarensis might alternatively provide 
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support for Surlykke and Kalko (2008) findings as well as the FHH but more sampling is required 

to definitely test this possibility.  

My study provides some of the first measurements of source levels from High Duty Cycle 

bats in the field. The recorded SLs for both R. capensis and R. damarensis fell in the range emitted 

by LDC echolocators in the field (120 dB - 140 dB) (Jensen and Miller 1999; Holderied and 

Helversen 2003; Surlykke and Kalko 2008) despite marked differences in echolocation pulse 

frequency between the different species. However, the use of lower frequency pulses by some 

LDC bats resulted in larger detection distances than those calculated for R. capensis and R. 

damarensis in this study (Surlykke and Kalko 2008). Recent findings by Currie et al. (2020) have 

shown that above 130 dB SPL the metabolic cost of sound production is extremely high. 

Refraining from emitting high SLs when the costs of such high emissions does not justify the 

benefits (such as in high clutter or where prey capture is unlikely) would be energetically wise. 

This is evident in the lower SLs recorded in laboratory versus field environments (Schnitzler and 

Grinnell 1977; Waters and Jones 1995; Boonman and Jones 2002; Holderied and Helversen 2003; 

Surlykke and Kalko 2008; Schuchmann and Siemers 2010a) as well as during emergence versus 

in a foraging area where prey capture is more likely (my study). It is also possible that these 

energetic constraints limit bats from constantly emitting pulses with such high SLs. This could 

explain the higher maximum, but not average SLs recorded for R. damerensis compared to desert 

- inhabiting R. capensis. In R. capensis the evolution of lower frequency pulses combined with the 

use of higher SLs may allow detection distances to be maximized in the open desert without having 

to expend additional energy. Mutavhatsindi (2018) found similar findings in two species of LDC 

bats with different foraging strategies and habitats (open air versus clutter). Jacobs et al. (2008) 

showed that the frequencies used by R. capensis at De Hoop are audible to common moths (Jacobs 

et al. 2008; Mutavhatsindi 2018). Therefore, in addition to the conservation of energy, using lower 

SL pulses could minimize the chances of being detected by prey. However, if a combination of SL 

and frequency is optimal in desert bats then why has R. damarensis not followed the same 

evolutionary trajectory as R. capensis (i.e. evolution of lower frequency pulses). In my study, SLs 

contributed more to differences in detection distance between biomes than frequency. In addition, 

on the instances when R. damarensis did emit higher SLs they were able to achieve higher 

detection distances than desert - inhabiting R. capensis despite having higher frequencies. Currie 

et al. (2020) showed that for every dB increase in SL beyond 120 dB SPL Pipistrellus nathusii 

could detect an insect an extra 15 cm away. These findings highlight the large impact SLs have on 

detection distances. They also suggest that there could be a cost - benefit balance to using lower 
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frequencies versus higher source levels to achieve optimal detection distances in different 

environments. The evolution of lower frequency pulses in R. capensis in the desert may have 

therefore evolved for additional purpose (i.e. not only to increase detection distances).  

The co - inhabitance of two similar species (R. capensis and R. damarensis) occupying the 

same desert environment but using different echolocation pulse frequencies has led to an 

alternative explanation as to why R. capensis in the desert shifted their frequency to below 82 kHz 

(a frequency more displaced from allometry than any other of the R. capensis populations). The 

Acoustic Communication Hypothesis (ACH) (Heller and Helversen 1989; Jacobs et al. 2007; 

Bastian and Jacobs 2015) proposes that R. capensis uses lower frequencies to prevent acoustic 

overlap with R. damarensis maintaining effective intraspecific communication. In habituation - 

dishabituation experiments Bastian and Jacobs (2015) found that R. capensis were able to 

discriminate between their own pulses and those of R. damarensis. However, it is important to 

note that these species closest known roosts (Wondergat Cave and Numeesberg Mine Shaft) in the 

desert are 15.8 km apart and their foraging areas might not overlap. Whether they are syntonic, as 

required by the ACH, is therefore unknown. If proponents of the ACH stand (i.e. differences in 

frequency are required for species discrimination) then lower frequency pulses in the desert would 

not only offer increased detection distance, without excess energy expenditure, but also enable 

unambiguous intra – specific communication.  

Frequency of HDC bat pulses has been shown to scale negatively with body size (Jones 

1996; Kingston and Rossiter 2004; Jacobs et al. 2007). This relationship was found among the 

different populations of R. capensis. Larger bats (such as those found in the desert) generally 

produced lower frequencies (Odendaal et al. 2014). However, across all populations of R. capensis 

body size only explained a minor proportion of the variation seen in resting frequency. Some 

populations did not display concomitant changes in body size and resting frequency (Odendaal et 

al. 2014). The desert population of R. capensis deviated from the correlation between pulse 

frequency and body size (Odendaal et al. 2014) more than any of the other populations i.e. it had 

a lower pulse frequency than predicted by its body size. This suggests that body size could be 

correlated with frequency in this population. In addition to body size, frequency has also shown to 

be related to prey composition as proposed by the Prey Detection Hypothesis (Barclay 1986; 

Brigham 1991; Waters et al. 1995; Houston. et al. 2004). In R. capensis differences in frequency 

between biomes are not likely due to differences in dietary composition. Insects sampled in this 

study fell within the same size range giving them equal target strengths (Houston. et al. 2004; Stilz 
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and Schnitzler 2012) in both biomes. Therefore, it is unlikely that there is selection pressure from 

different sized insects. 

Frequency differences between populations of HDC bats living in different biomes have 

also been attributed to local atmospheric conditions (Mutumi et al. 2016; Jacobs et al. 2017). The 

Sensory Drive Hypothesis (SDH) proposes that climate - induced differences in atmospheric 

attenuation selects for lower frequency echolocation pulses (Endler 1992). This hypothesis was 

used to explain why Rhinolophus bats inhabiting dry habitats produce pulses with higher 

frequencies than those found occupying humid habitats (Heller and Helversen 1989; Mutumi et al. 

2016; Jacobs et al. 2017). Some studies in HDC bats have demonstrated a complex relationship 

between frequency and other climatic variables (e.g. atmospheric pressure, temperature, altitude) 

(Jiang et al. 2010; Mutumi et al. 2016; Jacobs et al. 2017). For example, in arid but not mesic 

habitats (Mutumi et al. 2016; Jacobs et al. 2017) temperature was found to have the over - riding 

influence on atmospheric attenuation. This could explain why in R. capensis no correlation 

between humidity and frequency was found between biomes (Odendaal et al. 2014). In my study, 

only temperature and atmospheric pressure differed between biomes over the recording nights. 

Atmospheric pressure differed largely as result of the experiment site (Chapter 3) and temperature 

was slightly higher in the desert (which on average usually experiences colder nightly temperatures 

than the fynbos). The pulse frequencies and detection distances used by R. capensis in both desert 

and fynbos biomes in my study contradict the SDH. According to this hypothesis, pulses with 

lower frequencies and therefore greater detection distances should occur in the fynbos environment 

because it experiences hotter, more humid average nightly conditions (13.90º C, 84%) than the 

desert (12.05º C, 73 %) (South African Weather Service). This hypothesis may explain variation 

in pulse frequencies used by other rhinolophid species (Jiang et al. 2010; Mutumi et al. 2016; 

Jacobs et al. 2017) it does not appear to explain variation in the observed pulse frequencies and 

SLs of R. capensis.  

In comparison, lower frequency echolocation pulses in R. capensis in the desert resulted in 

greater detection distances than R. capensis in the fynbos. Using lower frequencies provided desert 

– inhabiting R. capensis with the means to achieve greater detection distances than fynbos – 

inhabiting R. capensis without having to call above 130 dB (a decibel range that is associated with 

a significant increase in energy expenditure in small bats) (Currie et al. 2020). However, SLs 

contributed more to differences in R. capensis in the two biomes. In a few instances R. damarensis 

was able to achieve greater detection distances than R. capensis using higher SLs despite their 

higher pulse frequencies. These findings, coupled with the lower average detection distances 
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recorded for R. damarensis, suggests that lower frequency echolocation pulses in R. capensis in 

the desert could have evolved for additional purposes (in addition to increased detection distance) 

and therefore may not be a prerequisite to successful foraging in open environments. However, 

these lower desert frequencies may still provide acoustic advantages in the form of lower required 

energy expenditure (i.e. lower required SLs needed to achieve equivalent detection distances). A 

better understanding of the observed variation in frequencies, SLs, and detection distances in this 

Chapter requires knowledge on what forces are driving this variation (i.e. ecological trait evolution 

or behavioural flexibility) (Jiang et al. 2015). This could provide greater insight into whether this 

variation has evolved to allow R. capensis, a bat species that use a clutter rejection system, to 

successfully forage in the open desert environment (see Chapter 3).  
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CHAPTER 3 

 

PREY DETECTION DISTANCES: BEHAVIOURAL FLEXIBILITY AND 

CONSERVATION OF ACOUSTIC FEATURES IN HIGH DUTY CYCLE BATS 

 

INTRODUCTION  

 

Considerable variation in echolocation pulse design exists within bat species (Obrist 1995; Kazial 

et al. 2001, 2008; Aspetsberger et al. 2003; Kazial and Masters 2004; Bayefsky-Anand et al. 2008; 

Rydell 2010). This variation extends to the acoustic parameters (i.e. frequency and Source Level 

(SL) that determine a bats operational distance (Tian and Schnitzler 1997; Siemers et al. 2005; 

Chen et al. 2009; Fawcett et al. 2015). The operational distance of echolocation (i.e. the distance 

over which a pulse can be reflected as an echo loud enough to be heard by the echolocating bat) is 

of great ecological significance because it dictates the distance at which bats can detect prey i.e. 

detection distance. External factors of the environment, such as clutter and climate, affect a bats 

detection distances (Stilz and Schnitzler 2012). Most studies that have explored sensory divergence 

in these acoustic parameters (i.e. frequency, SL) attribute variation to ecological selection (Jiang 

et al. 2015) however, acoustic variation can also be a product of behavioural flexibility.  

Behavioural flexibility is the ability of an animal to change its phenotype without selection 

or genetic variation (Obrist 1995; Sol et al. 2002; Reader and MacDonald 2003; Bolhuis et al. 

2004). Behavioural flexibility of the acoustic phenotype is a crucial feature in bioacoustics systems 

because it allows animals to adjust their acoustic phenotype to maximize performance in each 

environment (Obrist 1995). In bats, acoustic flexibility has been well established since the 

beginning of research in this field. Griffin et al. (1960) first noted task dependent spectral and 

temporal changes in the echolocation pulses of bats. This flexible active sensing is well 

documented in the acoustic adjustments’ bats make as they approach nearby objects or prey 

(Griffin et al. 1960; Kalko and Schnitzler 1993; Jones and Holderied 2007; Jakobsen et al. 2013b; 

Matsuta et al. 2013). Since then, research has shown that bats can actively change the acoustic 

parameters of their echolocation pulses in response to a variety of different external variables, such 

as climate and clutter (Neuweiler et al. 1987; Fawcett and Ratcliffe 2015; Fawcett et al. 2015). In 

Low Duty Cycle (LDC) bats, these behavioural changes have been shown to extend to the acoustic 

properties that shape prey detection distances (i.e. frequency and SL) (Chaverri et al. 2007; 

Brinkløv et al. 2010). For example, Chaverri et al. (2007) found that Molossus molossus and 

Molossops temminckii emitted lower frequency, longer duration pulses as atmospheric conditions 
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within a single night increased. The species Macrophyllum macrophyllum used both lower 

frequencies and higher SLs pulses in open spaces for increased detection distances (Brinkløv et al. 

2010). In HDC bats, both the ecological significance of these acoustic parameters (i.e. frequency 

and SL) and the driving forces (selection versus behavioural flexibility) behind them are less well 

established.  

Frequency plays a pivotal role in HDC echolocation. HDC echolocation pulses have long 

durations, short inter - pulse intervals, and are dominated by a constant frequency component (CF) 

with a frequency modulated component (FM) at the beginning and end of the CF component 

(Neuweiler 1980). During flight, HDC bats lower the frequency of the CF components of their 

emitted pulses to compensate for the Doppler Shift of the echo due to the bat’s forward motion. 

This Doppler Shift Compensation results in a constant echo from the background. Superimposed 

on these constant echoes are the frequency and amplitude modulations (known as acoustic glints) 

from the flapping wings of insects flying across the background vegetation (Schuller and Pollak 

1979a; Neuweiler 1984; Emde and Schnitzler 1986; Schnitzler 1987). HDC bats are therefore 

considered clutter specialists because their echolocation system has evolved to forage in habitats 

characterised by dense vegetation (i.e. clutter rejection echolocation system) (Schnitzler 1987). On 

the contrary to their clutter specialist status, these species are found in a variety of biomes including 

open desert. A negative correlation between level of environmental clutter and frequency has been 

established for some species (Xu et al. 2008; Odendaal et al. 2014). The Foraging Habitat 

Hypothesis (FHH) proposes that in HDC bats lower frequency echolocation pulses may be selected 

for in open environments to increase detection distances (Chapter 2, (Jones and Barlow 2004)). 

Under the FHH acoustic variation can be a product of genetic selection (an increase in the 

frequency of favorable alleles over many generations), and/or phenotypic plasticity (the same 

genotypes code for different phenotypes) (Jones and Barlow 2004). Frequency in HDC bats is 

largely genetically determined (Rübsamen 1987; Chen et al. 2009) but its fine tuning could be 

learnt via mother to offspring transmission (Matsumura 1979; Jones and Ransome 1993) making 

frequency specific to the individual. Differences in frequency between individuals can be 

prominent enough for some species to be able to distinguish between echolocation pulses 

belonging to different individuals (Finger et al. 2017). In HDC bats phenotypic plasticity may 

therefore account for small shifts in frequency (as was seen in some populations of Rhinolophus 

capensis) (Odendaal et al. 2014). Small shifts in frequency could also be the result of behavioral 

flexibility. For example, some HDC bats change their frequency in response to neighbouring 

conspecifics (Hiryu et al. 2006) and local noise conditions (Hage et al. 2013). These behavioural 
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changes were restricted to a range of 1 – 4 kHz (the range at which rhinolophids Doppler Shift 

their pulses; Jacobs pers comm). Recent studies suggest that small changes in phenotypic traits 

could also stem from epigenetic factors relating to environmental changes (Dolinoy et al. 2007; 

Kucharski et al. 2008; Liu et al. 2015). However more studies are needed to explore the role 

epigenetics and DNA methylation might play in pulse frequency differences in bats. Larger shifts 

in frequency, such as those required to make an ecologically significant difference in detection 

distance (see chapter 2; e.g. the frequency observed between R. capensis in the fynbos (84 kHz) 

and in the desert (75 kHz)), might render the bat insensitive to its own echoes because these echoes 

no longer fall in the frequency band of the acoustic fovea (a region of the cochlea tuned to a narrow 

range of frequencies) (Schuller and Pollak 1979a; Bruns and Schmieszek 1980; Suga et al. 1983; 

Rübsamen 1987; Odendaal et al. 2014). Therefore, large behavioural changes in frequency could 

be constrained by the complex role frequency plays in the echolocation system of HDC bats 

(Jacobs and Bastian 2018) rendering frequency a less than ideal candidate for achieving rapid, 

significant changes in prey detection distances. 

In HDC bats, SLs do not have the same ecological/biological constraints as frequency. In 

addition, SLs have also been shown to have a large significant impact on detection distances 

(Surlykke and Kalko 2008; Stilz and Schnitzler 2012; Currie et al. 2020). For example, for every 

dB increase in SL beyond 120 dB SPL Pipistrellus nathusii could detect an insect an extra 15 cm 

away (Currie et al. 2020). The significance of SLs on detection distances is exemplified in 

Surlykke and Kalko’s (2008) research. They found that bat species that use higher frequency pulses 

were able to achieve the same detection distances as bat species that use lower frequency 

echolocation pulses by increasing their SLs. This ecological significance was also illustrated 

within a species. In R. capensis differences in SLs contributed more to observed differences in 

prey detection distances of these bats living in different biomes (cluttered versus open) than 

differences in frequencies (See Chapter 2). However, in the same open biome as R. capensis is a 

conspecific species (R. damarensis) that emits higher frequency echolocation pulses. In a few 

instances R. damarensis emitted higher SLs than R. capensis which resulted in higher prey 

detection distances. However, on average they used lower SLs and therefore achieved lower 

detection distances than R. capensis in the desert (see Chapter 2). These lower average detection 

distances might be explained by recent findings by Currie et al. (2020) that show that SLs have an 

energetic cost and that above 130 dB SPL the metabolic cost of sound production is extremely 

high. The energetic costs of SLs is also supported by other studies showing that LDC bats adjust 

their SLs when faced with different environmental and task orientated challenges (Kobler et al. 
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1985; Hartley and Suthers 1989; Boonman and Jones 2002; Nørum et al. 2012; Surlykke et al. 

2013). Little research exists on the SLs of HDC bats, but the few studies that have been done 

suggest that bats are able to vary their SLs (Waters and Jones 1995; Schuchmann and Siemers 

2010a; Fawcett et al. 2015). For example, Fawcett et al. (2015) reported that R. capensis lower 

their SLs when approaching a prey target. They also produced more intense pulses when flying 

alone versus when flying with a conspecific. Waters et al. (1995) reported that Rhinolophus 

hipposideros flying in a room called 5dB louder than when perched.  

The ability of bats to actively adjust their SLs does not preclude the possibility that different 

environments or ecological niches have selected for the use of different SLs. For example, 

Holderied et al. (2005) and Surlykke and Kalko (2009) found that bat species hunting in open 

space tend to use higher pulse SLs than those hunting close to clutter. Mutavhatsindi (2018) found 

that two species in the same temperate region with different foraging strategies and habitats (open 

air versus clutter) had vastly different SLs. These SLs, in combination with different frequencies, 

resulted in different detection distances between the species. Whether this variation was due to 

selection or flexibility to the different environments was not established. Determining the driving 

forces behind this variation requires comparisons to be made from recordings taken of both species 

under the same ecological conditions (e.g. both recorded in open air versus both recorded in 

clutter). These comparisons might help explain how species with a specialised echolocation system 

(HDC bats: clutter foragers) thrive in biomes characterised by a wide range of environmental 

conditions. 

 This chapter sought to determine whether possibly selection or behavioural flexibility was 

responsible for the differences in acoustic parameters (frequency and SL) between the desert and 

fynbos populations of R. capensis (observed in Chapter 2). Behavioural flexibility allows animals 

to spontaneously alter their acoustic signals in response to the mosaic of different environmental 

conditions (e.g. changes in clutter and atmospheric conditions) that they are likely to encounter 

when orientating the same habitat or moving between different habitats. I therefore investigated 

the flexibility and rigidity of both frequency and SL and their resulting effects on detection distance 

as they relate to a single species living in multiple biomes characterised by different vegetation 

structures. My study species was Rhinolophus capensis. This species inhabits biomes ranging from 

desert to fynbos habitats. Ecological selection, in the context of the FHH, was supported in R. 

capensis by the negative relationship between clutter and pulse frequency in these different biomes 

(Odendaal et al. 2014). However, the FHH was also contradicted by the existence of another 

rhinolophid species, R. damarensis, in the desert that did not use low frequencies but instead used 
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frequencies similar to those used by R. capensis in the more cluttered fynbos (Chapter 2). 

Nevertheless, higher detection distances in desert dwelling R. capensis compared to those of 

fynbos dwelling R. capensis was due to a combination of both low pulse frequencies and higher 

SLs albeit SLs contributed more to the longer detection distances in the desert (Chapter 2).  

In this chapter I investigated whether differences in frequencies and SLs, which resulted in 

higher detection distances in the desert, were the result of possibly selection or behavioural 

flexibility to different levels of clutter and atmospheric conditions. Using an experimental 

approach bats in both biomes (fynbos and desert) were exposed to a two – treatment flight room 

experiment. Bats were flown in a flight room that consisted of a) a level of clutter indicative of 

their own biome and b) a level of clutter indicative of the other biome. Their acoustic responses 

were then analyzed. If observed differences are due to behavioural flexibility rather than ecological 

selection (albeit for reasons other than clutter/changes in volume of open space) 1) then desert bats 

should be able to adjust their frequency and/or SLs to have the same detection distances as fynbos 

bats when exposed to the same degree of clutter as fynbos bats and vice versa 2) similarly, under 

the controlled environment of the flight room with respect to clutter/open space, both desert and 

fynbos populations of R. capensis should adjust their pulse frequencies and SLs to changes in 

atmospheric attenuation across a night to maintain similar detection distances. Furthermore, I 

tested whether the relative contributions of frequency and SL were similar in the controlled 

conditions of the flight room to that in free - flying bats to gain insight into the function of both 

parameters in optimising detection distance.  
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METHODS 

 

Sampling 

Bats were caught with mist nets (Ecotone monofilament, 20 mm x 20 mm mesh size, 171 Avinet, 

USA) at the entrance to their roosts (Wondergat cave in the desert biome and Hot Hole cave in the 

fynbos biome) during emergence. Sex (F/M), age (juvenile/adult), mass (g), and forearm length 

(mm) of each bat was recorded. Juvenile, pregnant, or lactating bats were released immediately. I 

determined sex visually and age was deduced by looking for the presence of cartilaginous 

epiphyseal plates in the finger bones of juveniles (Kunz and Parsons 1988). Mass was measured 

to the nearest 0.1 g using a digital scale (Scout Pro Balance, Ohaus, Nänikon, Switzerland) and 

forearm was measured to the nearest 0.25 mm using dial calipers (Dial Caliper, Accud, Vienna, 

Austria). Measurements were taken by the same person to avoid bias. Bats were transported in soft 

cotton bags to a nearby research station where the experiments were conducted. At the end of the 

night all bats were given water with a pipette and released outside the cave from where they were 

captured.  

Flight Room Experiment  

Flight room experiments determined the acoustic response (e.g. emitted frequencies, SLs, 

detection distances) of bats from both biomes when flown in a comparable degree of clutter as 

measured in their respective biome, as well as in a comparable degree of clutter measured in the 

other biome to test Prediction 1. Flight rooms experiments were also used to determine if bats 

flown in a same degree of clutter adjusted their SLs to maintain detection distances as atmospheric 

conditions changed within a night (Prediction 2), as well as to determine if these parameters 

exhibited variation as a result of differences in sex and body size. On the first night of the 

experiment a group of bats was exposed to one treatment. They were flown in a flight room (6 m 

x 3 m x 2 m) through a one metre wide path between high vegetation (Figure 3.1) simulating the 

cluttered fynbos biome. The flight room was made of mesh subjecting the bats to the same 

atmospheric conditions and sounds of the outside environment. On the second night a new group 

of bats were exposed to two treatments, the cluttered flight room treatment and then the open flight 

room treatment. The open flight room treatment consisted of flying bats in an open flight room 

without any vegetation simulating the open environment of the desert. The open flight room also 

acted as a control to ensure the acoustic responses measured in the vegetated flight room was a 

reaction to clutter and not the experimental setup (i.e. flight cage).  
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To ensure bats from both biomes encountered the same degree of clutter (in both the cluttered and 

open treatments) a clutter index (see Chapter 2 Methods) was constructed using a laser rangefinder 

(Leica Disto S910, Leica, St. Gallen, Switzerland) to create a grid size equal to the size of the flight 

room. A laser range finder (Leica Disto S910, Leica, St. Gallen, Switzerland) measured the 

distance of objects relative to a reference point creating a three dimensional (3D) image of the 

recording environment. This 3D image was then used to compare the degree of clutter in each 

recording environment by creating a clutter index (the percent of space occupied by vegetation or 

objects). A measurement point was counted for every metre on the grid, if vegetation was present. 

For every metre, measurement points were taken at 0.25 m intervals (starting 0.25 m off the 

ground) up to three metres high (height of the flight room). Clutter percentage was calculated by 

dividing the points recorded by the total possible points for that recordings area (clutter index). 

The clutter index ensured that the degree of clutter (cluttered flight room) or lack thereof (open 

flight room) in the flight room in each treatment (vegetation versus no vegetation) was the same 

for both biomes. In the open flight room treatment, the size of the portable flight room limited 

duplicating the lowest degree of clutter measured in the field (i.e. in the desert biome). To 

safeguard bats from navigating from the path into the vegetation, risking potential injury and 

diminishing recording quality, a higher clutter index was used in the cluttered flight room treatment 

to what was measured in the recording area in the fynbos. However, the higher clutter index in the 

flight room treatment may not be as severe as the clutter measurements suggested, because fynbos 

bats never fly more than a metre from vegetation (Jacobs et al. 2007). The differences in the level 

of clutter between the open and cluttered flight room treatment still represented a large difference 

in level of clutter (i.e. level of required detection distance). Additional statistical tests (see 

Statistical Analysis below) were conducted to ensure bats were perceiving the degrees of clutter 

in the open flight room (desert bats) and the closed flight room (fynbos bats) as similar to the 

degrees of clutter measured in their respective biome. A 3D reconstruction of the flight room 

(cluttered and open) was also created by taking 300 points of the flight room, including the 

microphone arrays and vegetation (cluttered flight room), using the laser rangefinder (Figure 3.1). 

Acoustic flight paths (described below) were overlaid with these 3D reconstructions in Autocadd 

(version 2016, Autodesk, USA) to ensure that only pulses that were in a direct path with the 

recording microphone were used.  

Echolocation sequences were recorded in the treatments using a microphone array which 

consisted of two arrays (set up 2 metres apart from each other) with four microphones (USG 

Omnidirectional Electret Ultrasound Microphone, Avisoft Bioacoustics) in each array. The 

https://www.google.com/search?q=St.+Gallen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMoqM8lTgjBNTPMstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gkv0FNwTc3JS8wCVf0-eUQAAAA&sa=X&ved=2ahUKEwj7sKDt3MngAhUDQxUIHdtcDv8QmxMoATATegQIChAK
https://www.google.com/search?q=St.+Gallen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMoqM8lTgjBNTPMstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gkv0FNwTc3JS8wCVf0-eUQAAAA&sa=X&ved=2ahUKEwj7sKDt3MngAhUDQxUIHdtcDv8QmxMoATATegQIChAK
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microphones were connected to an eight channel recorder (UltraSoundGate 816H, Avisoft 

Bioacoustics, Berlin, Germany) which in turn was connected to a high power computer (Lenova 

ThinkPad, Quarry Bay, Hong Kong). A 384 kHz sampling rate was used. Flight paths were 

constructed in Matlab (Mathworks, Version 2013, Natick, United States) following a script used 

in Holderied and Helversen (2003). Flight path reconstructions were based on the differences in 

the Times of Arrival (TOA) of each pulse at each of the microphones as the bats flew by the arrays. 

TOA differences were calculated using cross - correlation analysis which measures the similarity 

between two signals as a function of their relative time delay. Certain pulse designs produce clearer 

and less error - prone cross - correlation results (Holderied et al. 2006). Short broadband FM pulses 

with steep frequency modulation are best suited for cross - correlation techniques compared to 

constant frequency signals that preclude unambiguous measurement of differences in arrival time 

(Simmons 1973; Holderied et al. 2006). The time of arrival of the pulses at each of the eight 

microphones was based on R. capensis frequency modulated components. In both treatments’ bats 

were placed in the flight room and given time to habituate. Habituation was observed when the bat 

was hanging calmly on the flight room wall. Acoustic flight paths were constructed from 

echolocation recordings taken from the time the bat began to fly for a period of two minutes. 

 

 

 

https://www.google.com/search?q=Quarry+Bay&stick=H4sIAAAAAAAAAONgVuLUz9U3MDHNSot_xOjMLfDyxz1hKatJa05eYzTh4grOyC93zSvJLKkUUuNig7JkuHilELo0GKS4uRBcnkWsXIGliUVFlQpOiZUAjQbGE2AAAAA
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Figure 3.1 Top - down view schematic of 3D flight room with vegetation (represented in pink). 

Both the vegetation and the flight room were mapped with a Leica laser pointer and viewed in 

Autocadd (version 2016, Autodesk, USA). The image was reconstructed in Photoscape to illustrate 

flight room dimensions and microphone placement in the room. Numbers (pink) represent each 

data point (300 total) taken with the Leica of the vegetation in the room. A clear one metre wide 

path, placed in middle of the vegetation, allowed me to record bats as they navigated the vegetation 

towards the microphones.  

Frequency, Source Level, and Detection Distance 

Acoustic parameters such as peak frequency (frequency of maximum amplitude of the pulse, kHz) 

and those required for SL calculations/acoustic flight path plots (pulse duration: duration of the 

pulse from beginning to end, ms; start time: time of the start of the call, ms; end time: time of the 

end of the call, ms; peak amplitude: maximum amplitude of the call, dB) were measured using the 

automatic measurement function in Avisoft SASLab Pro (Avisoft Bioacoustics, Version 4.2, 

Glienicke, Germany). Echolocation pulses used for analysis were selected based on both the 

quality of the pulses (good signal - to - noise ratios) and the quality of the acoustic flight paths 
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produced. A high - quality flight path consists of a minimum of 10 echolocation pulses that form 

a smooth flight path without abrupt jumps between calls.  

SLs were calculated for each pulse in a flight path as bats flew towards the arrays. The 

voltage generated by each pulse at the centre microphones of the two arrays were converted to 

recorded dB SPL. Propagation losses were taken into account and recorded dB SPL was converted 

back to SLs calculated at 10 cm from the bat (Matlab script, ©Holderied). These propagation losses 

were both atmospheric attenuation (absorption losses – dependent on temperature and humidity) 

and spreading losses (a decrease in sound pressure levels as a sound propagates away from a 

source) (Sternheim and Kane 1986; Gans 1992; Forrest 1994; Ey and Fischer 2009) based on the 

distance of the bat to the microphone and the recorded frequency of each pulse (Holderied and 

Helversen 2003).  

Atmospheric conditions that contribute to atmospheric attenuation (temperature, humidity, 

air pressure, and wind speed) were measured at the time of each flight path using a weather station 

(Wireless Pro Weather Station, Oregon Scientific, Oregon, USA) set up one metre away from the 

flight room. These measurements were used for SL calculations to account for atmospheric 

attenuation and to determine if R. capensis adjust their pulse frequencies and SLs to changes in 

atmospheric attenuation across a night to maintain similar detection distances. They were also used 

to determine the relative contributions of frequency and SL to changes in detection distance in the 

controlled environment of the flight treatments. The weather station was placed one metre above 

ground; the height at which I observed R. capensis flying in the flight room. Microphones were 

calibrated 25 cm (as per product recommendations) away from a signal generator (Calibrated 40 

kHz Reference Signal Generator, Avisoft Bioacoustics, Berlin, Germany) both before and after 

flight room experiments to ensure that any observed variation in SL was not a product of difference 

in microphone performance from changes in atmospheric conditions within the night. Dynamic 

range was calculated for R. capensis in the different biomes by subtracting maximum SLs minus 

minimum SLs (species level: across all the acoustic flight paths recorded). All eight microphones 

were also individually calibrated in an acoustic lab at the University of Bristol to account for 

variation in sensitivities to different frequencies (frequency response curve) and to sounds coming 

from different directions (polar pattern). 

Maximum detection distances for detecting different sized prey were calculated using the 

following formula, DT = SL+ TLA + TLS + TS (Bazley 1976; Møhl 1988; Holderied and 

Helversen 2003; Goerlitz et al. 2010) where DT is the detection threshold; TLA is transmission 
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loss owing to absorption; TLS is the transmission loss owing to spherical spreading; TS is the 

target strength. TLA and TLS are functions of distance. TLA was calculated using National 

Physical Laboratory online calculator (ISO 9613). The calculator uses echolocation pulse 

frequency (frequency of the pulse with the greatest SL in each pass), local atmospheric conditions 

(temperature, humidity, and atmospheric pressure), and target type to calculate TLA for each pass. 

Detection distances were calculated using maximum SLs (dB SPL) for each pass and the 

corresponding frequency of that echolocation pulse. This was repeated for each individual flight 

path. The auditory threshold (detection threshold) of the bat was assumed to be 20 dB SPL for bats 

flying under natural conditions (Stilz and Schnitzler 2012). Target strength is the acoustic energy 

reflected from an ensonified echolocation signal on a target. Detection distances were calculated 

for different prey sizes because target strength varies with the size of the object reflecting the 

impinging pulse and generating the echo. Each size class has its own target strengths which is then 

used to determine the effective range at which bats can detect different sized prey. Target strengths 

for each category of insects was assigned as follows: small (-65 dB), medium (-50 dB), and large 

(-40 dB) in accordance with Stilz and Schnitzler (2012). These target strengths were based on size 

ranges (4 mm - 28 mm) of insects given in previous studies (Waters et al. 1995; Holderied and 

Helversen 2003).  

To determine the relative roles of frequency and SL in optimising detection distance, I 

compared detection distances calculated using maximum and minimum values for each parameter, 

SL and frequency, of bats flying in the open flight room in both biomes. Detection distances were 

calculated for each acoustic flight path using the atmospheric conditions present at the time of the 

pass and the maximum and minimum values recorded for that night for one parameter (frequency 

or SL) while keeping the second parameter constant (i.e. using the average recorded value for the 

second parameter for that night). These detection distances were calculated in the open flight room 

across one night of recording in each biome.  

Statistical Analyses  

Statistical analyses of acoustic data were performed using STATISTICA (StatSoft, Inc., Version 

12, Tulsa, USA). Data were log transformed using base 10 logarithms because of the different 

scales of measurement of the parameters. Generalised Linear Models (GLMs) compared response 

variables (mass, forearm length, frequency, SL, and detection distance) to categorical variables 

(species, sex, biome, and recording environment (flight room treatments versus field recordings). 

GLMs did not include repeated measures because a different set of bats was compared in each 
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case. Individual ID was therefore not included as a random factor. A GLM also compared 

difference values (differences in detection distances when subtracting detection distances 

calculated using maximum acoustic parameter values minus detection distances calculated using 

minimum acoustic parameter values) of the detection distances (response variable) between the 

two biomes (categorical variable). Wilcoxon Matched Pairs Tests were used to compare the 

acoustic parameters (frequencies and SLs) and detection distances of the same bats flown in both 

treatments (cluttered versus open) of the experiment in each biome (two tests). Wilcoxon Matched 

Pairs Tests also compared detection distances calculated using maximum values for each acoustic 

parameter against detection distances calculated using minimum values for each acoustic 

parameter within each biome in the open flight room experiment. Within the desert biome, 

Wilcoxon Matched Pairs Tests tested for differences in detection distances calculated using the 

average acoustic parameters of either the desert or fynbos biome. Multiple Regression Analysis 

was used to determine if there was a correlation between acoustic parameters and atmospheric 

conditions (i.e. atmospheric pressure, temperature, humidity, or wind speed) of bats exposed to the 

same environment (i.e. the cluttered flight room). Multiple Regression Analysis was also used to 

determine if there was a correlation between body measurements (mass, forearm length) and the 

acoustic parameters (frequencies and SLs) and detection distances of bats flown in the cluttered 

flight room.  
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RESULTS 

 

In the fynbos biome, 32 bats were recorded in the experiments and 19 of those bats were 

recorded in both treatments (cluttered and open flight room). In the desert biome, 31 bats were 

recorded in the experiment and 8 of those bats were recorded in both treatments.  

 

Flight Room Treatments Versus Field Recordings 

In both biomes, the clutter index recorded 82 % clutter (n = 184 points) in the cluttered flight room 

treatments and 33 % clutter (n = 74 points) in the open flight room treatments. In both biomes the 

percent of clutter representing each biome (i.e. open flight room ~ desert biome, cluttered flight 

room ~ fynbos biomes) was higher than what bats experience in that biome (desert: cave 7 % 

clutter, foraging site 24 % clutter; fynbos: cave/foraging site 40 % clutter; see Chapter 2 Results). 

A GLM comparing the acoustic parameters recorded in the flight room treatments versus the 

natural habitat revealed bats in the desert experienced the level of clutter in their respective flight 

room treatment (i.e. open flight room) as the same as their natural habitat (i.e. there were no 

significant differences in the measured acoustic parameters of bats flying in the open flight room 

and bats emerging from Wondergat cave or flying in the desert foraging area (Generalised Linear 

Model (GLM): F = 63.33, DF = 30, 590, P = 0.00, unequal n, P >0.05)). In comparison, all 

measured parameters (frequency, SL, detection distance) were significantly different between 

desert field recordings (foraging and cave) and the cluttered flight room treatment (GLM: F = 

63.33, DF = 30, 590, P = 0.00). In the cluttered flight room bats had lower peak frequencies than 

what was recorded in the field. These lower frequencies were not a result of lower CF components 

but rather a product of desert bats shifting the peak amplitudes of their pulses to the terminal FM 

component resulting in lower recorded peak frequencies. They also lowered their SLs in the 

cluttered flight room and had significantly lower detection distances to what they use in the field 

(GLM: F = 63.33, DF = 30, 590, P = 0.00, unequal n, P <0.05) (Table 2.2, Table 3.1).  

In the fynbos R. capensis experienced the level of clutter in both treatments somewhat 

differently to what they experience in the field. Frequency was conserved throughout the 

treatments (i.e. there were no significant differences in the frequencies recorded in the field and 

both flight room treatments (GLM: F = 63.33, DF = 30, 590, P = 0.00, unequal n, P > 0.05)). In 

comparison to the field bats used lower SLs and detection distances in their representative flight 

room treatment (i.e. cluttered flight room). This suggests that bats perceived the increase in clutter 

in the cluttered flight room treatment from what they experience in their respective biome. R. 
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capensis in the fynbos also lowered their SLs (unequal n, P < 0.05) but not detection distances 

(unequal n, P > 0.05) in the open flight room treatment compared to the field (Table 2.2, Table 

3.1). Regardless, there were still significant differences in the SLs and detection distances recorded 

in fynbos bats between the two treatments (see Within Biomes below) suggesting that the 

treatments represented two different acoustic challenges (in terms of level of clutter) to the bats. 

All GLM analyses were repeated with a random factor. The F values changed but the statistical 

significances did not. 

 

Between Biomes 

Frequency was conserved under the different conditions of the flight room. Desert – inhabiting 

bats used lower frequency echolocation pulses than fynbos – inhabiting bats when flown in both 

treatments (i.e. cluttered and open flight room GLM: F = 63.33, DF = 30, 590, P = 0.00; unequal 

n HSD: P < 0.05) (Table 3.1). Between biomes, when exposed to the same degree of clutter (i.e. 

cluttered treatment versus cluttered treatment, open treatment versus open treatment), desert - 

inhabiting R. capensis emitted higher SL with greater detection distances than fynbos - inhabiting 

R. capensis (GLM: F = 63.33, DF = 30, 590, P = 0.00; unequal n HSD: P < 0.05) respectively 

(Table 3.1).  

Within Biomes 

In the experiments, both desert and fynbos bats emitted higher SLs (Wilcoxon Matched Pairs Test: 

DH: Z = 2.92, P = 0.003, N = 19; LK: Z = 2.52, P = 0.012, N = 8) with greater detection distances 

(DH: small: Z = 3.54, P = 0.000, medium: Z = 3.70, P = 0.000, large: Z = 3.74, P = 0.000; LK: 

small: Z = 2.52, P = 0.012, N = 8, medium: Z = 2.52, P = 0.012, large: Z = 2.52, P = 0.012) when 

exposed to an open environment (open flight room treatment) versus cluttered environment 

(cluttered flight room treatment Table 3.1). The frequency (peak frequency) at which bats emitted 

the highest SLs was only significantly different between the cluttered and open flight room in the 

desert (Z = 2.52, P = 0.012) but not in the fynbos (Z = 0.36, P = 0.715). In all treatments (except 

the desert cluttered flight room), the peak frequency coincided with the CF component of the 

pulses. In the desert bats flying in the cluttered flight room had terminal FM components with 

higher amplitudes than the CF components, hence the lower average frequency of 70 kHz in the 

cluttered flight room treatment (Table 3.1). In an open flight room (in both desert and fynbos 

biomes) differences in prey detection distances calculated for R. capensis using both minimum 

and maximum SLs was greater than differences in prey detection distances calculated using 
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maximum and minimum recorded frequencies for each respective biome (Wilcoxon Matched Pairs 

Test: fynbos: Z = 3.82, P = 0.00, N = 19; desert: Z = 2. 52, P = 0.01, N = 8) (Table 3.2). Differences 

in prey detection distances when using either maximum or minimum recorded SLs were more 

pronounced in an open flight room in the fynbos as a consequence of lower recorded minimum 

SLs in the fynbos biome (GLM: F = 3939, DF = 15, 182, P = 0.00; unequal n HSD, P = 0.00) 

(Table 3.2). 

 

 

Table 3.1 Acoustic parameters and detection distances (average ± SD) of echolocation pulses of R. 

capensis flown in either a cluttered (highly vegetated) or open flight room in both desert and fynbos 

biomes.  

    

Clutter 

Index 

(%) 

Sample 

Size 

(flight 

paths) 

Peak 

Frequency 

(kHz) 

Source 

Levels 

(dB) 

Detection 

Distance 

(Small) 

(m) 

Detection 

Distance 

(Medium) 

(m) 

Detection 

Distance 

(Large) 

(m) 

Fynbos         

 Open 33 19 84.2 ± 0.4 115.7 ± 4.1 3.1 ± 0.4 4.7 ± 0.5 6.0 ± 0.5 

 Cluttered 82 32 83.8 ± 1.2 110.6 ± 4.0 2.5 ± 0.3 3.9 ± 0.4 5.0 ± 0.4 

Desert        

 Open 33 8 73.5 ± 2.6 131.1 ± 4.4 4.4 ± 0.5 6.0 ± 0.5 7.2 ± 0.6 

  Cluttered 82 31 70.0 ± 2.7 115.6 ± 4.5 2.9 ± 0.4 4.4 ± 0.5 5.5 ± 0.5 
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Table 3.2 Difference values (DIFF) (average ± SD) (used in the analysis to test Prediction 2) in calculated detection distances (DD) of small (S), medium 

(M), and large (L) prey of R. capensis in the open flight room in both biomes when using the maximum and minimum acoustic parameters of one acoustic 

parameter (either PF = peak frequency or SL = source level), the average of the second acoustic parameter (either PF or SL), and the atmospheric 

conditions experienced for each site (N = number of acoustic flight paths). 

 

 

 

 

 

 
 

N 

 

 

PF 

MIN 

(KHZ) 

 

PF 

MAX 

(kHz) 

 

SL 

MIN 

(DB) 

 

SL 

MAX 

(DB) 

DIFF 

DD (S) 

(SL) 

(M) 

DIFF 

DD(M) 

(SL) 

(M) 

DIFF 

DD (L) 

(SL) 

(M) 

DIFF 

DD (S) 

(PF) 

(M) 

DIFF 

DD (M) 

(PF) 

(M) 

DIFF 

DD (L) 

PF 

(M) 

Fynbos 19 84.0 85.0 109.1 128.7 2.44 ± 0.06 2.79 ± 0.08 3.10 ± 0.09 0.03± 0.04 0.05 ± 0.06 0.08 ± 0.10 

Desert 8 69.0 76.0 123.6 137.4 1.48 ± 0.00 1.60 ± 0.00 1.71 ± 0.00 0.29 ± 0.00 0.39 ± 0.00 0.51 ± 0.00 
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Echolocation, Sex, Body Size, and Biomes of Captured Bats  

There was not a significant difference in either biome in body size (mass and forearm length) 

between sexes (GLM: F = 0.78, DF = 2, 58, P = 0.461) (Figure 3.2). Between biomes desert -

inhabiting bats were significantly larger than fynbos - inhabiting bats (GLM: F = 56.31, DF = 

2, 58, P = 0.00) in both their forearm length (LK: 52.95 mm ± 1.13 mm, DH: 48.73 mm ± 1.72 

mm) (unequal n HSD, P = 0.00) and mass (LK: 13.72 g ± 2.11 g, DH: 10.2 g ± 1.08 g) (unequal 

n HSD, p = 0.00) (Figure 3.2). No sex differences were found in either biome (desert and 

fynbos) in frequency, SL, or detection distance of bats flown in either the cluttered: (GLM: F 

= 0.90, DF = 5, 55, P = 0.465, N1 = 32 (11M, 21F), N2 = 31 (13M, 18F)) or open (F = 0.670, 

DF = 5, 20, P = 0.650, N1 = 19 (8M, 9F), N2 = 8 (3M, 5F)) flight room (Table 3.3). In addition, 

in both desert and fynbos environments there was no correlation between the acoustic 

parameters (frequencies and SLs) and detection distances of bats flown in the cluttered flight 

room and either mass (Multiple Regression Analysis: desert: R² = 0.049, F (1, 29) = 1.520, P 

= 0.227; fynbos: R² = 0.008, F (1, 30) = 0.239, P = 0.628) or forearm length (Multiple 

Regression Analysis: fynbos: desert: R² = 0.003, F (1, 29) = 0.076, P = 0.785; fynbos: R² = 

0.000, F (1, 30) = 0.019, P = 0.890).   
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Figure 3.2 Box and whisker plots (mean ± standard error, ± 2 * standard deviation) of the 

morphological measurements a) mass and b) forearm length of males and females captured in 

both fynbos and desert biomes.  

 



60 
 

 

Table 3.3 Acoustic parameters and detection distances (average ± SD) from male and female 

R. capensis flown in either a cluttered (highly cluttered) or open flight room in both desert and 

fynbos biomes. 

 
 Frequency 

(kHz) 

Source Levels 

(dB) 

Detection 

Distance 

(Small) 

(m) 

Detection 

Distance 

(Medium) 

(m) 

Detection 

Distance 

(Large) 

(m) 

Fynbos 

  Cluttered 
 

  

   

 Female 83.7 ± 1.5 110.6 ± 4.3 2.6 ± 0.3 4.0 ± 0.4 5.1 ± 0.5 

 Male 84.1 ± 0.5 110.5 ± 3.7 2.5 ± 0.3 3.9 ± 0.4 4.9 ± 0.4 

  Open 
     

 Female 84.2 ± 0.4 116.4 ± 5.1 3.1 ± 0.5 4.8 ± 0.6 6.0 ± 0.6 

 Male 84.3 ± 0.5 114.8 ± 2.0 3.1 ± 0.2 4.6 ± 0.2 5.9 ± 0.2 

Desert 

  Cluttered 
     

 Female 69.6 ± 2.4 116.6 ± 4.3 3.0 ± 0.4 4.5 ± 0.4 5.6 ± 0.5 

 Male  70.5 ± 3.1 114.5 ± 4.6 2.8 ± 0.4 4.2 ± 0.5 5.3 ± 0.5 

  Open 
     

 Female 74.2 ± 2.4 130.4 ± 4.7 4.3 ± 0.4 5.9 ± 0.4 7.1 ± 0.4 

 Male 72.3 ± 3.1 132.2 ± 4.5 4.5 ± 0.6 6.2 ± 0.8 7.4 ± 0.9 

 

 

Atmospheric Variables 

There was no correlation between measured acoustic parameters/detection distances and 

changes in atmospheric variables within a night (desert: atmospheric pressure: ± 0 kpa, wind: 

± 2.9 m/s, temperature: - 2º C, humidity: +11 %; fynbos: atmospheric pressure: ± 0 kpa ,wind: 

± 0.7 m/s, temperature: - 3.4º C, humidity: +10 %) in either biome (Multiple Regression 

Analysis: desert: R² = 0.498, F (4, 15) = 3.72, P = 0.06; fynbos: R² = 0.059, F (4, 14) = 0.22, P 

= 0.92).  
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DISCUSSION 

 

Observed differences in the detection distances and the acoustic parameters that these detection 

distances are based on (frequency and SL) between R. capensis in the desert and fynbos biomes 

were a product of both behavioural flexibility and possibly selection to the local level of clutter 

in their respective habitat. In both biomes, frequency of the CF component was fixed (i.e. 

frequency was conserved under the different flight room treatments and the field). In 

comparison, SLs displayed both behavioural flexibility (i.e. they adjusted their SLs based on 

the level of clutter they flew in) and appear to have a learned/inherited component (when 

presented with similar sensing situations, the same level of clutter, bats emitted different SLs). 

In both biomes, bats lowered their SLs when presented with a higher degree of clutter (i.e. 

cluttered versus open flight room treatment). Despite their inherent ability to be able to change 

their SLs (as was observed when bats were presented with different degrees of clutter) bats in 

both biomes did not adjust their SLs in response to changes in nightly atmospheric conditions. 

Changes in atmospheric conditions within a night might not have significant enough impacts 

on detection distance to warrant a behavioural response. Considering recent research shows 

that high SLs are energetically costly (Currie et al. 2020), my data suggests that bats only emit 

higher SLs when the benefits of doing so outweigh the costs. In the open desert detecting prey 

further away could offer a substantial advantage. Case in point is the use of higher SLs and 

detection distances by desert bats when presented with the same level of clutter as fynbos bats. 

For this clutter forager specialist, the delicate relationship between frequency and SLs and their 

resulting effects on detection distances could hold the key to its survival in the harsh desert 

environment.  

My study suggests that differences in frequency (observed between R. capensis 

inhabiting the two different habitats) confer biosonar advantages in the form of increased 

detection distances in the open biomes (as suggested by the Foraging Habitat Hypothesis: 

FHH). In R. capensis a combination of lower frequency and higher SL pulses lead to the 

greatest differences in detection distances between bats inhabiting the different biomes. Under 

the FHH differences in pulse frequency can be a product of genetic selection (an increase in 

the frequency of favorable alleles over many generations) and/or phenotypic plasticity (the 

same genotypes code for different phenotypes) (Jones and Barlow 2004). My results support 

this ecological premise stipulated in the FHH. There were no frequency differences in the CF 

component of R. capensis echolocation pulses when flying in environments characterised by 
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different degrees of clutter or to changing atmospheric conditions within a night. The opposite 

has been found for LDC echolocators that have been shown to actively increase their sonar 

distances by lowering their pulse frequencies in open spaces (Brinkløv et al. 2010). In HDC 

bats the constant frequency component (CF) along with an acoustic fovea (a region of the 

cochlea tuned to a narrow range of frequencies of the CF component) and Doppler Shift 

Compensation allows them to distinguish small moving targets from stationary background 

objects (Schnitzler and Denzinger 2010). Larger shifts in frequency (beyond what is required 

for Doppler Shift Compensation) would render the bat insensitive to its own echoes and 

compromise this function (Fenton et al. 2012). Behavioural changes in frequency of the CF 

component are therefore likely limited to small shifts in frequency (Gustafson and Schnitzler 

1979; Jones and Rayner 1989; Jones 1994; Jacobs and Bastian 2018) which might not produce 

ecological significant changes to detection distances (such as the 10 kHz difference in 

frequency observed between R. capensis inhabiting the desert and fynbos biomes). However, 

over time open biomes may select lower pulse frequencies for increased detection distance (as 

proposed by the FHH) (Jones and Barlow 2004) 

The innovation of one function limiting the adaptation of another is a widely observed 

phenomenon in bats (Jacobs et al. 2014; Finger et al. 2017; Jacobs and Bastian 2018). In these 

instances, the fitness benefits derived from evolution of one trait may be negated by the loss of 

fitness caused in the change of another (Roff et al. 2002; Roff and Fairbairn 2007). For 

example, innovations in bat echolocation systems that form adaptive complexes might prevent 

variation in body size and wing shape (Jacobs and Bastian 2018). This study found no 

correlation between body size (within a biome) and the pulse frequencies used by bats during 

flight. However, R. capensis in the desert are larger than their fynbos counterparts (my study, 

(Odendaal et al. 2014). The Allometric Frequency Hypothesis proposes that larger bats use 

lower frequency pulses (Jacobs et al. 2007). Observed frequencies in the desert biome were 

lower than in other arid bat populations (R. damarensis) despite being similar in body size. 

According to the Allometric Habitat Hypothesis R. capensis should be echolocating at 

approximately 82 kHz. R. capensis echolocation pulse frequency may be uncoupled from its 

body size. Despite differences in RF and body size, mitochondrial DNA structure revealed 

minimal genetic structure among different populations of R. capensis in Southern Africa 

indicating that the desert and fynbos populations are indeed the same species (Odendaal et al. 

2014). This was also confirmed in a study that used nuclear introns as markers for phylogenetic 

reconstruction (Dool et al. 2016). In addition, gene flow between the different populations of 
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R. capensis in Southern Africa was also demonstrated (Odendaal et al. 2014). Frequency may 

also play a social role in HDC bats. Previous research suggests bats could be using the 

frequency of the CF component of their pulses for individual, sex, and species discrimination 

(Heller and Helversen 1989; Jacobs et al. 2007; Yovel et al. 2009; Schuchmann and Siemers 

2010b; Voigt-Heucke et al. 2010; Knörnschild et al. 2012; Schuchmann et al. 2012; 

Puechmaille et al. 2014; Bastian and Jacobs 2015). In R. capensis, the frequency of this 

component is important for both sex (Odendaal et al. 2014) and species discrimination (Bastian 

and Jacobs 2015). Noted differences within each population in the resting frequencies of female 

and male pulses have been recorded (Odendaal et al. 2014). These differences may be 

important for bats at rest; however, my study found no support for frequency differences 

between females and males in flight, inhibiting in flight sex discrimination. Both resting and 

reference frequencies also aid in species identification suggesting an additional potential 

communicative function (Acoustic Communication Hypothesis) (Heller and Helversen 1989; 

Jacobs et al. 2007; Yovel et al. 2009; Schuchmann and Siemers 2010b; Voigt-Heucke et al. 

2010; Knörnschild et al. 2012; Schuchmann et al. 2012; Puechmaille et al. 2014; Bastian and 

Jacobs 2015). Desert – inhabiting R. capensis has overlapping distributions with R. damarensis. 

Lowering echolocation pulse frequency would avoid acoustic overlap with R. damarensis 

maintaining effective intraspecific communication (Bastian and Jacobs 2015). 

If proponents of the Acoustic Communication Hypothesis stand (i.e. differences in 

frequency are required for species discrimination) then lower frequency pulses in the desert 

would not only offer increased detection distance, without excess energy expenditure, but also 

enable unambiguous intraspecific communication. This notion (that lower frequencies evolved 

in desert – inhabiting R. capensis for additional functions besides increasing detection 

distances) is supported by the presence of R. damarensis; a congeneric species that inhabits the 

same desert habitat as R. capensis but uses a higher pulse frequency. On average R. damerensis 

emitted lower average SLs. Lower average SLs combined with their higher pulse frequencies 

resulted in lower average prey detection distances (see Chapter 2). However, in a few singular 

instances R. damarensis emitted much higher maximum SLs than R. capensis in the desert. 

These higher SLs resulted in greater prey detection distances than desert – inhabiting R. 

capensis (despite R. damarensis use of higher pulse frequencies). Surlyke and Kalko (2008) 

noted a similar phenomena in LDC bats. In their study, species using the highest frequency 

pulses compensated for frequency depended attenuation using higher SLs to achieve 

comparable sonar distances. In addition, differences in SLs in R. capensis inhabiting the 

different biomes had a greater impact on differences in detection distance than frequency. This 
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suggests that lower pulse frequencies may not be a prerequisite for successful foraging in the 

desert. Considering the energetic costs of high SLs (Currie et al. 2020), lower frequency pulses 

could still offer practical benefits (i.e. a reduction in the required SLs needed to achieve large 

detection distances in open environments).  

The correlation between clutter and SLs/detection distances was evident in observed 

acoustic responses both within and between biomes. In both biomes, when presented with a 

higher level of clutter (i.e. cluttered flight room), R. capensis lowered their SLs compared to 

when flying in a lower degree of clutter (i.e. open flight room). This behavioural change was 

implicative of the costs reported with emitting high SLs (Currie et al. 2020). The ecological 

impact of these lower SLs in the cluttered flight room were lower detection distances than when 

flying in the open flight room. The relationship between clutter and SLs/detection distances 

was also demonstrated in the natal habitat specific responses to the same flight room situation. 

When both desert and fynbos bats were presented with the same sensing situations (i.e. open 

and cluttered flight room) they emitted different SLs. In both treatments desert bats emitted 

higher SLs with greater detection distances than fynbos bats. In addition, the maximum 

recorded SLs was also greater for desert versus fynbos bats in both the experiment and in the 

field. This suggests that the SLs and detection distances used by desert and fynbos bats have a 

learnt or inherited component to the respective degree of clutter in their biomes.  

Behavioural differences were also noted in the acoustic responses of bats to their 

respective flight room treatments (i.e. desert bats in the open flight room and fynbos bats in the 

cluttered flight room). In the desert, the SLs and detection distances bats used in their 

representative flight room treatment (i.e. open flight room) were equivalent to what they used 

in the field. However, in the fynbos the SLs and detection distances of bats in both treatments 

were lower than what they used in the field. This could indicate that bats in the fynbos 

experienced both treatments (not just the cluttered flight room treatment) as more cluttered than 

their natural habitat. It is also a clear indication that bats in the two biomes experience and 

respond to clutter differently. This idea is further perpetuated in the observation of an intriguing 

acoustic response observed in desert bats when flown in a higher degree of clutter to what they 

are accustomed to (i.e. cluttered flight room). In HDC bats the peak frequency (frequency of 

maximum energy) usually corresponds to the CF component (Jacobs et al. 2007). However, in 

the desert the peak frequency of bats flown in the cluttered flight room corresponded with the 

terminal frequency modulated (FM) component. These FM components are speculated to 

function in ranging acuity (Schuller et al. 1971; Neuweiler et al. 1987; Tian and Schnitzler 
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1997; Schnitzler and Denzinger 2010). Bats flying in cluttered environments (i.e. fynbos) 

require greater ranging acuity than bats flying in the open (i.e. desert). Comparing the acoustic 

parameters of the FM components of bats in these two biomes (desert and fynbos) could help 

decipher their ecological significance and in doing so shed light on the behaviour observed in 

the desert bats when flying in the cluttered flight room (see Chapter 4).  

Support for other factors that might influence variation (within biomes) in observed 

SLs, such as morphology (body mass and forearm length) or sex, were not found. Between 

biomes desert bats were larger than fynbos bats. Previous research in bat SLs has found no 

support for larger bats using greater SLs (Currie et al. 2020). This is reportably due to the fact 

that there is a proportional relationship between lung volume and the muscles in the abdomen 

(Fletcher 2004). Costs related to emitting SLs are independent of body size explaining why 

even small animals, such as bats, produce high intensity sounds (Currie et al. 2020). I also 

found no correlation between the SLs and detection distances used by bats and changing 

atmospheric conditions within a night. Changes in the atmospheric conditions within a night 

was sometimes greater than or equal to between biomes. Bats maintained prey detection 

distances (within a night) without increasing SLs, even in the face of increasing atmospheric 

attenuation. Changes in atmospheric conditions within a night may therefore have minimal 

effects on R. capensis detection distances. Observed frequencies and SLs contradicted what 

would be observed if acoustic variation was driven by atmospheric differences between the 

biomes (i.e. lower frequency and higher SL pulses should have evolved in bats inhabiting 

environments with hotter, more humid average nightly conditions (such as the fynbos) to 

reduce atmospheric attenuation and increase detection distance) (Luo et al. 2013b). 

My study investigated the two main factors contributing to detection distance 

(frequency and SL). However, in HDC bats beam width has also been shown to be a 

contributing factor to sonar distance. Beam width can increase SL by focusing energy in a 

narrow area instead of spreading it in all directions (Jakobsen et al. 2013b). In my experimental 

setup, I could not determine the directionality of the bats echolocation pulses. If bats were on 

axis with the microphone this would increase the recorded SLs. In the cluttered flight room, 

the flight path directed bats towards the microphone increasing the chances that pulses were 

recorded on axis compared to the pulses recorded in the open flight room. Pulses in the open 

flight room may therefore be louder than what was documented in this study. If this were true, 

this finding would only work to confer the interpretation of my results.  

In this chapter, I determined the driving forces behind variation in frequency and SLs; 

two traits that play a vital role in how bats hunt for prey in their respective biomes. Variation 
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in frequency was a result of ecological trait evolution (i.e. phenotypic plasticity or genetic 

variation). SLs on the other hand, were both flexible and had a learnt or inherited component. 

Under all sensing situations, R. capensis emitted higher SLs with greater detection distances 

than R. capensis in the fynbos. Observed variation had a strong correlation with clutter (both 

within and between biomes). I can therefore conclude that variation in SLs is likely significant 

to the ability of R. capensis, a clutter forager specialist, to successfully forage in the open desert 

environment. It is also noteworthy that lower frequencies used by R. capensis in the desert 

likely provide additional benefits, in the form of increased detection distance without additional 

energy expenditure, but may not be a prerequisite for successful foraging in open environments. 

The findings in the last two chapters have highlighted some remarkable adaptations in 

echolocation pulses of a clutter species specialist inhabiting an open biome. In the next chapter 

I take the opportunity to explore whether clutter (or the lack thereof) has shaped other 

components of HDC bats pulses (i.e. in particular the FM components) and in doing so seek to 

determine the functional significance of the FM components in HDC bats.  
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CHAPTER 4 

 

THE FUNCTION OF FREQUENCY MODULATED COMPONENTS DURING 

ORIENTATION IN HIGH DUTY CYCLE ECHOLOCATION  

 

 INTRODUCTION  

 

High Duty Cycle (HDC) echolocating bats can distinguish fluttering wings of prey from 

stationary background objects (Emde and Schnitzler 1986; Neuweiler 1990). The ability to 

detect prey movement amongst vegetation is dependent on a specialised echolocation pulse 

design. HDC echolocation pulses consist of both a constant frequency (CF) (used for prey 

detection) and frequency modulated components (FM) at each end of the CF component. 

During flight HDC bats lower the frequency of the CF component of their emitted pulses to 

compensate for the Doppler Shift of the echo due to the bats forward motion. This Doppler 

Shift Compensation results in a constant echo from the background. Superimposed on these 

constant echoes are the frequency and amplitude modulations (known as acoustic glints) from 

the flapping wings of insects flying across the background vegetation. HDC echolocation is 

therefore regarded as a clutter rejection echolocation system. Clutter is defined as the number 

of echoes produced other than those from the target of interest. This system facilitates the 

foraging of prey in habitats characterised by high vegetation or clutter (clutter foragers) 

(Gustafson and Schnitzler 1979; Neuweiler et al. 1987; Schnitzler 1987; Neuweiler 1989, 1990, 

2003; Schnitzler and Denzinger 2010). Foraging amongst clutter requires bats to be able to 

maneuver around dense vegetation (Neuweiler et al. 1987). This is dependent on a bats ability 

to accurately judge distance to objects. How HDC bats accomplish this task is uncertain.  

  Originally it was proposed that HDC bats could estimate object distance on the basis of 

the pulse - echo overlap combined with Doppler Shift induced frequency changes in the CF 

component (Novick 1971). However, there is little evidence in support of this. Others 

suggested that bats may use the FM components to determine precise distance to both moving 

and stationary objects (Schnitzler 1968; Schuller et al. 1971; Suga et al. 1983; Schnitzler and 

Denzinger 2010; Vanderelst et al. 2013; Fawcett et al. 2015) or that the FM components might 

be a by - product of sound production of the CF component (Schnitzler 1968; Tian and 

Schnitzler 1997). Neurophysiological experiments in Rhinolophus ferrumequinum showed that 

these bats had a clear response, in the ipsilateral and contralateral cochlear nucleus of their 

brains, to the terminal FM component (Schuller et al. 1971). Suga et al. (1983) also provided 
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similar evidence for both the initial and terminal FM components in HDC bats. It is therefore 

unlikely the FM components are a mere by - product of sound generation. Evidence suggests 

that HDC bats may use these components for increased ranging acuity. Fawcett et al. (2015) 

noted a marked decrease in the minimum frequency of the terminal FM component of 

Rhinolophus capensis when flying close to both conspecifics and prey. Neuweiler et al. (1987) 

noted that initial FM components were more prevalent during flight versus when perched. 

Further evidence of the usefulness of FM components for orientation in flight is provided by 

the absence of the FM components in many echolocation pulses recorded from perched 

rhinolophids (Neuweiler et al. 1987). 

If HDC bats use the FM components to determine obstacle range, then the acoustic 

parameters of these components should be highly correlated with clutter because increased 

clutter requires greater ranging acuity. The Foraging Habitat Hypothesis (FHH) proposes a 

relationship between clutter and frequency (tested in Chapter 2 and 3). For Low Duty Cycle 

(LDC) echolocators it predicts that in areas of high clutter, high frequency pulses are an 

advantage because they allow greater resolution of insects against background vegetation 

(Jones and Barlow 2004). This prediction does not apply to HDC echolocators because they 

use Doppler Shift Compensation and flutter detection to accomplish this task (Neuweiler 1989; 

Waters et al. 1995). Instead, in HDC bats low clutter may select lower frequency pulses because 

they are less susceptible to atmospheric attenuation making them more suited to long distance 

prey detection (See Chapter 2, (Jones and Barlow 2004)). However, like LDC echolocators, 

HDC echolocators still need to accurately determine the distance between themselves and their 

targets. There may very well be a relationship between clutter (the density of objects to detect 

and avoid) and the presence or absence of the FM components and/or their acoustic parameters. 

Neuweiler et al. (1987) found a correlation between the presence of the FM components and 

bats flying in the open versus emerging from a cave. The acoustic properties of these 

components may also reflect if they are important for flight orientation. Xu et al. (2008) found 

a significant negative correlation between FM bandwidth and arbor height in R. 

ferrumequinum. They suggested that FM bandwidth might reflect the complexity (i.e. degree 

of clutter) of the background environment. Orientating in complex (i.e. highly cluttered) 

environments requires precise information about the bat’s distance to objects or prey. Findings 

by Matsuta et al. (2013) also suggest that the FM components might provide information on 

ranging acuity. They found that when R. ferrumequinum approached a target in their terminal 

phase the bandwidth of the terminal FM increased. 
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In LDC bats, increasing pulse bandwidth decreases Doppler related ranging error and 

increases ranging acuity (Holderied et al. 2006). By emitting echolocation pulses with wider 

bandwidths bats have more listening frequencies from which to extract details from echoes 

about the size, shape, velocity, and distance to a target. Broadening bandwidth increases the 

frequencies that the pulse spans allowing a precise pulse - echo time comparison to be made 

for each frequency at each point in time (at any point in time the pulse is at one frequency 

point) (Simmons and Stein 1980). Support for this has been found in LDC bats that increase 

their bandwidth in clutter and when approaching a target after prey detection (Simmons and 

Grinnell 1988; Siemers and Schnitzler 2000, 2004; Siemers et al. 2001; Broders et al. 2004). 

HDC bats may have, inherited from an ancestor or independently, evolved the ability to use 

FM components of their pulses in a similar manner to LDC bats by measuring the time elapsed 

between pulse and echo of the frequency modulated components (Schnitzler and Denzinger 

2010; Fenton et al. 2012).  

The ability of both LDC and HDC echolocators to change the parameters of their FM 

components to meet the challenges of the task at hand may be necessary to allow bats to 

actively respond to changes in their environment promoting successful orientation and prey 

capture. Such flexibility might be of additional significance because the constant frequency 

component of HDC echolocation pulses is highly constrained by the role it plays in prey 

detection (See Chapter 3 Results and Discussion). Therefore, the extent of flexibility in the FM 

components of HDC echolocation pulses may be a key component to understanding how HDC 

bats, such as R. capensis, are able to orientate and forage in both high and low levels of 

environmental clutter. In addition to being able to adjust the acoustic parameters of their FM 

components to suit the different tasks required within each habitat, the FM components might 

also be locally adapted to the different habitats occupied by different populations of the same 

species. Exploring behavioural flexibility and geographic variation in the acoustic parameters 

of frequency modulated components could be useful in determining the function of these 

components in HDC echolocation pulses. 

To fully comprehend variation in acoustic parameters it is important to consider 

multiple sources of variation. The FM components may have a social component. Previous 

research suggests these components may be used for individual and sex discrimination 

(Schuchmann et al. 2012; Finger et al. 2017). For example, the echolocation pulses emitted by 

female Rhinolophus clivosus had longer initial and terminal FM components with lower 

terminal sweep rates. This allowed bats to discriminate between the echolocation pulses 
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belonging to male and female bats (Finger et al. 2017). The FM components could also be 

linked to the acoustic parameters of other pulse components. For example, when R. 

ferrumequinum approached a target, in addition to changes in the FM parameters, pulse 

duration and IPI dropped (Matsuta et al. 2013). By shortening pulse duration and IPI the bat 

increased the number of terminal FM components emitted before capturing prey. Similar 

findings were made with R. capensis in relation to both prey and in the presence of other bats 

(Fawcett et al. 2015). 

My study species was R. capensis; a High Duty Cycle bat that inhabits both typical 

cluttered environments (e.g. fynbos) characteristic of where most clutter forager specialists are 

found, as well as a more atypical open environment (i.e. desert). Both pulse frequency and 

source level (SL) were correlated with level of environmental clutter (Chapter 2 and Chapter 

3) as proposed by the FHH (Jones and Barlow 2004). R. capensis in the open biome (i.e. desert) 

had lower frequency and higher SL echolocation pulses compared to the cluttered biome (i.e. 

fynbos). The combination of these acoustic parameters (frequencies and SLs) in the open biome 

yielded the greatest prey detection distances (Chapter 2). High levels of environmental clutter 

require precise ranging acuity. If HDC bats use the FM components to determine distance to 

obstacles, then the acoustic parameters of these components should also be correlated with 

environmental clutter. R. capensis provided a unique opportunity to compare the acoustic 

properties of the frequency modulated components of a HDC bat species that inhabits biomes 

characterised by different degrees of clutter. 

In this study, I investigated if there were differences in the frequency modulated 

components as well as the acoustic parameters of the whole pulse that dictate FM emission rate 

(pulse duration, inter - pulse interval, duty cycle, and distance from start to maximum 

amplitude) of the echolocation pulses of R. capensis in two biomes (i.e. open desert and 

cluttered fynbos). I explored two potential explanations for these differences. The first, in 

accordance with the FHH, proposes that the differences between biomes is due to ecological 

selection for optimal ranging acuity in response to the degree of clutter in each habitat. It 

predicts that there are functionally significant differences between biomes which are fixed i.e. 

bats from a particular biome are unable to change their FM components in response to a degree 

of clutter that they do not experience in their natal habitat (Prediction 1). The second 

explanation proposes that differences in the FM components between the two biomes are the 

result of behavioural flexibility. It predicts that bats from the different biomes can change the 

parameters of the FM components in similar ways in response to degrees of clutter that is 
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markedly different from what they experience in their natal habitat (Prediction 2). I used an 

observational and experimental approach. Bats were recorded in their natural habitats to 

determine if there were differences in FM components between the two biomes. Then an 

experimental approach was used to test my two predictions. Bats were flown in a flight room 

where they were exposed to a degree of clutter similar to that in their own habitat and then to 

a degree of clutter representing the other habitat (i.e. an open flight room to represent the degree 

of clutter in the desert and a cluttered flight room to represent the clutter in the fynbos).  
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METHODS 

 

Acoustic Recordings 

To explore if R. capensis living in biomes characterised by different degrees of clutter had 

significantly different FM parameters, I recorded bats emerging from Wondergat cave in the 

desert biome (low clutter, requiring low ranging acuity) and from Hot Hole cave in the fynbos 

biome (high clutter, requiring high ranging acuity). I then used an experimental approach to 

test whether observed differences were fixed i.e. bats from a particular biome are unable to 

change their FM components in response to a degree of clutter that they do not experience in 

their natural habitat (Prediction 1) or the result of behavioural flexibility (Prediction 2). As a 

further test of my second prediction I compared the acoustic parameters from recordings of 

bats when stationary (from hand - held bats) versus flying in the flight room. This was used to 

determine whether bats in both biomes changed their acoustic parameters in a similar way (i.e. 

had the same behavioural response) when presented with the same task (flight). I also tested 

for any sex and morphological (body mass and forearm length) differences in measured 

acoustic parameters from echolocation pulses of stationary and flying bats. This ensured 

observed variation was a result of clutter and not morphological or sex differences.  

Bats were flown in a flight room (6 m x 3 m x 2 m) under two treatments. In the first 

treatment bats were flown in a flight room with vegetation (high clutter; high ranging acuity 

required) simulating the fynbos environment. A clear one metre path was left for the bats to fly 

through (See Chapter 3 Methods, Figure 3.1). A one metre path was used because bats seldom 

venture more than one metre from vegetation in the fynbos (Jacobs et al. 2007). In the second 

treatment the same bats were flown in a flight room with no vegetation (low clutter; low ranging 

acuity required) simulating the desert biome. The open flight room also acted as an additional 

control to ensure any differences in observed acoustic responses of bats to the two treatments 

was a response to clutter and not the experimental setup (i.e. flight cage).  

A clutter index was constructed that measured the degree of clutter R. capensis 

encounter in their natural habitat and ensured bats from both biomes encountered the same 

degree of clutter in the experiment (in both the open and cluttered treatments). In their natural 

habitat clutter was measured in the recording area (i.e. in front of Wondergat and Hot Hole 

cave). The areas around the cave appeared to represent the level of clutter they experience 

throughout most of their habitat (See Chapter 2 Results, Figure 2.1). To create a clutter index 

in their natural habitat a grid (8 m width × 8 m length × 3 m height) was constructed over the 
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recording area. Grid size was determined by both the recording area (the maximum area over 

which flight paths could be constructed; flight paths were used for Chapter 2 and Chapter 3) as 

well as the average maximum flight height of foraging R. capensis (Jacobs et al. 2007). The 

clutter index was constructed using a laser rangefinder (Leica Disto S910, Leica, St. Gallen, 

Switzerland). A laser rangefinder measured the distance of objects relative to a reference point 

creating a three dimensional (3D) image of the recording environment. This 3D image was then 

used to compare the degree of clutter in each recording environment by creating a clutter index 

(the percent of space occupied by vegetation or objects). A measurement point was counted for 

every metre on the grid if vegetation or an object was present. For every metre, measurement 

points were taken at 0.25 m intervals (starting 0.25 m off the ground) up to three metres high 

(maximum height R. capensis flies when foraging). Percentage of clutter was calculated by 

dividing the points recorded by the total possible points for that recordings area (clutter index). 

In the flight room, the clutter index ensured that the degree of clutter (cluttered flight room), 

or lack thereof (open flight room) in the flight room in each treatment (vegetation versus no 

vegetation) was the same for both populations. The same method was applied to measuring and 

comparing levels of clutter in the flight room treatments. The grid size was equal to the size of 

the flight room. In the open flight room treatment, the size of the portable flight room limited 

me from duplicating the lowest degree of clutter measured in the field (i.e. in the desert biome). 

In the cluttered flight room, a higher clutter index was used compared to what was measured 

in the field (i.e. in the fynbos) to safeguard bats from navigating from the path into the 

vegetation risking potential injury and diminishing recording quality. However, the higher 

clutter index in the flight room treatment was not as severe as the clutter measurements 

suggested because fynbos bats never flew more than one metre from vegetation (Jacobs et al. 

2007). The differences in the level of clutter between the open and cluttered flight room 

treatment still represented a large difference in level of clutter and therefore amount of required 

ranging acuity. Additional statistical tests (see Statistical Analysis below) were also conducted 

to ensure bats were perceiving the degrees of clutter in the open flight room (desert bats) and 

the closed flight room (fynbos bats) as similar to the degrees of clutter measured in each biome.  

Sampling  

Sampling methods were the same as those used in Chapter 3. Bats were caught using mist nets 

(Ecotone monofilament, 20 mm x 20 mm mesh size, 171 Avinet, USA) during emergence at 

the entrance of Hot Hole cave in the fynbos biome and at Wondergat cave in the desert biome. 

Juvenile, pregnant, or lactating bats were released immediately. Age was determined by 

https://www.google.com/search?q=St.+Gallen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMoqM8lTgjBNTPMstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gkv0FNwTc3JS8wCVf0-eUQAAAA&sa=X&ved=2ahUKEwj7sKDt3MngAhUDQxUIHdtcDv8QmxMoATATegQIChAK
https://www.google.com/search?q=St.+Gallen&stick=H4sIAAAAAAAAAOPgE-LUz9U3MMoqM8lTgjBNTPMstbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1i5gkv0FNwTc3JS8wCVf0-eUQAAAA&sa=X&ved=2ahUKEwj7sKDt3MngAhUDQxUIHdtcDv8QmxMoATATegQIChAK
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looking for the presence of cartilaginous epiphyseal plates in the finger bones of juveniles 

(Kunz and Parsons 1988). Pregnant and lactating bats were identified by the presence of 

enlarged nipples, lactation, or enlarged stomachs. Sex (F/M), body mass (g), and forearm 

length (mm) of each bat were determined for morphological analysis with echolocation 

parameters. Sex was determined visually by the presence of external genitalia. Body mass was 

measured to the nearest 0.1 g using a digital scale (Scout Pro Balance, Ohaus, Nänikon, 

Switzerland) and forearm was measured to the nearest 0.25 mm using dial calipers (Dial 

Caliper, Accud, Vienna, Austria). Measurements were taken by the same person to avoid bias. 

Bats were transported in soft cotton bags to a nearby research station where the experiments 

were conducted. At the end of the night all bats were given water with a pipette and released 

outside the cave from where they were captured.  

Acoustic Recordings and Analysis 

Acoustic recordings were taken with an eight - channel microphone array system (2 arrays; 4 

electret microphones per array) that was used to test hypotheses in Chapters 2 and 3. USG 

Omnidirectional Electret Ultrasound Microphones (Avisoft Bioacoustics, Berlin, Germany) 

were connected to an eight - channel recorder (UltraSoundGate 816H, Avisoft Bioacoustics). 

This was in turn connected to a high power computer (Lenova ThinkPad, Quarry Bay, Hong 

Kong). The channel with the highest quality recordings (good quality pulses: high signal - to -

noise ratio) was used for analysis. Recordings from hand - held bats were taken 30 cm away 

from a single electret microphone. A 384 kHz sampling rate was used. Acoustic parameters 

were measured in SASLab Pro (Avisoft Bioacoustics, Berlin, Germany) using the automatic 

measurement function. Pulses were selected based on their quality (high signal - to - noise 

ratio). Ten good quality pulses were selected per individual for analysis. From the entire pulse 

I measured pulse duration (duration of the pulse from start to end, ms), inter - pulse interval 

(IPI) (the time between the end of one pulse and the start of the next pulse; ms), and distomax 

(time between the beginning of the pulse until it reaches its maximum amplitude; ms). Duty 

cycle was calculated by dividing the pulse duration by the pulse duration plus the IPI. From 

both the initial and terminal FM component I measured maximum frequency (kHz), minimum 

frequency (kHz), and pulse duration (initial FM - time from the start of the FM component 

until the start of the CF component; terminal FM - time from the end of the CF component to 

the end of the FM component; ms). Maximum and minimum frequencies were calculated 20 

dB below maximum amplitude of the entire pulse. Bandwidth (maximum minus minimum 

frequency; kHz) and sweep rate (bandwidth/duration; kHz/s) were calculated for both FM 

https://www.google.com/search?q=Quarry+Bay&stick=H4sIAAAAAAAAAONgVuLUz9U3MDHNSot_xOjMLfDyxz1hKatJa05eYzTh4grOyC93zSvJLKkUUuNig7JkuHilELo0GKS4uRBcnkWsXIGliUVFlQpOiZUAjQbGE2AAAAA
https://www.google.com/search?q=Quarry+Bay&stick=H4sIAAAAAAAAAONgVuLUz9U3MDHNSot_xOjMLfDyxz1hKatJa05eYzTh4grOyC93zSvJLKkUUuNig7JkuHilELo0GKS4uRBcnkWsXIGliUVFlQpOiZUAjQbGE2AAAAA
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components. The second harmonic was always measured in horseshoe bats because it is the 

harmonic containing most of the acoustic energy and has the best signal - to - noise ratio. The 

first 10 pulses of a sequence taken from hand - held bats were never used because horseshoe 

bats have been shown to tune into their pulse frequencies after a period of silence (Schuller and 

Suga 1976; Siemers et al. 2005).  

Statistical Analyses  

Statistical analyses of acoustic data were performed using STATISTICA (StatSoft, Inc., 

Version 12, Tulsa, USA). Data were log transformed using base 10 logarithms because of the 

different scales of measurement of the parameters. Generalised Linear Models (GLMS) 

compared response variables (acoustic parameters of echolocation pulses) to categorical 

variables between biomes, recording situations (field, hand - held, flight room treatments), and 

sex. Friedman ANOVA and post hoc Wilcoxon Matched Pairs Tests tested differences among 

individuals in the acoustic parameters when stationary, when flown in the cluttered flight room, 

and when flown in the open flight room. Multiple Regression Analysis was used to determine 

if there was a correlation between acoustic parameters and body size (i.e. body mass and 

forearm length) from hand - held bats and bats flown in the cluttered flight room in each biome. 

A Principal Component Analysis (PCA)/Discriminant Function Analysis (DFA) determined 

which acoustic parameters contributed most to the differences in echolocation pulse design of 

bats in both biomes recorded in the different experimental treatments. A PCA was used to 

extract a set of uncorrelated variables (principal components) from the set of acoustic 

parameters. This was done to avoid multicollinearity in the DFA. Extracted factor scores of the 

uncorrelated principal components were entered into the DFAs as cases under the principal 

components which became the new variables. Only principal components with eigenvalues > 

1 (Kaiser Criterion) were used in the DFA (Zar 2013). The degree of acoustic 

similarity/dissimilarity between the treatments in each biome was assessed with a test of 

significance of Squared Mahalanobis Distances from the DFA.  
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RESULTS 

Field Recordings 

In the desert biome, 210 pulses from 21 flight passes were analyzed for R. capensis during 

emergence from Wondergat cave. In the fynbos biome, 280 pulses from 28 passes were 

analyzed for R. capensis emerging from Hot Hole cave. Fynbos and desert recording sites 

ranged in their level of clutter (see Chapter 2 Results, Figure 2.1). The fynbos had a higher 

degree of clutter at the recording site (Hot Hole cave: 40 % clutter) than the desert (Wondergat 

cave: 7 % clutter).  

The acoustic parameters of R. capensis recorded in the field of both biomes differed 

significantly in the acoustic properties of their entire pulse as well as the frequency time contour 

and temporal parameters of their FM components (GLM: F = 22.57, DF = 10, 479, P = 0.00) 

(Table 4.1, Figure 4.1). In addition to higher frequency and lower source levels (SLs) (see 

Chapter 2 Results) the echolocation pulses of fynbos bats also had shorter inter – pulse intervals 

(IPIs) (P = 0.008) than desert bats. Both their initial (INT) (P = 0.047) and terminal (TRM) (P 

= 0.000) FM components were of wider bandwidth and the initial FM component had shorter 

durations (P = 0.000) than desert bats.  

Table 4.1 Acoustic parameters (µ ± SD) of echolocation pulses recorded from bats emerging 

from caves in both desert and fynbos biomes. 

 

 

 

 

 
Desert 

(n = 21) 

Fynbos 

(n = 28) 

Entire Pulse   

Duration (ms) 37.4 ± 11.6 35.1 ± 14.3 

IPI (ms) 71.3 ± 26.2 64.6 ± 26.1 

Distomax (ms) 16.9 ± 9.4 17.8 ± 11.4 

Duty Cycle (%) 40.0 ± 10.0 40.0 ± 10.0 

FM Initial   

Duration (ms) 3.9 ± 2.3 3.0 ± 1.6 

Frequency Minimum (kHz) 62.7 ± 2.5 72.7 ± 3.9 

Frequency Maximum (kHz) 76.2 ± 2.9 87.0 ± 1.7 

Bandwidth (kHz) 13.5 ± 3.7 14.3 ± 4.4 

Sweep Rate 6.0 ± 8.2 7.6 ± 10.2 

FM Terminal    

Duration (ms) 4.0 ± 2.0 4.0 ± 1.7 

Frequency Minimum (kHz) 61.3 ± 2.9 68.9 ± 2.8 

Frequency Maximum (kHz) 75.9 ± 3.0 86.5 ± 1.7 

Bandwidth (kHz) 14.6 ± 4.7 17.6 ± 3.6 

Sweep Rate (kHz/ms) 5.9 ± 11.9 5.8 ± 10.1 
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Figure 4.1 Sonogram and Oscillogram of typical R. capensis echolocation pulses recorded 

outside a) Hot Hole cave in the fynbos and b) Wondergat cave in the desert (viewed side by 

side in Avisoft-SASLab Pro, FFT 256).  

 

Flight Room Experiment  

In the fynbos biome 32 bats were recorded in the experiments and 19 of those bats were 

recorded in both treatments (cluttered and open). A total of 510 pulses (320 pulses recorded in 

the cluttered flight room; 190 pulses recorded in the open flight room) were analyzed. In the 

desert biome 31 bats were recorded in the experiments and 8 of those bats were recorded in 

both treatments. A total of 390 pulses (310 pulses recorded in the cluttered flight room; 80 

pulses recorded in the open flight room) were analyzed. In both habitats the cluttered flight 

room had a higher percent of clutter (82 % clutter) than the open flight room (33 % clutter). In 

both biomes the percent of clutter representative of each biome (i.e. open flight room ~ desert 

biome, cluttered flight room ~ fynbos biome) was higher than what bats experience in that 

biome (desert: cave 7 % clutter, foraging site 24 % clutter; fynbos: cave/foraging site 40 % 
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clutter; see Chapter 2 Results). However, a GLM comparing the acoustic parameters recorded 

in the flight room treatments versus the natural habitat revealed that bats had similar pulse 

parameters in their respective habitat treatment and their natural habitat. In the desert only one 

acoustic parameter (maximum frequency of the initial FM component) was significantly 

different between the open flight room (representative of the desert environment) and the desert 

field recordings (GLM: F = 240.10, DF = 65, 4786, P = 0.00, unequal n, P = 0.00). In 

comparison, four acoustic parameters (pulse duration, IPI, maximum frequency (INT) and 

(TRM)) that were significantly different between the cluttered flight room and the field 

(unequal n, P < 0.05) (Table 4.1, Table 4.2). In the fynbos three acoustic parameters (duration, 

distomax, and terminal maximum frequency) were significantly different from the cluttered 

flight room (representative of the fynbos environment) and the fynbos field recordings (unequal 

n, P < 0.05). This was compared to seven acoustic parameters (duration, IPI, distomax, TRM 

duration, TRM minimum frequency, TRM maximum frequency, and TRM sweep rate) that 

were different from the open flight room and fynbos field recordings (GLM: F = 240.10, DF = 

65, 4786, P = 0.00, unequal n, P< 0.05) (Table 4.1, Table 4.2). However, it cannot be ruled out 

that R. capensis had reached their limits of echolocation flexibility in the more extreme degrees 

of the cluttered flight room.  

Recorded acoustic parameters displayed behavioural flexibility. R. capensis 

individuals, in both biomes, adjusted the acoustic properties of their echolocation pulses when 

stationary and when flying in different degrees of clutter (Friedman Anova: fynbos: χ2
4 = 13.37, 

N = 19, P = 0.000; desert: χ2
4 = 61.81, N = 8, P = 0.000) (Table 4.2; Table 4.3). A Principal 

Component Analysis (PCA) on the echolocation pulses of 27 individuals (540 pulses: desert: 

open = 80, cluttered = 80; fynbos: open = 190, cluttered = 190) from both biomes flown in the 

two treatments produced six principal components accounting for 81 % of the variance in the 

pulses (Appendix Table 4.1). A Discriminant Function Analysis (DFA) on these PCA 

components correctly classified echolocation pulses from R. capensis flown in the flight room 

treatments to the correct biome/treatment 71 % of the time (using their acoustic parameters) 

(Figure 4.2) (DFA: Wilks's λ= 0.058, F (18, 1502) = 143.63; P = 0.000). The DFA revealed 

that principal components one, three, and two accounted for most of the variation in 

echolocation pulses (Appendix Table 4.2). Between biomes maximum and minimum 

frequency accounted for most of the variation because of the higher pulse frequencies used in 

the fynbos. However, within biomes, between the open and cluttered flight room, overall pulse 

parameters such as IPI, duty cycle, and duration (components associated with FM emission 

rate) as well as components of the initial FM parameters contributed to most of the observed 
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variation (test of significance of the Squared Mahalanobis Distance: desert: 0.776, F = 5.130, 

P = 0.000; fynbos: 1.096, F = 17.149, P = 0.00). 
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Figure 4.2 Acoustic space of R. capensis pulses, in both biomes, recorded in the flight room 

treatments (cluttered and open). The acoustic space is defined from the results of a discriminant 

function analysis which was based on multiple acoustic parameters. Canonical scores for roots 

one and two are plotted.  

 

 

Acoustic Properties of the Entire Pulse 

 

Stationary versus flight: Acoustic parameters of echolocation pulses recorded from R. 

capensis in the fynbos in hand (hand - held (HH) bats) were significantly different to the 

acoustic parameters measured from bats flying in the open flight room (OFR) (Wilcoxon 

Matched Pairs Test: N = 19, P < 0.05) and cluttered flight room (CFR) treatments (Wilcoxon 

Matched Pairs Test: N= 32, P < 0.05). Bats flying in the open and cluttered flight room 

emitted shorter duration pulses (Z = 8.86, P = 0.000; Z = 15.12, P = 0.000) with shorter 



80 
 

distances from start to maximum frequency (Z = 9.75, P = 0.000; Z = 14.19, P = 0.000), 

shorter IPIs (Z = 10.09, P = 0.000; Z = 15.01, P = 0.000) and therefore higher duty cycles (Z 

= 8.06, P = 0.000; Z = 11.31, P = 0.000) than when stationary (HH) (Table 4.2, Table 4.3).  

During flight desert R. capensis (Friedman Anova: desert: χ2
4 = 61.81, N = 8, P = 

0.000) in both open (Wilcoxon Matched Pairs Test: N = 8, P < 0.05) and cluttered flight room 

treatments (Wilcoxon Matched Pairs Test: N = 31, P < 0 .05) lowered their pulse duration (Z 

= 8.89, P = 0.000; Z = 13.48, P = 0.000) and shortened their distances from start to maximum 

frequency (Z = 5.00, P = 0.000; Z = 12.46, P = 0.000) and their IPIs (Z = 7.43, P = 0.000; Z = 

14.83, P = 0.000) increasing their duty cycles (Z = 6.82, P = 0.000; Z = 13.24, P = 0.000) 

compared to when stationary (Table 4.2, Table 4.3).  

OFR versus CFR: Bats changed the acoustic properties of their pulses when flying in 

different degrees of clutter. When exposed to a cluttered flight room bats in both the fynbos 

(Wilcoxon Matched Pairs Test: N = 19, P < 0.05) and desert (Wilcoxon Matched Pairs Test: 

N = 8, P < 0.05) environments shortened their pulse durations (fynbos: Z = 7.27, P = 0.000; 

desert: Z = 4.41, P = 0.000) and IPIs (fynbos: Z = 6.69, P = 0.000; desert: Z = 4.03, P = 

0.000) compared to when flying in the open flight room. Fynbos bats also used pulses with 

shorter distomax in the cluttered flight room treatment (Z = 3.98, P = 0.000) (Table 4.2).  

Fynbos versus desert biome: Bats in the two biomes recorded under the same 

conditions had significantly different acoustic parameters (GLM: F = 54.78, DF = 50, 696, P 

= 0.000). Fynbos HH versus desert HH:  Echolocation pulses from recordings of hand - held 

desert bats had pulses with longer IPIs (P = 0.000) and distomax (P = 0.000) and therefore 

lower duty cycles (P = 0.000) (Table 4.3). Fynbos CFR versus desert CFR: Desert R. 

capensis had longer duration echolocation pulses (P = 0.000) with longer distomax (P = 

0.000) when flying in a cluttered flight room than fynbos R. capensis (Table 4.3). Fynbos 

OFR versus desert OFR: In an open flight room desert bats emitted longer duration pulses (P 

= 0.000) than fynbos bats in the open flight room (Table 4.2).  

 

Acoustic Properties of the Initial FM Component 

Both desert and fynbos bats adjusted the acoustic parameters of their initial FM components 

when flying versus stationary and when exposed to a higher versus lower degree of clutter 

(Friedman Anova fynbos: χ2
4 = 113.37, N = 19, P = 0.000; desert: χ2

4 = 61.81, N = 8, P = 0.000).  

Stationary versus flight: In both habitats during flight, in both open and cluttered 

treatments (Wilcoxon Matched Pairs Test: fynbos: N = 19, P < 0.05, N = 32, P < 0.05; desert: 

N = 8, P < 0.05, N = 31, P < 0.05), the initial FM component of bats echolocation pulses was 
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longer in duration (fynbos: open: Z = 9.88, P = 0.000; cluttered: Z = 15.12, P = 0.000; desert: 

open: Z = 5.78, P = 0.000; cluttered: Z = 11.93, P = 0.000) with a greater bandwidth (fynbos: 

open: Z = 8.65, P = 0.000; cluttered: Z = 11.72, P = 0.000 ; desert: open: Z = 7.09, P = 0.000; 

cluttered: Z = 14.12, P = 0.000) than when stationary (Table 4.2, Table 4.3). This resulted in 

higher initial FM sweep rates of bats in the fynbos flying in the open flight room than when 

stationary (Z = 5.56, P = 0.000) (Table 4.2).  

OFR versus CFR: In the fynbos bats in the cluttered flight room (Wilcoxon Matched 

Pairs Test: fynbos: N = 19, P < 0.05) used longer duration initial (Z = 3.72, P = 0.000) FM 

components with lower minimum frequencies (Z = 2.00, P = 0.046) and lower sweep rates (Z 

= 3.53, P = 0.000). In the desert there was no difference in the initial FM Component (Wilcoxon 

Matched Pairs Test, N = 8, P > 0.05) between bats flying in the cluttered and open flight room 

(Table 4.2).  

Fynbos versus desert biome: Bats in the two biomes recorded under the same conditions 

had significantly different acoustic parameters of their initial FM component (GLM: F = 54.78, 

DF = 50, 6958, P = 0.000). Fynbos HH versus desert HH: Hand - held desert bats had narrower 

initial bandwidths (P = 0.000) than hand - held fynbos bats (Table 4.3). Fynbos CFR versus 

desert CFR: The initial bandwidth (P = 0.000) was narrower in desert bats than fynbos bats 

when flown in the cluttered flight room (Table 4.3). Fynbos OFR versus desert OFR: Desert 

bats had smaller but not significant initial bandwidth (P > 0.05) than fynbos bats when flown 

in the open flight room (Table 4.2).  

 

Acoustic Properties of the Terminal FM Component 

The acoustic properties of the terminal FM component of bats in both biomes was significantly 

different when flying versus stationary as well as when exposed to different levels of vegetation 

structure i.e. open versus cluttered flight room (Friedman Anova: fynbos: χ2
4 = 113.37, N = 19, 

p = 0.000; desert: χ2
4 = 61.81, N = 8, p = 0.000).  

Stationary versus flight: Bats in both biomes (Wilcoxon Matched Pairs Test: fynbos: N 

= 19, P < 0.05, N = 32, P < 0.05; desert: N = 8, P < 0.05, N = 31, P < 0.05) used longer duration 

terminal FM components (fynbos: open: Z = 13.06, P = 0.000; cluttered: Z = 4.11, P = 0.000; 

desert: open: Z = 3.88, P = 0.000) with wider bandwidths (fynbos: open: Z = 8.65, P = 0.000; 

cluttered: Z = 5.36, P = 0.000; desert: open: Z = 2.77, P = 0.001; cluttered: Z = 3.44, P = 0.001) 

when flying than when stationary. In the fynbos this resulted in steeper terminal sweep rates 
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(open: Z = 11.15, P = 0.000; cluttered: Z = 11.15, P = 0.000) than when stationary (Table 4.2, 

Table 4.3). 

 OFR versus CFT: In the desert the amplitude of the terminal FM component was 

greater than the amplitude of the CF component in the cluttered flight room (see Chapter 3 

Results). However, terminal FM bandwidth in the cluttered flight room was not significantly 

different to the open flight room (P > 0.05). The terminal FM components of desert bats were 

shorter in duration (Z = 3.87, P = 0.000) with lower minimum (Z = 2.06, P = 0.040) and 

maximum frequencies (Z = 3.68, P = 0.000), and higher sweep rates (Z = 2.59, P = 0.009) in 

the cluttered flight room than the open flight room. Unlike desert bats, fynbos bats responded 

to higher clutter by increasing their terminal bandwidth (Z = 3.79, P = 0.000). Like the desert 

bats they also used lower terminal minimum (Z = 4.68, P = 0.000) and maximum frequency (Z 

= 4.71, P = 0.000) pulses in the cluttered flight room versus open flight room with larger sweep 

rates (Z = 4.39, P = 0.000) (Table 4.2).  

Fynbos versus desert biome: Bats in the two biomes recorded under the same conditions 

had different FM parameters (GLM: F = 54.78, DF = 50, 6958, P = 0.000). Fynbos HH versus 

desert HH: Bats recorded in the hand in the desert had smaller terminal (P = 0.000) bandwidths 

with longer durations (P = 0.018) and shorter terminal sweep rates (P = 0.000) than bats 

recorded in the hand in the fynbos (Table 4.3). Fynbos CFR versus desert CFR: Desert bats 

flown in the cluttered flight room had narrower terminal FM bandwidths (P = 0.000) with larger 

terminal sweep rates (P = 0.000) than fynbos bats flown in the cluttered flight room (Table 

4.3). Fynbos OFR versus desert OFR: Desert bats flown in the open flight room had longer 

duration (P = 0.000) terminal FM components with larger sweep rates (P = 0.001) than fynbos 

bats flown in the open flight room (Table 4.2).  
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Table 4.2 Acoustic parameter (µ ± SD) of echolocation pulses from bats in both biomes (desert and fynbos) that were exposed to all three experimental 

conditions (hand - held bats, flying in an open flight room, and flying in a cluttered flight room).  

 Desert (n = 8 individuals, 80 pulses)  Fynbos (n = 19 individuals, 190 pulses) 

 Hand - Held Open Cluttered  Hand - Held Open Cluttered 

Entire Pulse        

Duration (ms) 44.8 ± 9.8 37.6 ± 9.7 31.4 ± 9.4  41.9 ± 8.9 31.6 ± 9.0 24.7 ± 6.6 

IPI (ms) 155.3 ± 60.2 73.0 ± 21.3 59.4 ± 24.5  142.5 ± 125.2 66.0 ± 27.2 48.5 ± 18.9 

Distomax (ms) 25.1 ± 6.3 17.9 ± 9.7 17.0 ± 9.4  25.2 ± 8.2 15.1 ± 5.9 12.6 ± 5.9 

Duty Cycle (%) 24.1 ± 6.6 34.4 ± 4.9 36.0 ± 7.4  26.7 ± 7.6 33.6 ± 5.9 35.1 ± 7.7 

FM Initial         

Duration (ms) 1.8 ± 0.6 3.1 ± 1.4 3.4 ± 1.3  1.3 ± 0.5 2.8 ± 1.5 3.3 ± 1.4 

Minimum Freq (kHz) 70.3 ± 2.1 63.8 ± 3.0 63.3 ± 2.0  78.8 ± 3.5 73.6 ± 3.7 72.9 ± 3.3 

Maximum Freq (kHz) 79.7 ± 0.8 77.8 ± 1.5 78.4 ± 7.0  89.3 ± 0.8 87.0 ± 0.9 87.7 ± 0.8 

Bandwidth (kHz) 9.4 ± 1.6 14.0 ± 3.1 15.1 ± 6.8  10.5 ± 3.0 14.2 ± 3.8 14.8 ± 3.3 

Sweep Rate (kHz/ms) 6.0 ± 2.2 7.1 ± 7.4 5.4 ± 4.1  8.7 ± 3.1 8.1 ± 8.9 5.6 ± 4.0 

FM terminal        

Duration (ms) 3.6 ± 1.0 4.6 ± 2.0 3.6 ± 1.3  2.9 ± 0.8 3.4 ± 1.5 3.6 ± 1.4 

Minimum Freq (kHz) 64.4 ± 1.9 61.6 ± 2.0 61.3 ± 1.7  72.9 ± 4.1 70.3 ± 2.7 69.2 ±2.3 

Maximum Freq (kHz) 79.5 ± 1.1 77.7 ± 1.3 77.3 ± 0.8  89.0 ± 0.6 87.4 ± 0.8 87.1 ± 0.9 

Bandwidth (kHz) 15.1 ± 2.1 16.1 ± 2.1 16.0 ± 1.8  16.1 ± 4.0 17.1 ± 2.6 17.8 ± 2.2 

Sweep Rate (kHz/ms) 4.6 ± 1.5 4.9 ± 5.0 5.1 ± 2.1  5.8 ± 1.9 3.3 ± 1.7 4.1 ± 2.0 
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Table 4.3 Acoustic parameters (µ ± SD) of echolocation pulses from bats in both biomes 

(desert and fynbos) who were recorded both in hand (hand - held bats) and during flying in a 

cluttered flight room.  

 

Effects of Morphology and Sex on Echolocation Parameters  

In the fynbos, 42 females and 22 males were recorded in hand and in a cluttered flight room. 

In the desert, 36 females and 25 males were recorded in hand and in a cluttered flight room. R. 

capensis females and males, in both biomes, do not differ significantly in their body mass or 

forearm lengths (see Chapter 3 Results, Figure 3.2). Between biomes, R. capensis in the desert 

are significantly larger than R. capensis in the fynbos (see Chapter 3 Results, Figure 3.2) A 

GLM revealed differences in the acoustic parameters of echolocation pulses from hand - held 

R. capensis from both biomes (GLM: F = 112.38, DF = 84, 7608, P = 0.000) but not among 

echolocation pulses recorded in the cluttered flight room (P > 0.05) (Table 4.4). In both biomes 

female pulses had longer durations (fynbos: P = 0.000, desert: P = 0.000) and distomax (fynbos: 

P = 0.009, desert: P = 0.000) than males in hand. In both biomes there were sex differences in 

the acoustic parameters of their FM components in HH recordings. In the fynbos females 

terminal FM components were higher in their minimum frequency (P = 0.036) with lower 

sweep rates than males (P = 0.013). In the desert females initial FM components were higher 

in their minimum frequency (P = 0.001) and lower in their sweep rates than males (P = 0.020). 

 Desert (n = 31 individuals, 

310 pulses) 

 Fynbos (n = 32 individuals, 

320 pulses) 

 Hand - Held Cluttered  Hand - Held Cluttered 

Entire Pulse      

Duration (ms) 42.8 ± 9.7 29.3 ± 8.1  42.1 ± 8.5 24.4 ± 6.5 

IPI (ms) 160.4 ± 101.4 55.7 ± 22.0  132.3 ± 90.2 47.6 ± 18.5 

Distomax (ms) 27.4 ± 8.8 16.4 ± 7.7  24.7 ± 7.7 12.8 ± 5.7 

Duty Cycle (%) 24.3 ± 8.3 35.8 ± 7.2  27.2 ± 7.5 35.0 ± 7.4 

FM Initial       

Duration (ms) 1.6 ± 0.6 3.0 ± 1.4  1.4 ± 0.5 3.0 ± 1.5 

Minimum Freq (kHz) 70.3 ± 4.5 64.7 ± 2.3  78.6 ± 3.4 73.1 ± 3.5 

Maximum Freq (kHz) 79.5 ± 1.0 77.8 ± 3.7  89.3 ± 0.8 87.5 ± 1.3 

Bandwidth (kHz) 9.2 ± 4.3 13.1 ± 4.2  10.6 ± 3.1 14.4 ± 3.5 

Sweep Rate (kHz/ms) 7.2 ± 11.4 6.2 ± 6.0  8.3 ± 3.0 7.1 ± 7.0 

FM terminal      

Duration (ms) 3.4 ± 1.0 3.5 ± 1.3  3.1 ± 0.8 3.5 ± 1.5 

Minimum Freq (kHz) 64.7 ± 2.2 62.1 ± 0.8  72.8 ± 4.0 69.2 ± 2.5 

Maximum Freq (kHz) 79.2 ± 0.9 77.3 ± 1.0  89.0 ± 0.8 86.9 ± 1.1 

Bandwidth (kHz) 14.5 ± 2.3 15.2 ± 1.8  16.2 ± 4.0 17.7 ± 2.5 

Sweep Rate (kHz/ms) 4.6 ± 1.6 5.2 ± 3.5  5.6 ± 1.9 3.7 ± 1.9 
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Their terminal FM components had higher maximum frequencies than males (P = 0.000). There 

was no correlation between either body mass (Multiple Regression Analysis: desert: R² = 

0.487, F (13, 30) = 1.243, p = 0.332; fynbos: R² = 0.337, F (13, 33) = 0.782, p = 0.670) or 

forearm length (Multiple Regression Analysis: desert: R² = 0.426, F (13, 30) = 0.917, p = 0.513; 

fynbos: R² = 0.515, F (13, 33) = 1.633, p = 0.157) and the measured acoustic parameters (pulse 

duration, IPI, distomax, duty cycle and duration, minimum, maximum, bandwidth, and sweep 

rate of both the INT and TRM FM components) taken from stationary or flying bats in a 

cluttered flight room. 
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Table 4.4 Acoustic parameters from echolocation pulses of female and male R. capensis in both biomes taken from recordings of bats held in the hand and 

recordings of bats flying in the cluttered flight room.  

 
Desert  Fynbos  

Hand-held  Flying  Hand-held  Flying  
F M  F M  F M  F M 

Entire Pulse            

Duration (ms) 44.6 ± 10 40.3 ± 8.8  29.1 ± 7.6 29.6 ± 8.7  43.7 ± 8.2 38.9 ± 8.4  23.8 ± 6.4 25.6 ± 6.5 

IPI (ms) 164.6 ± 100.5 154.5 ± 102.9  54.6 ± 20.5 57.4 ± 23.8  138.3 ± 76.8 122.2 ± 111.5  46.4 ± 18.4 50.1 ± 18.6 

Distomax (ms) 29.6 ± 8.9 24.3 ± 7.6  17.3 ± 7.9 15.2 ± 7.3  25.9 ± 7.7 22.4 ± 7.3  12.6 ± 6.0 13.2 ± 5.1 

Duty Cycle (%) 24.5 ± 8.5 24.1 ± 8.0  36.0 ± 7.2 35.5 ± 7.3  26.7 ± 72 27.9 ± 7.8  35.1 ± 7.5 34.7 ± 7.0 

FM Initial             

Duration (ms) 1.7 ± 0.6 1.5 ± 0.6  2.9 ± 1.4 3.1 ± 1.4  1.4 ± 0.5 1.3 ± 0.4  3.0 ± 1.5 3.1 ± 1.4 

Minimum Freq (kHz) 71.0 ± 1.7 69.2 ± 6.6  64.6 ± 2.4 64.9 ± 2.1  78.9 ± 3.1 78.2 ± 3.9  73.3 ± 3.5 72.6 ± 3.4 

Maximum Freq (kHz) 79.8 ± 0.8 79.0 ± 1.1  77.8 ± 1.2 77.8 ± 5.5  89.4 ± 0.8 89.0 ± 0.9  87.4 ± 1.5 87.7 ± 0.8 

Bandwidth (kHz) 8.7 ± 1.5 9.8 ± 6.4  13.2 ± 2.6 12.9 ± 5.7  10.5 ± 3.0 10.9 ± 3.4  14.1 ± 3.6 15.2 ± 3.2 

Sweep Rate (kHz/ms) 5.9 ± 3.1 8.9 ± 7.1  6.2 ± 5.5 6.2 ± 6.8  8.0 ± 2.9 9.0 ± 2.9  7.3 ± 7.4 6.7 ± 6.2 

FM terminal            

Duration (ms) 3.6 ± 0.9 3.1 ± 1.0  3.5 ± 1.3 3.5 ± 1.3  3.2 ± 0.9 2.8 ± 0.7  3.6 ± 1.6 3.3 ± 1.1 

Minimum Freq (kHz) 64.7 ± 2.2 64.6 ± 2.4  62.0 ± 1.5 62.2 ± 2.0  73.2 ± 4.1 72.0 ± 3.7  69.3 ± 2.7 69.0 ± 2.1 

Maximum Freq (kHz) 79.4 ± 0.7 78.9 ± 1.0  77.5 ± 0.9 77.0 ± 1.0  89.0 ± 0.7 88.9 ± 0.9  86.9 ± 1.2 87.1 ± 0.9 

Bandwidth (kHz) 14.7 ± 2.2 14.2 ± 2.3  15.5 ± 1.5 14.8 ± 2.1  15.9 ± 4.1 16.9 ± 3.7  17.5 ± 2.6 18.1 ± 2.0 

Sweep Rate (kHz/ms) 4.4 ± 1.3 5.0 ± 1.8  5.2 ± 2.6 5.3 ± 4.4  5.2 ± 1.8 6.3 ± 1.8  3.7 ± 2.1 3.7 ± 1.6 
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DISCUSSION 

 

Frequency modulated (FM) components of R. capensis echolocation pulses appear to be both 

locally adapted to their biomes’ respective degree of clutter (Prediction 1) and displayed a 

degree of behavioural flexibility (Prediction 2). Both the initial and terminal FM components 

of R. capensis pulses in the fynbos (high degree of clutter) had wider bandwidths than R. 

capensis pulses in the desert (low degree of clutter). They were observed in the field, in hand, 

and in recordings in the flight room experiment. If frequency modulation provides additional 

ranging related cues, as has been previously suggested (Schnitzler 1968; Schuller et al. 1971; 

Suga et al. 1983; Schnitzler and Denzinger 2010; Vanderelst et al. 2013; Fawcett et al. 2015), 

then the functional significance of such wide FM bandwidth in clutter forager specialist 

occupying complex environments (such as the fynbos) could be related to obstacle avoidance. 

In environments devoid of clutter (such as the desert) this additional information may be far 

less pertinent to survival. Selection for lower bandwidth FM components in HDC bats in open 

environments may therefore be a means to conserve energy. In addition to acoustic differences 

between biomes, both the acoustic properties of these components and the components that 

dictate their emission rates (i.e. call duration, IPI, duty cycle) displayed behavioural flexibility 

(Prediction 2). Bats adjusted their acoustic responses when presented with different perceptual 

(echolocating when stationary versus echolocating during flight) and task orientated (flying in 

a degree of clutter that they do not experience in their natal habitat) challenges. An increase in 

required ranging acuity (i.e. such as when flying versus stationary or flying in a high versus 

lower clutter environment) was associated with an increase in both the prominence (i.e. 

increase in bandwidth, sweep rate, etc.) and proportion of FM components emitted (i.e. changes 

in acoustic parameters associated with an increase in FM emission rate were observed). The 

ecological significance of the frequency modulated components of HDC bat echolocation 

pulses therefore appears to be strongly associated with their ability to perceive the world in 

three dimensions (i.e. ranging acuity).  

High Duty Cycle bats are considered clutter forager specialists because of their amazing 

ability to hunt for prey both within and close to highly cluttered vegetation (Fenton et al. 2012). 

Most HDC species are found in biomes with high levels of environmental clutter. Surviving 

these environments is reliant on both the bats aptitude for detecting prey against background 

vegetation (using a constant frequency component along with an acoustic fovea and Doppler 

Shift Compensation to distinguish moving targets from stationary background objects) as well 
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as its ability to properly negotiate clutter (Fenton et al. 2012). Negotiating clutter requires bats 

to judge the distance to both prey and the surrounding vegetation; a phenomenon less well 

understood in HDC bats. This ability has been attributed to the FM components in the past 

(Schnitzler 1968; Schuller et al. 1971; Suga et al. 1983; Schnitzler and Denzinger 2010; 

Vanderelst et al. 2013; Fawcett et al. 2015). Exploring this phenomenon in R. capensis allowed 

me to compare and contrast the acoustic properties of the FM components in a HDC species 

that inhabits both the typical cluttered environment characteristic for most clutter forager 

specialists (i.e. fynbos) as well as a more atypical environment (i.e. open desert).  

My results revealed a strong correlation between level of environmental clutter and 

acoustic properties of the FM components. The most prominent differences included FM 

bandwidth and differences in acoustic properties associated with FM emission rate. Unlike the 

constant frequency component, the frequency modulated components spans more frequencies 

allowing for a greater number of comparisons to be made from the echoes of each frequency 

at a specific point in time (at any point in time the pulse is at one frequency point) (Holderied 

et al. 2006). These additional comparisons likely provide the bat with important information 

for orientating clutter such as the size, shape, velocity, and distance to objects in their 

environment (Simmons and Stein 1980). This might explain why in the cluttered fynbos these 

components were significantly larger than in the open desert. In the open desert increased 

ranging acuity is not readily required. Narrower bandwidths could have therefore been the 

result of possible selection, perhaps to conserve energy. This notion (that narrower bandwidths 

may be less energetically costly) was supported by the acoustic response of fynbos bats to 

different levels of clutter. When fynbos bats flew in an open flight room, they narrowed their 

terminal FM bandwidth. However, these bandwidths still fell in the frequency range of 

bandwidths recorded from fynbos bats in the field. This suggests one of two things, that the 

flight room was too small or that bats FM bandwidths may be adapted to their local 

environments.  

R. capensis had natal habitat specific responses to the same flight room situation. When 

presented with similar sensing situations (i.e. the same level of clutter) bats reacted with 

different acoustic responses. In both biomes when flying in a level of clutter different to their 

own biome (i.e. fynbos bats flying in the open flight room and desert bats flying in the cluttered 

flight room) they did not change the acoustic properties of their FM components to those used 

by the bats in the other biome (i.e. desert bats did not use the same bandwidths as fynbos bats 

in the cluttered flight room and fynbos bats did not use the same bandwidths as desert bats in 
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the open flight room). This suggests that there is a learnt or inherited component to these FM 

components that limits their observed degrees of freedom. Bats in both biomes were able to 

adjust other pulse properties associated with an increase or decrease in FM emission rate (i.e. 

pulse duration, IPI, distomax). Areas of higher clutter presented with lower pulse durations, 

IPIs, and distomax in both biomes. In addition, in the desert biome when flying in a high level 

of clutter (i.e. cluttered flight room) the amplitude of the terminal FM component was greater 

than the CF component (used for prey detection) (see Chapter 3).  

R. capensis from both biomes displayed the same general acoustic responses (although 

their acoustic parameters were significantly different from one another) to perceptual 

challenges (echolocating when stationary versus during flight). The acoustic parameters of FM 

pulses of bats recorded when flying (high ranging acuity required) compared to bats recorded 

when stationary (low ranging acuity required) were significantly different. R. capensis 

increased the duration and bandwidth of their initial and terminal FM component during flight. 

They also shortened their inter – pulse intervals (IPIs) and pulse durations resulting in higher 

duty cycles and therefore a greater number of FM components per unit of time. These acoustic 

differences could have been a product of the stress incurred by the bats when in hand. However, 

Neuweiler et al. (1987) noted similar findings in the presence of FM components in 

Rhinolophous rouxi when perched (not in hand) versus when flying. R. rouxi increased the 

percentage of FM components they used when flying versus stationary. In my study the FM 

pulses of R. capensis were always present in the echolocation recordings taken from hand - 

held bats. The presence of these components in recordings of bats in hand suggests they may 

play an alternative role in the echolocation pulses of stationary bats. In both biomes female 

pulses had longer pulse durations than males. There were also sex based differences in the 

acoustic parameters of their FM components. Female R. capensis emitted echolocation pulses 

with higher minimum frequencies and lower sweep rates. Interestingly, these differences were 

in the terminal FM components in fynbos – inhabiting R. capensis and in in the initial FM 

components in desert – inhabiting R. capensis. Finger et al. (2017) noted similar sex differences 

in the acoustic parameters of the FM components of Rhinolophus clivosus. Using these 

differences bats could discriminate between echolocation pulses belonging to different sexes. 

However, whether these differences were used for mating purposes has not been established. 

There were no sex differences in the echolocation parameters recorded from female and male 

R. capensis during flight when ranging acuity is more readily required. The data in this study 

supports this notion because bats in flight (in both biomes) emitted initial and terminal FM 
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components that were both longer in duration and had greater bandwidths conferring potential 

advantages to increased flight related ranging acuity. 

In conclusion, FM bandwidth and emission rate in R. capensis reflected the complexity 

(i.e. degree of clutter) of the background environment. These findings suggests that like LDC 

bats, HDC bats may be using frequency modulation (by measuring the time elapsed between 

pulse and echo of the frequency modulated components (Simmons and Stein 1980; Schnitzler 

and Denzinger 2010) for better ranging acuity. The FM components of R. capensis that 

inhabited biomes characterised by different degrees of clutter displayed both behavioural 

flexibility and possibly had a learnt or inherited component that limited their observed degrees 

of freedom. Similar findings were observed in the last chapter with the source levels of R. 

capensis. These results highlight the remarkable flexibility of bat echolocation pulses and their 

ability to adapt to different environments.  
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CHAPTER 5 

 

SYNTHESIS AND CONCLUSIONS 

 

This study sought to determine how habitat clutter influences echolocation pulse divergence in 

High Duty Cycle (HDC) bats. HDC echolocation is known as a clutter rejection echolocation 

system. Clutter forager specialists have evolved to use a combination of high frequencies, an 

acoustic fovea, and Doppler Shift Compensation to allow them to distinguish prey from 

background clutter (Neuweiler 1990; Lazure and Fenton 2011; Fenton et al. 2012). 

Notwithstanding this foraging niche, some HDC bats species are found in biomes that exhibit 

characteristics far from the biomes in which their echolocation system originally evolved to 

exploit (i.e. open spaces) (Xu et al. 2008; Odendaal et al. 2014). In this study, we investigated 

one of these species, Rhinolophus capensis, to determine how clutter (or the lack thereof) has 

shaped their echolocation systems.  

 R. capensis occurs in biomes that range in their level of clutter (i.e. the number of 

echoes produced other than those from the target of interest) from cluttered fynbos to open 

desert. In these different biomes there is a negative correlation between level of clutter and 

echolocation pulse frequency (Odendaal et al. 2014). To test the functional significance of these 

differences I explored their roles in prey detection distances in two biomes characterised by 

immensely different levels of clutter (open desert and cluttered fynbos). In doing so I tested 

proponents of the Foraging Habitat Hypothesis (FHH) which claims that, in HDC bats, lower 

pulse frequencies in open areas have evolved for increased sonar distances (Jones and Barlow 

2004). Both pulse frequency and Source Level (SL) determine prey detection distance in bats. 

Testing the FHH required that I determine the following 1) whether there were observed 

differences in prey detection distances in R. capensis in biomes characterised by different 

degrees of clutter (desert versus fynbos) 2) whether these differences were a result of 

differences in frequency or SL (i.e. the relative contributions of frequency and SL to differences 

in prey detection distance) 3) whether these differences (in frequency and SL) were fixed (i.e. 

stem from genetic variation/phenotypic flexibility) or were a result of behavioural flexibility 

(i.e. if you subjected R. capensis in each of the biomes to a degree of clutter representative of 

the other biome would they adjust their frequencies or SLs to achieve similar prey detection 

distances). As a further test of the FHH (and as a control) I uncovered both the SLs and 

detection distances used by R. damarensis and compared them to those emitted by R. capensis 
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in both biomes. R. damarensis inhabits the same desert biome as R. capensis but echolocates 

at a higher pulse frequency (equivalent to the frequency used by R. capensis in the cluttered 

fynbos habitat). From here I endeavoured to investigate if/how clutter (or the lack thereof) had 

shaped other components of HDC bats pulses (in particular the FM components) and in doing 

so investigated the functional significance of the FM components in HDC bats. 

 HDC bats pulses consist of a constant frequency component (used for prey detection) 

and two frequency modulated (FM) components at the beginning and end of the pulses (Fenton 

et al. 2012). In the desert when exposed to a higher degree of clutter than what they are 

accustomed to, R. capensis shifted the peak frequency of their pulses from the constant 

frequency component to the terminal FM component. Previous research has suggested that the 

FM components are used for ranging acuity (Schnitzler 1968; Schuller et al. 1971; Suga et al. 

1983; Schnitzler and Denzinger 2010; Vanderelst et al. 2013; Fawcett et al. 2015). HDC bats 

could be using frequency modulation in a similar manner to LDC bats (by measuring the time 

elapsed between pulse and echo of the frequency modulated components (Simmons and Stein 

1980; Holderied et al. 2006) for better ranging acuity). If this is true, then the acoustic 

parameters of these components should be highly correlated with clutter because increased 

clutter requires greater depth resolution (as was shown in LDC bats: (Simmons and Grinnell 

1988; Siemers and Schnitzler 2000, 2004; Siemers et al. 2001; Broders et al. 2004)). I 

determined the following 1) were there differences in both the acoustic parameters and 

presence of these components (i.e. differences in the pulse parameters that dictate FM emission 

rate) between R. capensis in the two biomes (desert and fynbos) 2) in accordance with the FHH 

were these differences a result of ecological selection (i.e. learnt/inherited) or behavioural 

flexibility.  

My data made some remarkable findings that highlight the significant role clutter (or 

the lack thereof) has played in shaping the acoustic properties of HDC bat pulses. As predicted 

by the FHH, level of environmental clutter was correlated with pulse properties that determine 

both prey detection distances (frequency and SL) as well as purported ranging acuity (FM 

bandwidth and emission rate). Desert – inhabiting R. capensis emitted lower pulse frequencies 

and higher SLs than fynbos – inhabiting R. capensis, both of which contributed to greater 

detection distances observed in the desert (i.e. the greatest differences in detection distances 

between R. capensis in the different biomes were a result of both differences in frequency and 

SLs). As proposed by the FHH, differences in frequency between R. capensis inhabiting the 

two biomes were fixed (i.e. bats did not alter their frequencies when exposed to different 
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degrees of clutter and therefore differences in frequency between R. capensis in the two biomes 

were a result of possibly selection rather than behavioural flexibility). In comparison, 

differences in SLs was a product of both behavioural flexibility (i.e. bats in both biomes 

decreased their emitted SLs lowering their detection distances when flying in higher levels of 

clutter) and appear to have a learnt/inherited component (when presented with similar sensing 

situations, i.e. the same level of clutter, desert bats emitted higher SLs with greater detection 

distances).  

The observed variation in SLs in R. capensis, both within and between biomes, to 

different levels of clutter highlighted the significant role SLs play in the detection distances 

used by R. capensis in different degrees of clutter. In this study, differences in SLs between R. 

capensis had a greater contribution to observed differences in detection distances than 

differences in frequency. The significance of SL to detection distance was also demonstrated 

by Currie et al. (2020). They showed that for every dB increase in SL beyond 120 dB SPL, 

Pipistrellus nathusii could detect an insect an extra 15 cm away. Furthermore, Surlykke and 

Kalko (2008) showed that bats can compensate for loss in sound propagation from lower 

frequency echolocation pulses by emitting higher SLs. These findings suggest that frequency 

may not be a prerequisite for successful foraging in open biomes. An idea that is further 

supported in my study by the presence of R. damarensis, a conspecific species that uses a higher 

pulse frequency than desert R. capensis but inhabits the same desert biome. In addition to 

higher frequencies, R. damarensis also emitted lower average SLs with lower average detection 

distances than R. capensis in the desert. However, on a few singular instances they emitted 

much higher SLs than desert – inhabiting R. capensis. In these instances, R. damarensis was 

able to achieve detection distances that were greater than R. capensis in the desert despite their 

higher echolocation pulse frequencies. This provides some support for Surlykke and Kalko’s 

(2008) study but more sampling is required. Even though lower frequency pulses in R. capensis 

in the desert may not be a prerequisite for desert survival (and in that regard could have evolved 

for additional purposes - see Alternative Explanations below), recent findings suggest that these 

lower frequencies could still offer practical benefits. Currie et al. (2020) showed that SLs are 

energetically costly to produce and that above 130 dB SPL the metabolic cost of sound 

production is extremely high (Currie et al. 2020). R. capensis using a combination of lower 

frequency and higher SL pulses could allow R. capensis in the desert to detect prey at a greater 

distance without emitting SLs above the 130 dB range (avoiding excess energy expenditure). 

When R. damarensis actualised detection distances greater than/equal to those of R. capensis 
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in the desert their recorded SL range was between 135 dB and 140 dB (much higher than the 

maximum recorded SLs of R. capensis in both biomes). The energetic costs of emitting these 

high SLs might account for why these high SL in R. damarensis (at both recording sites: Orange 

River cave and Nuumesberg Mine Shaft) was the exception not the norm. The harsh open desert 

environment appears to pose substantial challenges to the echolocation system of clutter 

forager specialists that inhabit it.  

In my study, the ecological impact of a clutter forager species living in the open desert 

biome were also mirrored in the acoustic parameters of R. capensis FM pulses in the different 

biomes. In the desert (low degree of clutter, lower required ranging acuity) both the initial and 

terminal FM components of R. capensis pulses had narrower bandwidths than R. capensis 

pulses in the fynbos (high degree of clutter, higher degree of required ranging acuity). 

Differences in pulse properties that dictate FM emission rate (i.e. IPI, duration, duty cycle) also 

indicated that R. capensis in the desert were emitting fewer FM components (at a given time) 

than those in the fynbos. The observed differences were a result of both possibly selection (as 

proposed by the FHH) and behavioural flexibility. In both biomes, when bats flew in a higher 

degree of clutter (i.e. cluttered flight) they increased their FM emission rate (compared to when 

flying in a lower degree of clutter). An increase in required ranging acuity (i.e. such as when 

flying versus stationary, or flying in a higher versus lower clutter environment) was also 

associated with an increase in both the prominence (i.e. increase in bandwidth, sweep rate, etc.) 

and proportion of FM components emitted. However, when R. capensis in the desert and fynbos 

were presented with similar sensing situations (i.e. the same level of clutter) desert bats still 

emitted echolocation pulses with significantly narrower initial/terminal FM bandwidths. These 

differences were fixed i.e. they were observed in the field, in hand and in recordings in the 

flight room experiment. In addition, the maximum observed FM bandwidths (initial and 

terminal) of R. capensis in the desert was significantly lower than the maximum observed 

bandwidths of R. capensis in the fynbos. This suggests that bandwidth of the FM component 

has a learnt/inherited component to the respective degree of clutter in the bats biome that limits 

their observed degree of freedom. The variation observed, both within and between biomes, in 

these FM parameters supports previous research that has suggested that the ecological 

significance of the frequency modulated components of HDC bat echolocation pulses is 

significant to their ability to perceive distance to objects (i.e. ranging acuity).  

The results of my study illuminate a likely shift that might be occurring in the 

echolocation pulse structure of R. capensis in the desert (assuming the ancestral population is 
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found the cluttered biome) that is driven by the lack of clutter in this environment (i.e. from 

higher frequency, lower SLs pulses with wider FM bandwidths to lower frequency, higher SLs 

pulses with narrower FM bandwidths). In the desert, distances between concurrent pieces of 

vegetation at the foraging site are far greater than in the fynbos (i.e. desert - inhabiting R. 

capensis forage in less clutter than fynbos - inhabiting R. capensis). In this environment the 

ability to detect prey further away may offer an ecological advantage in the forms of increased 

searching efficiency in these larger volumes of space. Therefore, an environment such as the 

desert (that is devoid of high clutter) is far more likely to place larger selection pressures on 

greater detection distances than precise ranging acuity. Currently it is not known if wider 

bandwidths incur additional energetic costs. If they do, then narrower FM bandwidths in the 

desert could have been selected for decreased energy expenditure.  

 

Alternative Explanations/ Future Research 

In my study, I investigated whether differences in frequency in bats in different biomes 

were a result of differences in level of clutter in their respective biomes (i.e. the FHH). 

However, the differences in frequency between R. capensis in the desert and fynbos may also 

be explained by the Acoustic Communication Hypothesis (Heller and Helversen 1989; Jacobs 

et al. 2007; Bastian and Jacobs 2015). According to this hypothesis, R. capensis in the desert 

avoids overlapping their frequencies with R. damarensis by lowering their pulse frequency 

thereby maintaining effective intraspecific communication. In habituation - dishabituation 

experiments, Bastian and Jacobs (2015) found that R. capensis were able to discriminate 

between their own pulses and those of conspecifics in their area (R. damarensis and R. 

clivosus). In the desert the closest known roost of R. capensis and R. damerensis (Wondergat 

Cave and Numeesberg Mine Shaft) are 15.8 km apart. Therefore, it is not known if they are 

syntonic as required by the Acoustic Communication Hypothesis. If proponents of the Acoustic 

Communication Hypothesis stand (i.e. differences in frequency are required for species 

discrimination) then lower frequency pulses in the desert would not only offer increased 

detection distance, without excess energy expenditure, but also enable unambiguous 

intraspecific communication.  

The differences in observed acoustic parameters between R. damarensis and R. 

capensis in the desert could also stem from differences in their foraging style. Previous studies 

have shown considerable flexibility in the foraging style of HDC bats (i.e. ground gleaning, 

aerial hawking, or perch hunting) that can stem from differences in resource partitioning, level 
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of habitat clutter, or as a result to differences in prey availability (Jones and Rayner 1989; 

Siemers et al. 2001; Goiti et al. 2003, 2008; Siemers and Ivanova 2004; Russo et al. 2005; 

Salsamendi et al. 2012). Future studies should therefore investigate the foraging style of these 

species in their respective habitats and foraging areas. Differences in frequency between R. 

damarensis and R. capensis in the desert as well as between the two populations of R. capensis 

in the different biomes might also be correlated with the larger body size of R. capensis in the 

desert. The desert population of R. capensis deviated from the correlation between pulse 

frequency and body size that has been observed in other bat species (Jones 1996; Kingston and 

Rossiter 2004; Jacobs et al. 2007) and predicted by (Jacobs et al. 2007) more than any of the 

other populations of R. capensis i.e. it had a lower pulse frequency than predicted by its body 

size (Odendaal et al. 2014). Contrary to frequency, body size does not appear to be correlated 

to SLs as costs related to emitting SLs are reported to be independent of body size (Currie et 

al. 2020). 

 Lastly, there was no support for atmospheric variables having any effect on my results. 

There was no correlation between the SLs and detection distances used by bats and the 

changing atmospheric conditions within a night. Bats maintained prey detection distances 

without increasing SLs even in the face of increasing atmospheric attenuation. Observed 

frequencies and SLs contradicted what would be observed if acoustic variation was driven by 

atmospheric differences between the biomes (i.e. lower frequency, higher SL pulses should 

have evolved in bats inhabiting environments with hotter, more humid average nightly 

conditions (such as the fynbos) to reduce atmospheric attenuation and increase detection 

distance) (Luo et al. 2013b). 

In my study, I investigated two acoustic parameters that effect detection distances. 

However, prey detection distances in HDC bats have also been shown to be a product of beam 

width (Jakobsen et al. 2013b). Beam width is important because it can focus energy in one 

direction or radiate it in all directions effecting the bats field of view. In Low Duty Cycle (LDC) 

bats, at a given frequency and duration, the combination of both SLs and beam width 

(directionality) define the search volume (the volume of space where an object can be detected 

by a bat). In these bats broader beams are achieved by lowering pulse frequency and opening 

the mouth wider (Strother and Mogus 1970; Jakobsen et al. 2013b, a). Beam width in LDC bats 

has coveted a lot of attention (Simmons 1969; Ghose and Moss 2003; Surlykke et al. 2009, 

2013; Jakobsen and Surlykke 2010; Brinkløv et al. 2011; Jakobsen et al. 2013b). However, in 

HDC bats the underlaying forces that shape beam width are still not known (but are thought to 
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be facilitated by adjustments made in the structures of the nose leaf (Zhuang and Müller 2006, 

2007; Vanderelst et al. 2011; Feng et al. 2012; Matsuta et al. 2013). Nevertheless, a study by 

Matsuta et al. (2013) showed that beam width is important to rhinolophid bats. In their study, 

R. ferrumequinum nippon broadened its echolocation beam in the final moments of prey 

capture to overcome the evasive movement techniques used by the moths right before capture. 

Beam width was measured using telemikes, a method that is less than ideal in the field. 

Information on beam width of both R. capensis and R. damerensis could shed greater light on 

my findings and ensure that SLs recorded from bats are taken on axis with the microphones.  

Conclusion 

My study reveals how the harsh open desert environment has shaped the echolocation pulses 

of R. capensis, a clutter forager species that inhabits it. The ability of R. capensis to inhabit an 

open environment is a testament to both the acoustic flexibility and constraint of their 

echolocation system. R. capensis echolocation system is shaped by an intricate echolocation 

pulse design. In my study, even small changes to the acoustic structures of their pulses had 

significant ecological and functional impacts. Ultimately, R. capensis tells a story of fortitude 

that speaks to the remarkable ability of even the most specialised systems to change and adapt.  
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APPENDICES 

 

 

Appendix Table 4.1 Principal components (PC) extracted from acoustic parameters of 

echolocation pulses from bats flown in the cluttered and open flight room treatments in both 

biomes.  

PC Acoustic Parameters Eigenvalues Cumulative % 

1 Frequency Maximum and Minimum (both FM 

Components) 

3.88 28 

2 Initial FM: Duration, Sweep Rate, Bandwidth 5.95 43 

3 IPI, Duty Cycle, Duration  7.84 56 

4 Bandwidth (both FM Components) 9.19 65 

5 Terminal: Bandwidth and Duration 10.33 73 

6 Terminal: Duration and Bandwidth  11.39 81 

 

Only acoustic parameters (from 540 echolocation pulses recorded from 27 bats) with factor loadings 

> 0.40 are listed (in order of importance to each component by their factor loadings). Only principal 

components with eigenvalues > 1 are shown and used in the DFA. The total variance explained by 

each principal is given by the cumulative percentage.  
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Appendix Table 4.2 Relative contributions of acoustic parameters from echolocation pulses 

of bats flown in the experimental treatments to the factors extracted from the DFA on these 

pulses.  

Factor Acoustic Parameters Root 1 Root 2 

1 Frequency Maximum and Minimum (both FM 

Components) 

0.567 0.082 

2 Initial FM: Duration, Sweep Rate, Bandwidth 0.081 0.458 

3 IPI, Duty Cycle, Duration  0.065 -0.811 

4 Bandwidth (both FM Components) -0.004 0.077 

5 Terminal: Bandwidth and Duration 0.007 0.276 

6 Terminal: Duration and Bandwidth  -0.026 -0.015 

Numerical values are standardized coefficients of canonical variables. Numerical values indicate 

the significance of each factor to that root (not listed in order of significance to the roots). Factors 

consist of and correspond to principal components (e.g. Factor 1 = PC 1) from the PCA (Appendix 

Table 4.1). Only roots that significantly contributed to observed differences between the groups are 

displayed.  
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