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ABSTRACT 

Phenotypic analyses of sibling species provide the opportunity to examine divergence 

that is caused by adaptation rather than phylogenetic history. RhillO/ophllS capcl/sis and 

Rhin%phus slrillllyi diverged from a common ancestor between 15 and 20 million years 

ago. The Fynbos biome of the south-western Cape (South Africa) arose around the same 

time, and its distribution is coincident with that of R. capclIsis. Since this event probably 

int1uenced the speciation of these species, I examine differences in the ecomorphology of 

these bats in their current distributions. R. capcnsis is bigger than R. Sll'iIlIlVi. with 

cOITesponding differences in echolocation call signatures and \ving morphology. 

Individuals from populations on the edge of the distributions of both R, capcl/sis and R. 

SII'illllyi are larger, and have larger wing loadings, than those further towards the centre of 

their ranges. The edge populations also occur with a major transition zone where a 

number of biomes meet. The larger body size of R. capclIsis. and of the populations at the 

ecotone, is probably an adaptation that provides identical benefit in both cases. Larger 

body sizes allow them to widen their niche width, and an increased wing loading makes 

commuting t1ights to adequate resources more energetically efficient. Body size was the 

major difference betwcen R. capcnsis and R. SH'illllyi with allometric responses in 

echolocation calls, as well as wing and skull morphology. 
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CHAPTER 1 

INTRODUCTION 

A central question in evolutionary theory is how species form, i.e. how speciation 

occurs (Cracraft and Prum 1988, Grant 2001). Historically, speciation has been thought 

to occur predominantly in allopatric populations, which are separated geographically and 

are exposed to different sets of selection pressures. However, modem views on speciation 

call for the elimination of geographic classifications, and the analysis of evolutionary 

mechanisms instead (Via 2001, Kirkpatrick and Ravigne 2002) 

Speciation remains a controversial subject because of the time frame and the 

complexity of factors that cause it, which makes empirical evidence difficult to attain. 

Only multi-factor evidence consisting of fossils, genetics and phenotypic data that agree 

with the organism's biogeography can give a full explanation of a species' origin. As this 

is a mostly elusive ideal, models have mushroomed as a replacement for understanding 

how organisms speciate 

Whilst becoming more encompassing, models are by their nature restrictive and 

cannot include all factors likely to influence a speciation event. There are many models 

that describe how speciation may occur. The most widely accepted is allopatric 

speciation which can be promoted by factors that enhance reproductive isolation such as 

migration (Church and Taylor 2002). Other models show the possibility of para pat ric 

speciation (Gavrilets 2000) and increasingly more convincing mechanisms of sympatric 

speciation under various conditions have been described (Dieckman and Doebeli 1999, 

Drossel and McKane 2000, Doom et al. 2004, Bhattacharyay and Drossel 2005, Bolnick 
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2006). Thus, the theoretical development of speciation has advanced with very little 

empirical support. 

Where reproductive isolation results from divergent natural selection in different 

environments, ecological speciation occurs. Such speciation has been widely accepted 

since the emergence of the Biological Species Concept but there are still few empirical 

examples in supp0l1 of it (Schluter 2001). Some empirical evidence for ecological 

speciation has been found in studies of host shifts in phytophagus insects (Via and 

Hawthorne 2002, Thomas ct (//. 2003) and in Stickleback fish (Hatfield and Schluter 

1999). When frequency dependent selection acts on an ecologically relevant character, 

the resultant disruption produces two characters which become more dissimilar over time 

(Geritz and Kisdi 2000). Such ecological adaptation may lead to the origin of diverse 

species (Kruuk 1999). One of the consequences of ecological speciation, since selection 

acts on the phenotype, is phenotypic divergence (for a full revie\v of phenotypic 

divergence from disruptive selection see Rueftler ct a/. 2006). Thus by examining 

phenotypic divergence and the environment in which it arose, it may be possible to infer 

the causal selection forces. 

Ecomorphology examines the covariation of organisms' morphological 

differences with their environment and habits (Mullany and Gale 1996). It provides a 

framework on which to examine phenotypic divergence where speciation is the result of 

ecological divergence. A match between morphology and ecology has been found in 

turtles (Claude ct 01.2004), fish (Hulsey and Garcia de Leon 20(5), bears (Sacco and 

Van Valkenburgh 2004) and birds (Lack 1945). In bats, a correlation between 

morphology and ecology has been found repeatedly (e.g. Findley and Black 1983, 
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Norberg and Rayner 1987, Fenton and Bogdanowicz 2002). Matches in morphology and 

ecology in divergent populations have been found in the presence of impermeable 

(Jacobs 1996) and permeable barriers (Miller-Butterworth et al. 2003). 

Resource partitioning has, however, been found in morphologically similar bats 

(Saunders and Barclay 1992, Barlow et al. 1997, Arlettaz 1999), suggesting that 

morphology is not the only factor determining resource use. Niche partitioning in 

morphologically similar species may be the result of differences in prey availability 

(Saunders and Barclay 1992, Siemers and Schnitzler 2004). Even in cases where there is 

little morphological difference, there can be divergence in echolocation (Thabah et al. 

2006) which may affect the foraging ecology of bats (Siemers and Schnitzler 2004). 

Morphology can give a good estimation of what bats are capable of eating, but not 

necessarily what they actually do eat (Freeman 1981) and, as such, morphological studies 

should always be understood in the context of an animal's ecology and biology. 

Investigation into the life history of an animal can, therefore, aid the understanding of the 

link between morphology and ecology (Dechmann et al. 2006). Furthermore, for studies 

of speciation, it is most appropriate to examine sister taxa since differences in ancestors, 

ancestral selection pressures and consequently the phylogenetic history can be eliminated 

as the cause of differences (Chesser and Zink 1994, Panhuis et al. 2001, Arlettaz 1999). 

Differences in phenotype are rather the result of adaptive divergence or genetic drift. 

Wing morphology and echolocation call characteristics are usually correlated 

(Jacobs 1999), forming what is known as an adaptive complex (Aldridge and Rautenbach 

1987, Arita and Fenton 1997, but see Jacobs et al. 2007). An adaptive complex exists in 

bats because some combinations of wing morphology, echolocation call design, foraging 
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site and behaviour may have a negative adaptive value. For example. bats that forage in 

cluttered areas have wings with a low aspect ratio and wing-loading, as well as calls 

dominated by a ft'equency-modulated (FM) component because this allows them to 

manoeuvre easily and to discern prey from background noise. However, bats with high 

aspect ratio wings and high wing loading, which provide little manoeuvrability or agility, 

would be maladapted in a cluttered habitat. 

A combination of adaptations allows bats to operate optimally in their nocturnal 

environment (Schnitzler and Kalko 1998). These include physiological (using torpor to 

conserve energy). behavioural (hunting style and diet). sensory (echolocation) and 

morphological (wing shape and body size) adaptations. The analysis of locomotive and 

trophic characters shows the ecological imp0l1ance of morphological difTerences 

(Hespenheide 1973, Campbell et (II. 2007). For this reason, it is relevant to analyse wing 

morphology. echolocation call design, skull structure and diet in bats. Body size can be 

afTected by prey size. reproductive rate, metabolism. social dominance and is one of the 

most important factors to consider in eco-morphological analyses (Hespenheide 1973). 

The relationship between these factors and body size works in both directions, they affect 

each other to produce complex interactions. 

Echolocation call characteristics are imp0l1ant for considering divergence in bats 

since selection acting on sensory systems may initiate speciation (Jacobs et al. 2006). 

Rhinolophids emit constant frequency calls with the majority of energy placed on the 

second of a series of harmonics. Morphs of Wallacea' s bats that have recently diverged 

echolocate at difTerent harmonics of the same fundamental ft·equency. In rhinolophids, 

the swapping of the dominant harmonic of calls within those of a fundamental ft'equency 
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alters the ayailability of prey items and is also involved in communication. It can, 

therefore, initiate divergence in a population via ass0l1ative mating and cycntual 

reproductiyc isolation and speciation (Kingston and Rossiter 2004). DitTerent 

echolocation call parameters are optimal for perceiving different types of objects in 

different environments (Schnitzler and Kalko 1998). Each species has a dominant type of 

call, which is defined by the call shape, duty-cycle, peak frequency, harmonic structure, 

duration and bandwidth (Schnizler and Kalko 1998). The calls can be dominated by 

either a constant frequency or frequency-modulated component. Bats using high duty

cycle calls have interpulse intervals that are shorter than their calls (Fenton et al. 1995). 

These calls are usually dominated by a constant frequency (CF) component and high 

duty-cycle bats shi it the frequency of their emitted calls to counter the Doppler Effect 

that results from their own movement. This Doppler Shift Compensation (Schnitzler 

1968) generates an echo at a frequency that falls within the acoustic fovea (Schuller and 

Pollak 1979) of the bat. 

The use of high duty-cycle, narrow bandwidth calls allows bats to detect' acoustic 

glints'. These are high amplitude regions of the echo resulting from an insect beating its 

wings. Long duration calls and constant frequency components increase the likelihood of 

detecting weak echoes and acoustic glints (Kingston et o/. 2003). The likelihood of 

detecting a glint increases with increasing duty-cycle and bats are able to gain 

infonnation on the wing size and beat frequency of the prey (Schnitzler and Kalko 1998, 

Kober and Schnitzler 1990). 

A broader bandwidth call enables the bat to get three-dimensional information 

about the location ofthc prey and clutter and provides greater resolution of objects 
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(Kober and Schnitzler 1990). Frequency-modulated calls are not good for detecting weak 

echoes and detecting prey at long range. Constant frequency (narrow bandwidth) calls are 

good for the detection of prey but not for local ising it. Prey detection distance decreases 

with increasing bandwidth of calls and capture success increases with increasing distance 

of the prey from clutter (Siemers and Schnizler 2004). Rhinolophids use calls with a long 

constant frequency component that end with a small frequency modulated tail (Aldridge 

and Rautenbach 1987), which provides the bat with thc advantages from both call 

component types (Schnitzler and Kalko 1998). High duty-cycle bats occurring in dryer 

climates have higher call fi'equencies than thosc from tropical forests because of the 

attenuating effects of humidity (Heller and von Helversen 1989). 

Even though each species uses calls with a specific suite of characters, 

echolocation calls are used t1exibly by bats to accommodate changing requirements in 

different situations. Echolocation behaviour changes are evident in thc difference 

between calls while bats are searching for, and when they are approaching, prey (Kalko 

and Schnitzler 1998). The duration and pulse rate decrease and the bandwidth increases 

on approaching prey (Kalka 1995, Macias and Mora 2003). Pipistrclle bats even change 

their calls depending on the amount of clutter that is in the area in which they are t1ying 

(Kalko 1995). 

Body size atTects most aspects of an animal's biology. It can determine the basal 

metabolic rate, reproductive rate, prey availability, t1ight capabilities and echolocation 

frequency. For example, the size of vocal and nasal chambers affects call frequency such 

that larger bats with larger sound producing organs usually produce lower frequency calls 

(Barclay and Brigham 1991, Heller and von Helversen 1989). Call frequency is thus 
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indirectly proportional to body size (Barclay and Brigham 1991, Jones 1999). Since 

bigger bats have lower frequency calls, their calls are also oflonger wave length because 

of the inverse relationship between frequency and wavelength (Pye 1993). Since sound 

waves are only affected by objects equal to or larger than its wavelength, bats with low 

frequency sound are supposedly unable to detect small prey (Houston et al. 2004). 

Furthermore, larger bats are less manoeuvrable because they have to move faster to stay 

aloft (Norberg and Rayner 1987). This has implications for the types of habitats in which 

they can forage efficiently (open rather than cluttered habitat), which would in tum affect 

their diet and ecology in general (Arlettaz 1996, Aldridge and Rautenbach 1987). Thus 

the inverse allometric relationship between body and peak echolocation frequency, and 

deviations from this relationship, can give an indication of the presence of specific 

adaptations (Armstrong and Coles 2007, Jacobs et al. 2007). 

Morphology is not only influenced by habitat and diet, but also by migration and 

reproduction (Norberg 1995). As in most biological systems, the relationship between 

variables is complex and these factors also act on each other in the other direction. For 

example, a high aspect ratio and bigger body size is generally advantageous for 

migration. However, some migratory species couple low aspect ratio with low wing 

loading. Similarly, some species with high aspect ratio and high wing loading are not 

migratory (Norberg and Rayner 1987). It is therefore invalid to make presumptions about 

the adaptive significance of morphological characters without knowledge of the animal's 

ecology and life history (Dechmann et al. 2006). 

There are five basic parameters which are used when examining the wing 

morphology of bats. These are wing-loading (the ratio of body weight to wing area), 
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aspect ratio (the square of the wing span divided by the wing area), wing area, wingspan 

and wing tip shape (The ratio of the area of the arm wing to hand wing, Ts , divided by the 

difference between the ratio of the length of the hand wing to arm wing, T1, and Ts). A 

high value for the wing tip shape, implying a rounded wing tip is beneficial to bats flying 

amongst high clutter and is correlated with short wings. Pointed wings confer increased 

agility and flight speeds to the bats. Wing tip shapes are not confounded by overall body 

size (Norberg and Rayner 1987). Wing-loading is a measure of a bat's manoeuvrability. 

High wing loading is beneficial for fast flight and turning agility and large wing areas are 

good for carrying loads. A small wingspan and low aspect ratio (short, wide wings) is 

optimal for flying in cluttered areas and through small spaces since they provide greater 

manoeuvrability (Norberg and Rayner 1987). For a full review of wing morphology and 

flight performance, see Norberg and Rayner (1987). 

Even though differences in foraging habitat correlate with the size and wing 

morphology of bats (Aldridge and Rautenbach 1987, Norberg and Rayner 1987), 

foraging behaviour is highly flexible (Arlettaz 1996), but within the limits of physical 

constraints (Aldridge and Rautenbach 1987, Norberg and Rayner 1987, Kalko and 

Schnitzler 1998). It follows that by examining wing morphology, the limits of a bat's 

resource use capabilities should be revealed. 

The analysis of skull morphology is important in evolutionary studies because 

they hold the eating apparatus, the brain and the sense organs (D' Anatro and Lessa 2006). 

Analysis of the size of various parts of the skull and dentary in relation to the rest of the 

skull gives clues to the gape. masticatory power and cruslung ability of bat Jaws 

(Freeman 1979, Freeman 1981). Bats are, in general, opportunistic feeders (Arlettaz 
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1996) but some generalisations have been noted about correlations between morphology 

and diet. Bigger jaws correspond with larger prey sizes (Barlow et al. 1997). Bats capable 

of eating hard prey have skulls that are more robust with thick jaws, fewer larger teeth 

and large cranial crests for muscle attachment (Freeman 1979). Bats with more gracile 

skulls, and thinner jaws hold more small teeth, are restricted to soft bodied prey e.g. 

Lepidoptera and Diptera(Freeman 1979,Freeman 1981, Jacobs 1996). Thus larger bats 

may have more variable diets because they can take hard or soft prey (Freeman 1981). 

Likewise, large bats eat a range of prey sizes but small bats are limited to eating small 

prey (Aldridge and Rautenbach 1987, Barclay and Brigham 1991). The ability oflarger 

bats to take smaller prey may, however, be limited by their relatively low frequency calls. 

Jacobs et al. (2007) did not find any difference in the range of insect sizes taken by R. 

capellSIS and R. cfll'OslIS despIte the latter bell1g bigger than the fonner 

Sibling species provide an opportunity to investigate evolutionary divergence in a 

situation where any differences between the sibling species are likely to be due to 

adaptive divergence rather than differences in their phylogenetic history; i.e. time before 

the speciation of these two bats. 

Rhinolophlls capensis and Rhinolophlls swinnyi belong to the family 

Rhinolophidae, a group of insectivorous bats that are distinguished by the horseshoe 

shape of the nose leaf which is used during the emi ssion of echolocation calls. They are 

clutter foragers with low aspect ratio wings, allowing the necessary manoeuvrability to 

avoid obstacles (Norberg and Rayner 1987). They have high-frequency, high duty-cycle, 

calls dominated by a CF component with a short frequency-modulated tail at the end 
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(Fenton et (//. 1995). The two species differ in mean body mass by -+.03g and in peak 

echolocation frequency by 24.1 kHz (Jacobs et (//. 2007). 

RhillO/ophlls capellsis is the larger bat (11.1 g) with the lmver mean frequency 

(83.9 kHz, Jacobs et at. 2007) echolocation call. R. SlI'illllyi has an average mass of 6.8g 

and peak frequency of 107 kHz (Jacobs et (//. 2007). In a phenetic analysis of the 

Rhinolophidae, R. denti and R. swinnyi were found to group together with R. capensis 

(Bogdanowicz 1992), reflecting their high degree of similarity. A phylogeny based on a 

supermatrix comprising mitochondrial cytochrome h and three nuclear introns suggests a 

similar scenario. Rhil1%phliS capensis and R. swillllyi diverged 16.8 ± 7.1 mya, and the 

R. slI'innyi lineage diverged further; giving rise to R. dellti and R. simll/ator (Stof1berg 

2007). A relaxed Bayesian clock was used to estimate the time of divergence. A 

phylogeny, created by Guillen et a/. (2003) using mitochondrial cytochrome h, also 

shows R. slI'innyi and R. capel/sis as sister species. 
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world and is dominated by sclerophyllous vegetation and characteristically low in 

nutrients (Wright and Samways 1998). The transition zone is a region of high climatic 

and geographic complexity where four biomes (the thicket, Fynbos, grassland and Nama 

Karoo) meet. Rhinolophus slI'innyi has a distribution stretching from the Kaffrarian 

Transition Zone, along the east coast of South Africa and extending into Zambia in the 

north. 

Pollen assemblages and evidence inferred from the leg bones ofbovid fossils 

indicate that the Fynbos biome was subtropical forest in the early Neogene (ca 20 million 

years ago) (Coetzee and Muller 1984, DeGusta and Vrba 2003). The Fynbos was fully 

established by the mid-Miocene (I 5 mya, Partridge 1997) and radiation in the Plio

Pleistocene (3-Smya) is thought to be largely responsible for the current species richness 

in the Fynbos region (Pennington et al. 2004). Mediterranean climates are especially 

diverse; they contain almost 20% of vascular plant species but cover only 5% of 

continents. The Fynbos, for example, covers only a fraction of land area covered by 

tropical rain forests, but has about half as many species (Cowling et al. 1996). Despite 

high plant diversity, Giliomee (2003) found that floral species diversity is not reflected in 

the diversity of insect species. However, this was refuted by Proches and Cowling (2006) 

who found that insect diversity in the Fynbos is comparable to that of other biomes, 

especially when galling insects are taken into consideration. 

The change in biome from forest to Fynbos between 15 and 20 my a coincides with the 

estimated time of divergence of R. swinnyi and R. capensis and may have been the cause 

of their phenotypic divergence and their subsequent speciation. 
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Hoffman and Baker (2003) investigated speciation in a number of species of 

Carollia by correlating age of divergence (estimated using molecular markers) with the 

geological and geographical events that caused their divergence. In the case of R. 

capensis and R. sll'innyi. we know the time of divergence and that it coincides with a 

major shift in vegetation from tropical forest to Fynbos. 

I investigated the ecomorphological differences between these two species and 

between geographically separated populations within each species. My aim was to 

document divergence in their phenotypes so as to gain insight into possible causes for 

their divergence. The phenotypic characters that I will consider include echolocation 

calls, wing morphology, body size, skull morphology and diet. 

I predict that the species in the dryer, resource deficient Fynbos biome will be 

larger, with correspondingly low echolocation call frequency and larger wing loadings 

than the grassland species. The bigger size would be advantageous in a resource limited 

habitat because of a wider niche width and ability to fly larger distances efficiently. 
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CHAPTER 2 

M ETIIOIlS 

Hats ",,'Cre captured at two lo~at",ns. Rhino/vl'h).s ~mnyi was captured at 

Sandilc's Cave in the Pine Forest (32"43S, 27"17'£) neal' King Williams To"" In the 

[astern Cape ProvInce, South Af"~a, Samplin!( was d()n~ In February and April 2007 

SandiE,,' s Caw IS posItioned lIear the 101' of a molUltaln In the Amato I c Moun lain ran!!". 

SlllTOImdcd by extensive indigenous thlCht and yellow-wood fores!. exotic plantation 

tillests and ag:IJcultmalla"ds 

Rhm(l/ophu,' mrcus;,- WJ~ sampled from Table Farm, a few kilometres from 

Grahamstown (33"17 S, 26"2', te), In the Eastern Cape Province, South Arnell. In Apnl 

20()7 (figure 2 I) At Table Farm, R. ..upemis roosts in a rock sbafllhm was dug Ulrough 

a hll l to hou~c a "aler pI pc. Grah amsto,," is bordered hy t,m, different blOme" 

SlIcculent Karoo, Gl'assland, sub troplcal lhlC ket and Fynbos, It is at th e centre of the 

Kafti-anan transillon zon~ whi~h make~ It a region of gr~at comple",ty both 

gcographi~Jlly and clImatically (noldblati 1978, Cowlmg CI al 1999) 

Figllre 2.1 Th~ samp Img sites In SOllth Afi-Ica, RlJllIO/ol'hlls cape".';.' was sampled fi-om 
De Hoop (pllrple) and Table Farm (Pmk), Rhino/"p/m,I' ,I""i"n>" wa~ ~amplcd from 
Sandde \ Ca\-c K WT (dark blue) and Kokstad (hgh! blue) , 
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Data fi'om R. capcnsis sampled in July 2005 at De Hoop Guano Cave (34()26'S, 

20()25'E) in the De Hoop Nature Reserve, Western Cape, South Afi'ica (Walker 2006) and 

data ii'om R. s1I'innri from Kokstad (30()31 'S, 29"29'E) in July 2004 in KwaZulu Natal, 

South Afhca \vere also included (Collected by D, Jacobs). Inclusion of these data sets 

allowed a comparison of populations from within and at the edge of the respective 

species' distributions. 

Kokstad is situated in the Grassland biome in the south ofKwaZulu Natal and is 

at the foot of the Drakensberg Mountains. De Hoop Nature Reserve is located within the 

Fynbos biome. The vegetation is stunted, scrubby and sclerophyllous, typical of coastal 

Fynbos. There is a Milkwood (Sidc/"Oxy/ofl incrlJlc) forest on the nOl1hern side of the 

large vlci (McDonald c{ at. 1990); a shallow seasonal lake, which forms pal1 of the south

western boundary of the reserve. Rhil1%phllS capcl/sis roosts with R. climslls, /vfvo{is 

{ric%r, lVn.tcris {/ichaica and Miniop{cnts I/a{a/cnsis in the De Hoop Guano Cave, 

located in a cliff just above the Milkwood forests. The bat population in this cave has 

been estimated to be up to 300 000 individuals (McDonald c{ a/. 1990). 

The western side of the Fynbos biome receives most of its rainfall in the austral 

winter (May to September). De Hoop, which is included in the western part of the Fynbos 

gets most of its rainfall between May and September with average daily temperature 

maxima of 28° C in summer and 17() C in winter (McDonald c{ a/. 1990). The eastern side 

of the Fynbos has aseasonal rainfall so the maxima are spread across the year, but is 

highest in austral spring (August-November) and autumn (March-May). At the ecotone 

where the Fynbos meets the Grassland and Thicket biomes, a summer rainfall pattern 
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becomes predominant. The daily average temperature maxima in this region are 25° C in 

summer and 20°C in winter (South African Weather Service). 

Rhin%plillS s1\'innyi individuals were caught at Sandile's Cave using a harp trap 

(Austbat Harp Trap, Faunatech, Mount Taylor, Victoria, Australia) erectcd outside the 

lower entrance of the cave about 2 hours after emergence. This ensured that the bats had 

foraged prior to capture. The bats at Table Farm were hand netted in the moming once 

the bats were in torpor, and those at De Hoop Guano Cave were caught through the night 

with mist nets and a harp trap. Hand netting could not be used in Sandile' s Cave because 

the bats roosted out of the reach of hand nets. A combination of echolocation call 

frequency, size (forearm length and mass) and dentition was used to identify the bats to 

species using the dichotomous key in Taylor (2000). Bernard (\985) also identified the 

rhinolophids at Table Farm as RhiflO/ophllS copensis. 

The body masses of captured bats were measured with a digital electronic scale 

(Ohaus Corporation, Pine Brook, New Jersey, USA) to the nearest 0.01 g. This was done 

after at least five hours from capture to ensure that the bats had voided their digestive 

contents and faecal pellets were collected at the same time. The body and extended right 

wing of each bat (Saunders and Barclay 1992, Figure 2.2) was photographed with a 

Canon Powershot A50 digital camera (Canon Inc. Lake Success, New York, USA). 

These images were used to measure wingspan, wing area, body length, tail length, arm 

wing length and area, hand wing length and area, and shoulder length using ImageJ free 

software (United States National Institutes of Health, Bethesda, Maryland). This program 

has been used successfully by Armstrong and Coles (2007) for measurements from 

radiographs of bat skulls and for other biological measurements (Ho et at. 2003, Nugochi 
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<'I ,,/ :0(13) Each llleaS\lI~nlCnl 1 ak~n Oilimagd was repeat~d dlr~e (lilieS (1101 

OOllsecliuwly) and lh~n av~rag~d to reduce mcasur~mcnt errors. Thcs~ measurements 

"ere subsequently lJ5ed to calculate lotal wmg,pan, Wlllg area, aspect rallo, wmg i03cling 

and Wll1g tip shape md~" of the ",il1g5 acwrding t\) r\\Hberj!; and Rayner (19&7) 

Th~ adult stalUs "flhe bats was establlshed by vIsually checklHg the os,lllcallo,l 

Oflh~ gap bctwccn (h~ dIaphysis "fthe metacarpal and proxImal phalanx (Kunz and 

Anthony 19&1). ForMml lengths were measur~d to Olle decImal place uSlllg dial callipers 

The s.:x "fthe bats was r~cord~d and th~ reproductive state determllled visually 

for (he males by the 51le of the testes. Fw th c f~mal es, pregnancy was ml(,rrcd Iising a 

combination of fact(lrS in clLIding the tlm~ of year, a protrudmg abdomen that P~fs,st~d 

aft~r Ihe digestive system had b~en w ided , light palp~tion and cn largcd mpples. A 

fcpmdu~tiv~ state oflaclatlOn was ini""ed ,f there" as lin OOVIO uS hmrless ring around 

enlarged nlpplcs and if milk was ~xpressed (Ill light prcssing ofth~ nipple, (R~c~y 1969) 

Pregnant Mel l~ctatmg bats were not included III analyses as their Illcreas~d lx>dy mass 

coliid skew results_ 

Flg\lrc 1 ,1. Pholograph ofa bat with extended wmg from ,,]lIch morphologll'a] 
measurements were takro 
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Rhmolof!hllS SIi'IIIfIYI and}?, capemi,I' skulls were ohtain~d on lmm from the 

Amalol~ Museum In Kmg Will,ams ['own and ITom the Transvaal \Iuseum (TVL 

Mus~um) m Pretona. Th~ skulls were taken from hat speCImens collected from De Hoop 

l\anne Resel'.e CUld Het Kruis (R capcnsis) and well as from KIng WIlliams '1'0"'11 and 

the Kl1IgerKatlOnal Park (R swmll)'!). Het KrUls IS a town on the West Coast of South 

Afllca, close 10 Citrll~dal (32 0 38' 58" S 19° 14' 31 " E). Photographs showll1gdorsal. 

ventraL and len and rlghl laleral vIews of the Jaw and braincase (Figur~ 2 3) were taken 

uSlIlg a Canon f>owershot A50 Camera (Canon Inc. Lake Succ~s~, N~w York, LSA) A 

list of speClInetl codes. sample SI zes ~nd sexes is included III the appendIx 

Flgun:13 " II 

Lmear measurements were 1ak~tl In Imllimetres 10 one decimal place from lhe 

photoglaphs of the skulls uSing lmagd free software. Bat skull measurements from 

d,gital Images have b~en done prevIOusly hy GCUlnon and Raez (2006) Photos were 

standarolSed by calibrat ing each picture agamst a [Omm object Faeh measuremenl was 

fcp<:ated lhl ce (lilies. no" -c,-,,,secut" ely. and then a, eraged The stand", d elflll was 
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calculated (6 /<n) for each parameter to ensure that significant results arc not the result of 

measurement error. This approach to skull morphology analysis i.e. the parameters used, 

was established by Freeman (1979) and used subsequently by Jacobs (1999) and more 

recently by Schoeman and Jacobs (2003). 

The following nine measurements were taken from the jaw according to Jacobs 

(1996) (Figure 2.4): 

• the distance from the anterior surface 0 f the mandibular fossa to the origin of the 

masseter muscle (bottom of the left angular process) [a], 

• the distance from the top of the left condyle to the insel1ion of the masseter 

muscle (bottom of the left angular process) [b]. 

• theratioofatob[a:b], 

• the height of the condyle (top of the left condyle to the plane of the alveoli of the 

left first and second molar) [d], 

• the height of the coronoid process (top of the left coronoid process to the plane of 

the alveoli of the left first and second molar) [e], 

• the length of skull (from the occipital to the alveolus of the canine) [t], 

• the length of the dentary (from the back of the left condyle to the epiphysis of the 

dentaries) [g], 

• the length of the left maxillary tooth row (from the front of the left fourth 

premolar to the back of the left third molar) [h] 

• the dentary thickness (from the plane of the alveoli of the left first and second 

molar to the bottom of the left dentary) [i]. 
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h 
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Figure 2.4. The measurements taken of the skull and dentary. A description of the 
measurements and their abbreviations are provided in the text. 

Bats captured at night were kept overnight in breathable cotton bats to allow time 

for them to void their stomach contents. I waited at least five hours before processing the 

bats that \vere caught in the morning. Faecal pellets were collected from each bag before 

the bats were released in the evening. 

A minimum of five and maximum of 15 pellets were analysed from each bat 

depending on the number of pellets present. Each of these pellets was submerged in a 

small amount of water and teased apart under a dissection microscope. All intact insect 

parts were mounted on a slide and identified to order using a dichotomous taxonomic key 

(Scholtz and Holm 1985) and reference collection from insect collections at the site (see 

below). The percentage volume that each insect order contributed to the total volume of 

the pellet was estimated to the closest 5-10%. Due to the highly masticated nature of the 
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pieces of insects in the samples, only eight suitable claws of beetles from R. capel/sis and 

seven claws from R. s1\'innyi were extracted for an analysis of prey size. 

This method of analysing diet has been used extensively for bats (e.g. Schoeman 

and Jacobs 2(03) but is subject to bias, especially towards hard bodied insects like 

Coleopterans and against soft bodied insects (Rabinowitz and Tuttle 1982). The method 

has been justified, however, through a blind test by Kunz and Whitaker (1983), which 

showed it to reasonably represent the diet of bats. 

A reference collection of insects was collected from inside the forest at Sandi Ie' s 

Cave and about 500m from the tunnel at Table Farm using a black light insect light trap 

(BioQuip Products, Rancho Dominguez, CA, USA). At both sites the light trap was 

suspended from a tree over a pitfall trap. This was powered by a car battery and run for 

the duration of the trapping night. There was one trapping night at Table Fan11, three at 

Sandilc's Cave in February and two at Sandile's Cave in April. 

Echolocation calls from hand-held bats (Russo et 01. 2001, Salsamendi et 01. 

2(05) were recorded directly onto a Fujitsu Siemens notebook computer (Fujitsu

Siemens Computers GmbH, China) using the A visoft UltraSoundGate 416 with an 

UltraSoundGate CM16 microphone and Avisoft-RECORDER software (all from Avisoft 

Bioacoustics, Berlin, Germany). Calls were recorded in real time at a sampling rate of 

250000 Hz (l6bits, mono). Ten calls were analyzed for each bat using BatSoundPro 

software version 3.20 (Pettersson Elektronik AB, Uppsa\a, Sweden) on a Fujitsu-Siemens 

Amilo notebook computer. The calls were selected on the basis of their large signal to 

noise ratio and even spacing. One call out of the measured 10 was used for analysis, 

chosen by its close resemblance to the mean of all 10 calls. This ensured that an actual 
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call that was representative of the calls for that bat was used. and avoided 

pseudoreplication. 

Call duration was measured from the oscillogram and the peak echolocation 

frequency and bandwidth of the fi'equency modulated tails \vere measured from a power 

spectrum with a Fast Fourier Transformation of 512. The bandwidth of the frequency 

modulated tail was measured from the power spectrum at 20dB below the peak frequency 

according to Macias et al. (2005). Call duration was measured from the start of the 

constant frequency component to the end of the frequency modulated tail. 

Statistical A 11 ([ZVS is 

Statistica (v. 7.0. StatSoft Inc. 2300 East 14th S1. Tusa OK 74104 USA) was used 

for all analyses except for the Cluster, Simper, Anosim and MDS analyses of the diet 

which were done in Primer software version 5 (Plymoth Marine Laboratory, Plymoth, 

UK). 

Data from February for R. sH'innyi and April for R. capensis (Table Farm) were 

used for morphological analyses since they had the largest sample size and the risk of 

pseudoreplication (due to sampling the same bat twice) was avoided by only using data 

from one time at a single place. Data from February and April for R. sH'innvi and from 

April for R. capellsis were used in the dietary analysis. 

To uncover phenotypic divergence in R, capensis and R, sH'innyi, the mean and 

standard deviations of echolocation, morphological and ecological parameters were 

calculated. A one-way ANOV A was used to find differences in echolocation and 

morphology of adult and sub-adult members of R. capensis and R. sH'inl1yi. Tukey Post 
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Hoc tcsts \\ere used for pairwise comparisons. A Factorial ANOV A was used to identify 

sexual and geographic dimorphism in the two species. 

Data were checked for normality and homogeneity of variances. and outliers 

removed when clearly indicative of measurement error. Small dcviations from normal 

were allowed to accommodate the nature of biological data. and to which I considered 

ANOV A robust. 

Deviations from allometric relationships for members of a clade can be indicative 

of evolutionary adaptation (e.g. Sweet 1980). Log I 0 values were used in regressions of 

body mass against wing area and peak echolocation frequency as well as wing loading 

against peak echolocation frequency for the four populations of the two species together 

with the other South African members of the Rhinolophidae. Data for other South 

African rhinolophids were collected by D.S. Jacobs. 

A separate regression of mass against wing loading and mass against wing area 

was done for R. capcl/sis and R. sH'innyi. An ANCOV A for the homogeneity of slopes 

was done to test whether the slopes were significantly different for the two species. The 

ANCOV A compares the confidence limits of the two slopes and finds no difference if the 

confidence limits overlap. An ANOV A was done on the residuals of wing loading to 

identify any difference in the vertical position of the data between the two species. This 

was done according to Dietz c{ af. (2006). 

Multivariate statistics were used to manage the number of interacting parameters 

that form a bat" s phenotype. Multivariate statistics are effective for ecological analyses 

where variables seldom act alone but rather form a complex of interactions, especially in 

light of the adaptive complex identified in bats (Aldridge and Rautenbach 1987). 
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Principal Component Analyses (PC A) are robust to explore auto-correlated character 

states \vhich arc common in morphological data. For example. the aspect ratio of wings is 

correlated \vith wingspan and wing area. Discriminant Function Analyses (DFA) are. 

however. sensitive to autocorrelation. I overcame the problem of autocolTelation by first 

performing a PC A and then using the principal component scores for each individual in 

the OF A for the skull data and by only using mass and two measures of wing size in the 

morphological PCA. 

PC As summarise a number of variables into a fe\v which can then be viewed 

graphically. It finds an axis through the data which explains the majority of the variation. 

It generates an Eigenvalue for each component. which indicates which of the principle 

components carry the most variation. It also generates factor loadings that show which 

variables dominate each principle component. It is then possible to sec which parameters 

account for most for the eli fferenees between groups. 

By using principal component scores in the OF A, the criterion of independent 

variables is satisfied. The DFA fits a model to the data and identifies which variables, or 

principle components in this case, best discriminate between species. Squared 

Mahalanobis distances give a measure of how far different groups are from each other in 

morpho-space by measuring the distance between the centroids of the groups. This is 

pm1icularly useful when more than one discriminant function is revealed since it can be 

used to see which groups are more similar to each other in a quantitative manner. 

A PC A was done for mass, wing span and wing area for both populations of R. 

capensis together with the two populations of R. swinllyi. The same analysis was done for 

the skull and dentary measurements of R. capellsis (De Hoop and Het KlUis) and R. 
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slI'innyi (King Williams Town and Kruger National Park), in addition to a OFA on these 

principal components. 

Primer software was used for analysing the composition oCthe diet of the two 

species and bet\veen two months in R. SH'illllyi. This program has predominantly been 

used in marine and ceo-toxicology (e.g. Clarke 1999, Nero and Sealy 2005) studies but is 

increasingly used in studies of bats (e.g. Castro-Luna et (I/. 2007). Arcsine transformed 

propol1ions of prey items in the diet were used to create similarity matrices. The Bray

CUl1is measure of similarity was used for these matrices and from it cluster analyses were 

done to see which bats have their dietary composition in common with each other. A 

group average sorting method was chosen so that groups of bats with the most similar 

diet cluster together on the dendrograms. 

Multidimensional scaling (MOS) plots were created from the similarity matrices. 

The MOS plot gives a stress value that represents how much distortion occUlTed when the 

data were compressed into two dimensions. A low stress value indicates fidelity in the 

plot to the real distances, or similarity, between bats. A one-way analysis of similarity 

(ANOSIM) was done to determine the significance of the similarities between 

assemblages. A similarity percentage analysis (SIMPER) was also pcrfonned to 

determine which prey items accounted for intra-group similarities and inter-group 

differences and by how much they differed/were similar. 

A backward stepwise regression analysis was done to establish which phenotypic 

variable was the best predictor of the incidence of moths and beetles in the bats' diets. 

The proportions of moths and beetles in the diet were arcsine transfonned according to 

Schoeman and Jacobs (2003). 
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CHAPTER 3 

RESULTS 

Age difFerence 

A significant difference was found between the adult and sub-adult phenotypes of 

R. s11'innyi (One-way ANOV A F( 10,37) = 15.3, P < 0.0000 I: Table A I). Tukey post hoc 

tests revealed a significant difference in both peak frequency (df = 46, P < 0.00 I) and 

bandwidth (df = 46, P < 0.00 I) of the echolocation calls. The adults had a higher peak 

frequency (107.8 kHz ± 0.8, n= 30) than sub-adults (106.5 kHz ± 0.9. n= 21), which 

corroborates results found by Russo et a/. (200 I). There wcrc also significant differences 

in mass (df= 46, P < 0.001), forearm length (df= 46. P < 0'(l2). wing loading (df= 46, P 

< 0.(2) and wing area (df= 46, P < 0.003). 

No significant differences were found between the phenotypes ofR. capel/sis 

adults and sub-adults (One-way ANOV A FI 10.22) = 1.6, P = 0.2. Table A I). A Tukey post 

hoc test, however, showed a significant di fference only in wing loading (df = 3 I, P < 

0.04). The lack of difference may be due to the small sample size of sub-adults in this 

species. 

Sexual and geographic dimO/phism 

While there were significant difTerences between species (Factorial ANOV A 

Wilks' Lambda = 0.02, F(6.154) = 145.9, P<O.OOOOOI) and between sexes of the two 

species (Factorial ANOVA Wilks' Lambda = 0.7, F(3.77) = 9.8, P<O.OOOOI), there was no 

significant difference within species (Factorial Anova, species*sex, Flc,. 154) = 1.8, P> 

31 

Univ
ers

ity
 of

 C
ap

e T
ow

n



0.1). Sexual dimOlvhism was found in the forearm, wingspan and mass of R. caj7clIsis 

Table Farm. (P < 0.03). For forearm and wingspan. the values for females were larger. 

Larger females \vere also found by Dietz c/ a/. (2006) in an analysis of the five European 

rhinolophids. There was no sexual dimorphism in the mass of R. s1\'illllyi (KWT) or R. 

caj7clIsis (De Hoop) (P's > 0.2; Table A2). 

Only adults were used in further analyses. Sexual dimOlvhism within both species 

was accounted for in subsequent analyses by including equal numbers of males and 

females. I used 15 male and 15 female R. swinnyi from King Williams Town (KWT), 

three of each sex from R. slj'innyi from Kokstad (KOK), 14 male and 14 female R. 

capcllsis from Table Farm (TF) and 13 individuals of each sex for R. c([pclIsis from De 

Hoop (DH). 

Ech%Ut/ioll 

Echolocation calls were taken from hand-held bats (examples shown in figure 

3.1). The same technique was used for both species but due to the nature of hand held 

calls, minimal functional information should be inferred from parameters with a time 

dimension. The peak echolocation frequencies of the two species differ by 22 kHz (Table 

3.1). Both species place most energy in the second hannonic. Bearing in mind the 

misgivings of hand-held calls, but that both species were sampled in the same manner, it 

is notable that R. capclIsis calls are significantly longer in duration and the FM tails have 

a narrower bandwidth than those ofR. sH'innyi (One-way ANaYA F(6.110)= 280.6, 

P<O.O 1). The mean peak frequency of R. capo/sis at Table Farm is almost 3 kHz higher 

than that at De Hoop. 

32 

Univ
ers

ity
 of

 C
ap

e T
ow

n



, --, 

- " 
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R cupens/S call> have lower peak frequency and a frequency modulated tall of narrower 
bandwIdth than the calls of R .<Wlnny; Both ,pecl~' plac~ most ~nergy In th~ <;econd 
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95~~:' confidence II mi ts for peak echolocatJOn freq l",ncy agaillst mru;s (FIgure 3 3) R. 
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capensis at Table Farm, while its echolocation frequency is not greatly divergent from the 

De Hoop population (Table 3.1). 
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Figure 3.2. The allometric relationship between mass and peak echolocation frequency in 
the Rhinolophid bats of South Africa, including R. slI'innyi from K WT and Kokstad as 
well as R. capensis from Table Farm and De Hoop. The regression line (y = 2.5695 -
0.6354x) explains 63% of variation in the data (R2 

= 0.63). The following abbreviations 
are used for the species: Rhinolophus denti (R.de), R. landeri (R.la), R. sll'innyi (Kokstad) 
(R.sw KOK), R. swinnyi (King Williams Town) (R.sw KWT), R. simulator (R.si), R. 
darlingi (R.da), R. hlasii (R.bl), R. capensis (De Hoop) (R.ca DH), R. capensis (Table 
Farm) (R.ca TF), R. filll1igatus (R.fu), R. cli\'osus (R.cl) and R. hildehrandti (R. hi). All 
data except those from De Hoop and KWT were captured by D.S. Jacobs. 
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Figure 3.3. The allometric relationship between mass and \ving area in the Rhinolophidae 
of South Africa. The regression line (y = 1.6 + 0.5x) shows a significant relationship 
between variables and explains 90 % of variation in the data (R2 

= 0.90). Abbreviations 
are the same as those used in figure 3.2. 

RizillO/opizlls sH'illnyi (Kokstad) and R. capcnsis (De Hoop) both fall within the 

95% confidence limits for the allometric relationship between mass and wing area in the 

South African Rhinolophidae (Figure 3.3). Neither of these populations is on the edge of 

the South African distributions for their species; De Hoop is in the centre of the 

distribution for R. capcllsis and Kokstad further into R. sH'innyi 's distribution than King 

Williams Town. Rhin%phlls sH'innyi (KWT) and R. capcnsis (TF) both fall just outside 

of the confidence limits (Figure 3.3). Both edge populations are bigger in size and smaller 

in wing area than their corresponding populations toward the centre of their respective 

distributions. 
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Figure 3.4. The allometric relationship between wing-loading and peak call fi-equency of 
the South African members of the Rhinolophidae. The relationship is significant with P < 
0.05 and the regression line (y = 2.7589 - 1.0 128x) explains only 43% of variation (R2 = 
0.43). Abbreviations are the same as those used in figure 3.2. 

A similar pattern was observed in the allometry of wing-loading and peak 

echolocation frequency for the rhinolophids in South Africa (Figure 3.4). Populations 

from within the distributions fall within the confidence limits for the allometry of the 

family but the populations from the edge fall outside. The difference between populations 

appears larger in wing-loading than in peak frequency, suggesting that selection has acted 

on the body size and wing morphology of these bats specifically and that the differences 

in call frequency are a result of those changes. 
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Population differences aside, both species follow the allometry for the family in 

general. It appears that they are on the same evolutionary trajectory and that R. capellsis 

is essentially a 'scaled up' version of R. Sl\·illl/ri. 

Di\"('/gellce ill lIlass alld \t'illg parameters 

The mass and wing parameters of all four populations are significantly different 

(One-way ANOV A F(I2.15-1)= 46, P<O.O 1, Table 3.1). Tukey post hoc tests revealed a 

significant difference in mass between the populations of both species (df= 46, P < 

0.0002). There was a significant difference in wing-loading between the two R. capellsis 

populations (df= 27, P < 0.cl4; Table 3.1) but not between R. s\\'illllyi and R. capcllsis. 

RhillO/ophllS capclIsis (De Hoop) is significantly smaller (df= 27, P< 0.(2) with a 

smaller wing loading than its counterpart population (df= 87. P < (l.(l002). Similarly, R . 

. <i\\·illllyi from Kokstad was significantly different from their counterparts from King 

Williams Tovm (df= 87, P < 0.0002). The small difference in call peak frequency 

between the two R. capcllsis populations translates to a 0.1 mm difference in wavelength 

which probably does not translate into a functional difference (85.8 kHz = 4.0mm 

wavelength and 83.2 kHz = 4.1m111 wavelength). In summary, there are marked 

differences in body mass with only slight differences in echolocation for both species 

(Table 3.1). 
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Table 3.1: Mean ± SO of body size, echolocation and wing parameters for Rhil/%pizlts 
capel/sis (R. ca) from Table Farm and De Hoop and RhillO/opizllS s,lillllyi (R . . m) for 
KWT and Kokstad. Values which are significantly different (p<O.O I) from each other 
within a variable are shown in bold. Where more than two differences occur in a variable, 
the pairs that diller significantly from each other arc indicated \vith an asterisk (*). Exact 
values of statistical tests are given in the text. 
Bat species and R. ca Table R. ca Dc 
location Farm Hoop 

N umber of bats 

Body size 
Mass (g) 

Echolocation 
parameters 
Peak frequency (kHz) 
Bandwidth (kHz) 
Duration (ms) 

\Ving parameters 
Forearm length (111m) 

. , 
WIng area (cm-) 
Wingspan (cm) 
Wing loading (Nm-2

) 

Aspect ratio 
Tip shape index 

28 

14.1 ± 1.3 

85.8 ± 0.7 
11.1 ± 1.6 
44.2 ± 7.6 

50.1 ± 1.2 
155.8 ± 9.3 
30.0 ± 1.2 
8.8 ± 0.7 * 
5.7 ± 0.3 
1.5 ± 0.3 

26 

11.1 ± 0.8 

83.2 ± 0.5 
No data 
No data 

49.6 ± 0.9 
165.1 ± 18.9 
30.6 ± 1.5 
6.7 ± 0.7 * 
5.7 ± 0.3 
1.4 ± 0.3 

R. S1\' KWT 

30 

8.3 ± 0.3 

107.8 ± 0.8 
19.4±4.1 
20 ± 4.8 

43.7 ± 0.9 
124.6 ± 13.1 
25.9 ± 2 
6.6 ± 0.7 ** 
5.4 ± 0.7 
2.0 ± 0.5 

R. Sf\' 

Kokstad 

6 

7.8 ± 0.6 

106.8 ± 0.2 
No data 
21.7 ± 4.6 

43.6 ± 1.2 
130.7±3.2 
27.7 ± 0.6 
5.6 ± 0.2** 
5.9 ± 0.2 
1.5 ± 0.3 

Thc regression of wing loading against mass in both populations of R. capellsis 

and R. s,lillllyi (Figure 3.5) indicates that selection has acted on body size in the two 

populations of each species and in the two species. An ANCOV A for the homogeneity of 

slopes found that wing loading does increase with increasing mass (F = 40.0, P < 

0.000001), but there is no significant difference in the relationship between wing loading 

and mass for the two species (F = 0.41, P=0.52). The slopes for R. sf\'iJlllyi and R. 

capensis are not significantly diflerent (interaction of mass and species F = 1.8, P = 0.18). 

An ANOV A on the wing loading residuals showed that the regression lines are 

coincidental (F = 0.00, P>0.05). 

38 

Univ
ers

ity
 of

 C
ap

e T
ow

n



" 

" 

• " I , 
• , 
• 

· I 
2 
• • • , 

• 

• 

,+ ,. 
• 0' • • 

# • 
,~ 

• . . .,1. 
" 

0 

• 

• 
• • • 0 

o. / 0 
0 o· < .. • • 

0 

0 

• 

• • 
• • 

• 

• 

! 00 797 9 ' ~ 1033 ,, ~1 " ~ 13>2 14~; I ~ M 

1.10 11 (gel 

,----
17 14 

Figure 3 ~ The "" '"lmll,hlp ""'WCt:!l m;to;~ 3",J Wlng-Ioadmg III RII",% "I"" .... ·",N). (y " 
_I 23M1 + 0 938 I x, R' - 0 3 ) Blld ((hlrwlophl's t'Op""';" I), = 0 OIHi9 " f) (,O'J2-!:. 1( : '" 0 1) 
Th~ '"0 populallolls of H. <O/"'r>$' f me d,rrt ,..nn:lIed graphIcally b} oolour Md !JIll"" (k 

lIovp In p",pk squares . T abltl f:um ,n pUll dI amonds N. 5'1"I"" Y' K WT IS !<I 'Il"" III .t;"l 
bill\! ClrcJ<,:;; 3IId Ihe Kohl3d popub hon III Iogill bl ue ln angl<':s 

C(Jf""'ttf" (f - 0 ,07, df - 51. P > 0 b)l 'r I n R .W IIIN)"I (r = 0,007, Of " 36, [' " [) 9 ) It 

I>ody ~ ,zc ("'here wmg area mClca~s a1IOn>CtncaHv WIth body Size) 

)9 

Univ
ers

ity
 of

 C
ap

e T
ow

n



,w 

'00 • • 

• 
'00 

, • 
• • • 
" " " ". • • • • • , '. • '00 • • • < • ~" . • , • , • • • c • • 

;;: • • • • • 
.. 0 0 0 0 • 

0 • • • • 
• 0 • 0 0 

o 0, 

'" ... (,. o _, 
00 

0 

,00 0 

~~~~~~~~~~~~~~~--~~----
7.00 197 91l 10331127 '238 1352 1~.65 11.84 1/7~ 

Fig!lrc -' (, A plot of mass agmnst wmg area for khm%ph"-" ,mmny; (KWT population 
In dark bl ue cJrd~" Kokstad populatIOn In light blue tnangl",) and Rhmu/ophll' C'all(;",.I, 
(De Hoop populatIOn III purple squares" Table farm populallon III pmk diamonds) There 
was no rclat'ollshlp between the two parameters ill clther specIes 

A Pnnclple Component AnalysIs that mcluded mass. wmg span iUld wmg area 3' 

van able, revealed three pnn~lpal <x>rnpon"nt~ ( PC's). I'(' I expl aillS 81 4% of the van alioll 

In (he data and IS loaded most negatively by wlIlgspan and ""ng area (Tables J 2 and 

J_J) I have conSIdered PCI as a 'wing 'lie' component. pe2, whIch explam, 14.6% of 

the vanation. IS loaded h'ghest, and positively, by rna,s and.s thus con>ldercd to the 

"body mass" component. f>C3 only OCWlIIlts for 4 1% vanalj()n and IS n01 dommated by 

any orthe thr"" vaflabl~, 

40 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Table 3.2. Eigenvalues and percent variation for the six Principal Components from the 
analysis of mass and wing parameters for RlzillO/ophlis s\\'illl/yi (KWT and Kokstad) and 
RhillO/ophlis capcl/sis (De Hoop and Table Farm). 

Eigenvalue % Variation 

PCI 2.4 81.4 
PC2 
PC3 

0.4 
0.1 

14.6 
4.1 

Table 3.3. The variable loadings of each variable on the first four principal components 
from the PC A of mass and wing parameters of both populations of Rhin%phlls capcl1sis 
and R. s\\·illll)'i. 

PCI PC2 PC3 

Variables 

Mass -0.8 0.6 -0.0 

Wingspan -0.9 -0.2 0.3 

Wing area -0.9 -0.3 -0.2 
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The Principal Component Analysis shows a separation of the t\\'O Rhil/%phlls 

capel/sis populations along PC2; body size. R .. nl'inl/yi populations overlap each other 

completely along PC 1 and PC2. However, R. sfl'il/nyi loads more positively on the wing 

size axis (PC2). Since R. sH'innyi is smaller than R. c([pensis, wing size decreases along 

the x-axis in this figure. 

Sku/! parameters 

Rhin%phus capens'is has a longer skull and dentary than R. SH'illl/yi (Table 3.4). 

Despite differences in skull length, the height of the condyle and coronoid process is the 

same for both species. All parameters, except for the ratio of a: b, are significantly 

different and have negligible measurement errors. In the PC A and OF A below, the 

species are divided into their constituent populations to show trends in skull differences 

in different geographic areas. This was not done for significance testing due to very low 

sample sizes in some populations. 
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Table 3.4. Mean ± standard deviation for all skull parameters (cm) for RhillO/opliliS 
capensis (R. ca) from Dc Hoop and Het Kruis and Rhin%pliliS s1\'innyi (R. S1\') from 
King Williams Town (KWT) and Kruger National Park (KNP). Significant results shown 
in bold. 
Bat species R. S1\' R. co u* and Standard 

significancc crror 

Number of bats 16 18 
Skull Earameters 
a [distance from the anterior surface of the 0.4 ± 0.0 0.5 ± 0.0 48 0.001 
mandibular fossa to the origin of the P<O.OOI 
masseter muscle (bottom of the left angular 
process)] 
b [distance from the top of the left condyle 0.2 ± 0.0 0.3 ± 0.0 38 0.0009 
to the inse11ion of the masseter muscle P<O.OOI 
(bottom of the left angular process)] 

a:b [ratio ofa to b] 
1.8 ± 0.4 1.6 ± 0.4 95 N/A 

P=0.09 
d [height of the condyle (top of the left 0.3 ± 0.0 0.3 ± 0.0 0 0.001 
condyle to the plane of the alveoli ofthc P<O.OOOOI 
left first and second molar)] 
e [height of the coronoid process (top of 0.2 ± 0.0 0.2 ± 0.0 10 0.0008 
the left coronoid process to the plane of the P<O.OOOOI 
alveoli of the left first and second molar)] 
f [length of skull (from the occipital to the 1.8 ± 0.0 2.1 ± 0.1 0 0.0009 
alveolus of the canine)] P<O.OOOOI 
g [length of the dentary (from the back of 1.1 ± 0.1 1.3 ± 0.1 49 0.0006 
the left condyle to the epiphysis of the P<O.Ol 
dentary)] 
h [length of the left maxillary tooth row 0.5 ± 0.0 0.6 ± 0.0 0 0.0009 
(from the front of the left fOUl1h premolar P<O.OOOOI 
to the back of the left third molar)] 
i [dentary thickness (from the plane of the 0.1 ± 0.0 0.2 ± 0.0 4 0.001 
alveoli of the left first and second molar to P<O.OOOOI 
the bottom of the left dentary)] 

*Mann-Whitney U test 
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In the Principal Component Analysis of skull parameters for all four populations 

of both species (Figure 3.8), PC I explains the most variation (64.9%) followed by PC2 

(23.1 %. Table 3.6.). PC3 only accounts for 4.9<Yo of the variation. There is separation of 

the t\vo species along PC 1 but almost none along PC2. Skull length (t) and dentary 

thickness (h) loads highest on PC 1 suggesting that this component is largely a size 

component with the largest species (R. copensis) having the larger skull. The fact that 

there is very little separation along PC2 separating the two species suggests that gape (a:b 

ratio loads highest on this component) and the general shapes of the skulls of the two 

species has not changed much. The a: b ratio is a measure of gape, such that a larger ratio 

of the distance from the mandibular fossa to the origin of the masseter muscle, to the 

distance of the condyle to masseter muscle insertion site, the larger the effective gape, 

and the larger the prey that can be taken (Freeman 1979). This is supported by the fact 

that the smaller R. S1I illilvi has the same sized parameters as the larger R. capel/sis (e.g. 

height of the condyle (d). height of the coronoid process (e)). Higher condyles are 

associated with greater masticatory power, whereas a lower coronoid process and larger 

condyle is found in carnivores where greater biting force is important. The maxillary 

tooth row length relates to the amount of prey struggling that the bat can cope with since 

thickening of bones is associated with greater amounts of stress on it (Freeman 1979). 

Thus it appears as if the skull has retained its function despite the change in size. The Het 

Kruis and De Hoop R. capensis populations are separated obliquely when PC 1 and PC2 

are considered, where the Het Kruis population has a larger gape. This separation is 

explored fUl1her below. 
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A Prinicipal Component Analysis of the skull measurements from the two 

populations of R. Ulpcnsis (Figure 3.9) showed that most of the variation in the skull data 

is contained in the first three Principal Components (PCs). PC 1 accounts for 51 % of 

variance, followed by PC 2 (25%) and PC3 (l 0.1 %; Table 3.7). 

Table 3.5. Eigenvalues and percent variation from the PCA of skull parameters for 
Rhin%phlls .nl'innyi (KWT and KNP) and R. capcnsis (De Hoop and Het Kruis). 

Eigenvalue % Variation 

PC1 5.S 64.9 
PC2 2.1 23.1 
PC3 0.4 4.9 
PC4 0.2 2.6 
PC5 0.2 2.1 
PC6 0.1 1.5 
PC7 0.1 0.7 
PCS 0.0 0.3 
PC9 0.0 0.0 

Table 3.6. Variable loadings on the nine Principle components from the PCA of skull 
parameters for Rhin%phlls Ulpcnsis and R. sH'innyi. 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PCS PC9 
Variables 

A -O.S -0.4 0.3 -0.1 -0.0 -0.1 -0.1 -0.0 -0.0 
B -0.5 O.S 0.1 -0.1 -0.1 0.0 -0.1 -0.0 0.0 
a:b -0.0 1.0 -0.1 -0.0 -0.1 0.0 0.0 0.0 -0.0 
D -0.9 0.1 -0.3 0.3 0.1 -0.0 -0.1 0.0 -0.0 
E -0.9 0.2 0.3 0.1 0.2 0.1 0.1 0.0 -0.0 
F -1.0 0.1 -0.0 -0.1 0.0 -0.1 0.1 -0.1 -0.0 
G -O.S -0.4 -0.1 0.1 -0.3 0.2 0.0 -0.0 -0.0 
H -1.0 -0.0 -0.0 0.0 -0.1 -0.2 0.1 0.1 0.0 
I -0.9 -0.1 -0.3 -0.3 0.1 0.1 -0.0 0.0 -0.0 

Parameters a, g and h load highest of PC 1. These three parameters are concerned 

with the length of the skull and dentary and the distance from the mandibular fossa to the 
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origin of the masseter muscle and maxillary tooth row. A larger distance from the 

mandibular fossa to the origin of the masseter muscle relative to the distance from the 

condyle to the insertion site of the masseter muscle indicates a larger gape. Since both 

populations have the same values for the latter measurement (b), the increased gape in the 

Het Kruis population is a consequence of the increased distance of the former 

measurement (a). PC 1 will be considered a ·size and gape" component. 

Parameters band e load highest on PC2. An increase in the height of the coronoid 

process (e) provides leverage for the masseter muscle and consequently greater clUshing 

power of the jaw. The coronoid process is usually high in camivores, which have a strong 

biting force for slicing through f1esh. The distance from the condyle to the origin of the 

masseter muscle is proportional to the size of the gape such that a bat with a smaller 

distance has a larger gap (Freeman 1979, 1981). The size and hardness of the prey that a 

bat can process will be determined by this component since it is a measure of gape and 

clUshing ability. This principal component will be called "bite force and gape". 

R. capcl/sis (De Hoop) has a relatively small gape for its size because of the small 

distance from the condyle to masseter muscle origin. Parameter d loads highest on PC3 

and cOITesponds with the height of the condyle. Bats with a larger condyle usually have 

larger masseter muscles and thicker dentaries, making them better suited to deal with 

hard prey (Freeman 1979). The two populations of R. capcl/sis are separated mostly on 

PC 1 (Figure 3.8A), such that the Het Kruis population can take larger prey due to a wider 

gape and larger skull than the De Hoop population. The separation along PC2 is probably 

mostly due to the difference in gape as well. 
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Table 3.7. Eigenvalues and pcrcent variation for thc nine Principal Components from the 
analysis of skull parameters for Rhin%phliS capclIsis (De Hoop and Het Kruis). 

-----'-----

Eigenvalue %Variation 

PCI 4.6 SI.O 
PC2 2.3 2S.1 
PC3 0.9 10.1 
PC4 O.S S.9 
PCS 0.4 4.1 
PC6 0.2 2.3 
PC7 0.1 1.0 
PC8 0.1 0.7 
PC9 0.0 0.0 

Table 3.8. The loadings of each parameter on the nine Principle Components for the PCA 
of skull parameters for Rlzin%phliS capensis (De Hoop and Het Kruis). 

PCI PC2 PC3 PC4 PCS PC6 PC7 PC8 PC9 
Variables 

A -0.9 -0.1 -0.3 -0.1 0.0 -0.2 -0.1 -0.1 -0.0 
B O.S -0.8 -0.2 0.3 0.1 -0.1 -0.0 -0.1 0.0 
a:b 0.8 -0.6 -0.0 0.2 0.1 -0.0 0.0 0.0 -0.0 
D -0.4 -0.3 0.8 0.2 -0.1 -0.0 -0.1 -0.0 -0.0 
E -0.4 -0.8 -0.2 -0.1 -0.1 0.3 -0.1 0.0 -0.0 
F -0.8 -O.S 0.0 0.0 -0.3 -0.0 0.2 -0.0 -0.0 
G -0.9 0.1 0.1 0.0 O.S 0.2 O. I -0.0 -0.0 
H -0.9 -0.3 -0.0 -0.0 0.1 -0.2 -0.0 0.2 0.0 

-0.6 O.S -0.2 0.6 -0.1 0.1 -0.0 0.0 -0.0 

A Discriminant Function Analysis for the principal component scores from the 

PCA of skull parameters of Rhin%phliS capclIsis and R. SH'illllyi yielded a model with 

three discriminant functions (Table 3.10) with a Wilk' s Lambda = 0.004 (Fie-hi) = 13.4, 

P<O.OOO I ). 

Principle Component I differentiated best between groups with Wilk's Lambda = 

0.1, F(3.211-to-remove = 263.3, P<O.OOOOOI, followed by PC6 (Wilk's Lambda = 0.01, 

so 
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Fi3 .21j-to-removc = 15.3, P<O.OOOOl) and then by PC 2 (Wilk's Lambda = 0.01. Fi3 .21 )-to-

remove = 9.9, P<O.OOl) and PC5 (Wilk's Lambda = 0.01. Fi3 .21j-to-remove = 8.9, 

P<O.OI). PC 7 had a Wilk's Lambda = 0.01, F(3.21)-to-rcmove = 6.4 P<O.Ol and PC 3 had 

a Wilk's Lambda = 0.01, F(3.21)-to-remove = 4.7, P<O.OI. PCs 4 and 8 were not 

signiticant contributors to the Discriminant Function model. 

Figure 3.10 shows separation of the species on DF1 and separation of the 

populations of the species on DF2. The standardised coefficients for the discriminant 

functions show that PC 1 loads highest on OF 1 and PC2 loads highest on DF2. The 

species are thus differentiated by jaw strength, Rhinolophlls capensis having a more 

robust skull. RhillOlophlis swinllyi KWT and R. capel/sis Het Kruis have larger gapes than 

their conspecitic populations. 

Table 3.9. Standardised coefficients for the three Discriminant Functions for the principal 
components of skull parameters. 

Discriminant Discriminant Discriminant 
Function 1 Function 2 Function 3 

Standardised Standardised Standardised 
coefficient coefficient coefficient 

Variable 
PC1 1.9 0.1 -0.1 
PC2 -0.3 -1.0 -0.3 
PC3 0.2 0.8 0.1 
PC4 0.4 0.1 0.5 
PC5 0.6 -0.9 0.1 
PC6 1.2 -0.6 0.4 
PC7 -1.0 0.0 -0.6 
PC8 -0.3 0.4 0.4 
PC9 -0.4 0.3 -0.7 
Eigenvalue 0.6 -0.9 0.1 
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Eco/rwic([ / Di\ 'erucllce b b 

RhillO/ophlls s\\'innvi and R. capcnsis both have diets dominated by 

Lepidopterans, followed by Coleopterans. Rhin%phlls capcnsis took no dipterans and R. 

s\\'innyi took no hemipterans. One R. slI'innvi individual had almost its entire faecal 

volume composed of hymenopterans which was probably a single opportunistic event 

since this order was not evident in the faeces of any other individuals (Table 3.10). 

Table 3.10. Mean ± SO percent volume of prey categories in the diet of RhillO/ophus 
sl\'innyi and Rhin%phus capcnsis and the length of beetle claws found in the pellets. 
Bat species and age R. sH'innyi R. sl\'illnvi (April) R. capcllsis (April) 

Number of bats 

Prey type 
Lepidoptera 
Coleoptera 
Oiptera 
Hemiptera 
Hymenoptera 
Unknown 

Beetle claw size 
Sample size 

(February) 
20 

89.3 ± 22.0 
5.6 ± 18.1 
2.3 ± 6.1 
o 
o 
2.8 ± 8.5 

7 

16 26 

68.5 ± 36.3 95.8 ± 4.1 
29.0 ± 33.02 3.9 ± 4.2 
0 0 
0 0.007± Cl.04 
6.2 ± 24.67 0 
0 0.3 ± 1.1 

8 

Mean (mm) ± SO 
(Minimum and 
maximum in brackets) 

2 ± 1.3 (0.75-4mm) 2.8 ± 0.3 (2.25-
3.25mm) 

A dendro(Jram (Fi (Jure 3 1 1 A) identities three maJ' or (Jroupin(Js accordin u to b b . b b b 

dietary composition. The two species show a large amount of overlap, which is illustrated 

by none of the groups being dominated by either species with the exception of the group 

to the left of the MOS plot (Figure 3.11 B), depicted to the right of the dendrogram. 
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Figure 3.11. A dendrogram of the relationships in dietary composition between Rhinolophlls 
capellsis (B) and Rhinolophlls svl'innyi (C) in the same month and the Multi Dimensional 
Scaling plot (MDS) of similarities in dietary composition between Rhinolophlls capensis (B) 
and R. slI'innyi (C) in April. Two groups are blocked, which are composed of individuals 
\vith 65% similar in dietary composition (smooth line), One of the groups is made up of two 
sub-groups that are 90% similar (dotted line). This figure was created using the Bray-Curtis 
measure of similarity, 
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The MDS plot confin11S the large amount of overlap in the diets of the two 

species. The stress level is very low at 0.01, indicating that the similarities and 

ditlerences between the diets of the individuals have largely been maintained during the 

compression of the data into two dimensions. The groups identified in the MDS plots and 

\vhich are mixed with respect to species, with the exception of the group to the left 

composed entirely of R. sfvinnyi, are significantly different (ANOSIM R statistic = 0.273 

and P = 0.002). The individual that ate predominantly Hymenoptera was excluded from 

the MDS plots since the degree to which it polarised the data obscured the degree to 

which the other individuals are similar. It is, however, included in the dendrograms and is 

visible on the far left. These results suggest that inter-individual ditTerences are more 

pronounced than interspecific di fferences. 

The subgroup on the far right has individuals with diets dominated by 

Lepidopterans (Figure 3.118). The centre subgroup has individuals with diets dominated 

by Lepidopterans but with some Coleopterans. The group on the left is composed of 

individuals with a high proportion of Coleopterans in their diet. 
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Figure 3.12. The Multi Dimensional Scaling plot (MDS) of similarities in dietary 
composition between Rhinolophus sH'innyi February (A) and R. swinnyi April (C). Two 
groups are blocked, which are composed with individuals with 70% similar in dietary 
composition (smooth line). One of the groups is made up of three sub-groups that are 80% 
similar (dotted line) and 90% similar (dashed line). 

For the MDS plot of the diet of R. sH'innyi in February and ApriL the group on the 

left has individuals with diets that increase in the proportion of Lepidopterans to 

Coleopterans from left to right (Figure 3.128). The group on the right is made up of 

individuals who also consumed orders other than Coleoptera and Lepidoptera. The 
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subgroups are divided according to the proportions of these orders that the bats took. This 

figure was calculated using the Bray-Curtis measure of similarity. 

A Similarity Percentage (Simper) Analysis shows a large degree of similarity 

within the two species: 91.25% similarity in R. sH'innyi individuals and 92.53% in R. 

capensi ... ;. There is only 9.04% dissimilarity between the t\VO species (Table 3.12). 

Lepidopterans account for most of the intra-species similarity for both species and 

Coleopterans account for most of the dissimilarity (5.11 %) between species. Only values 

for the highest contributing variables are shown. 

Table 3.11. Results of the Simper Analysis of the dietary compositions of Rhin%phlls 

sH·iJlIl.vi in February and in April. 

A verage percent 

Prey type 
Lepidoptera 
Coleoptera 
Hymenoptera 

Rhil1%phlls 

sH'innyi February 

Similarity=91.25 

96.82 

Rhin%phllS 

SH'iIlIlVi April 

Similarity=63.16 

81.82 
18.18 

February-April 

Dissimi larity=29. 77 

30.70 
49.69 
9.73 

Table 3.12. Results of the Simper Analysis of the dietary compositions of Rhil1%phllS 

s'1!'inllyi in April and R. capensis in April. 

A verage percent 

Prey type 
Lepidoptera 
Coleoptera 
Hymenoptera 

Rhin%phlls 

sH'innyi April 

Similarity=63,16 

81.82 
18.18 

Rhin%phlls 

c([pellsis April 

Similarity=92.53 

95.27 

R.SH·inllvi-

R.capensis 

Dissimilarity=27 .09 

33,75 
53.69 
10,69 

A backwards stepwise regression of the proportion of moths in the diet against wing 

parameters, peak echolocation fi-equency and mass was performed to see which was the 

best predictor of percentage moths in the diet. The regression yielded a model (r = 
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0.374390. F = 64.57932 and P < 0.01) which eliminated all variables except \ving tip 

shape (t = -3.35384. P<O.OI). Wing tip shape is negatively associated with the incidence 

of moths in the diet. The same analysis on proportion of beetles in the diet yielded the 

model with Wilks' Lambda =0.7 F(7.54) = 3.1. P<0.009. It eliminated all variables except 

wing loading, which was negatively associated with the percentage beetles in the diet (t = 

-2.1, P<0.05). Wing loading decreased with increased beetles in the diet and the wing tip 

shape became more pointed when more Lepidopterans were found in the diet. This 

indicates that slower flight speeds and greater manoeuvrability are advantageous for 

catching these insect orders. 

4.5 
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Figure 3.13. Box plot of the mean, standard error and minimum and maximum values of 
beetlc claw lengths found in the faeces of Rhin%phllS s\\'innyi and Rhin%phllS 
capensls. 
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Although the median size prey taken by RhillO/oplilfS sl\'il/l/yi was slightly smaller 

than that taken by R. capel/sis, the median size of prey was not statistically difTerent 

(Mann- Whitney U= 17,5, P=O.22; Figure 3.13). However, R, sl\'il/llyi took a larger range 

or prey than R. copel/sis at both ends of the spectrum (Figure 3.13). The largest prey that 

R. sl\'il/l/yi took was larger than that taken by R. capel/sis and the two species had 

significantly different variances (Levene's test h 13 = 21.2, P = 0.00(5). Rhil1%phlfS 

Sl\illllvi may have been able to detect smaller prey than because they have higher 

frequency and broader bandwidth calls, whilst large prey remained available to them 

because of their similarly sized gape (see PCA analyses on skull parameters above). 
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CHAPTER 4 

DISCUSSION 

There were marked ecomorphological differences between Rhinolophlls capensis 

and R. swinnyi. and between populations within each species. Rhinolophus capensis is a 

bigger bat than R. swinnyi and, as predicted by the inverse relationship between mass and 

echolocation frequency (Jones 1999), it has a lower echolocation call frequency. Wing 

morphology and echolocation calls showed allometric responses to the change in mass. 

Although the skulls of R. capensis were bigger, the shape and therefore the function of 

the skulls appeared to remain the same. R. capensis is, therefore, essentially a scaled up 

version of R. swinnyi. I review the differences between species, the likely functional 

significance of these differences and outline their possible causes. 

The differences in body mass between populations of the same species are not the 

result of pregnancy, the inclusion of sub-adult samples, or due to the sampling of another 

species by mistake. Table Farm bats were caught in April and King Williams Town bats 

in February, which is prior to fertilisation (Bernard 1985). In addition, no significant 

difference was found between the masses of males and females of both populations of 

Rhinolophlls capensis (De Hoop) or R. swinnyi (KWT). The mass, forearm and call 

frequency together exclude the possibility of R. capensis bats being mistaken for R. 

darling;. Furthermore, the anterior premolar was observed in the tooth row of R. capens;s 

individuals. 

There is a difference of22 kHz in peak echolocation frequency between 

Rhinolophlls capensis and R. sll'innyi. Higher frequency calls, like that of R. swinnyi. 
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attenuate more in air but also enable the bats to resohe smaller objects (Vaughan 1972). 

Lawrence and Simmons (1982) show that bats \vith calls over 100 kHz (e.g. R. s\I'inn.vi) 

lose over 3dB/m to atmospheric attenuation, whereas R. capcnsis would lose betwcen 2.3 

and 2.7dB/m. They suggest that bats with echolocation frequencies over 100 kHz must 

have selection pressures acting on features that are of greater imp0l1ance than prey 

detection range. The very high frequencies at which these bats are calling are unlikely to 

translate to a functional difference in tenm of range and the resolution of small objects. 

The difference in call peak frequency between species equates to about a 1 mm difference 

in wavelength. The dietary analysis showed that there is no significant difference in the 

size 0 f the prey taken, which supports the assertion that the functional di fference in 

frequency is negligible, although the sample size in the dietary analysis is relatively low 

and the mean prey size could change with a higher sample size or \vith changes in insect 

availability over the course of a year. 

Since higher hequencies confer increased resolution. they would be advantageous 

for foraging in areas of increased clutter and structural complexity. Rhin%phllS capcllsis 

calls are longer and have narrower bandwidths than those of R. sH'innri. According to 

predictions about the echolocation of bats t1ying in cluttered habitats (Schnitzler and 

Kalko 1998), R. capcllsis calls may be better suited to a relatively more open 

environment, albeit still cluttered. Despite these predictions. the difference in 

environmental attenuation and wavelength indicate that there is little functional 

difference in the calls of these two species as outlined above. Harmonic hopping in 

rhinolophids has been shown to be a basis for speciation, although this was in bats calling 

at relatively low frequencies (27.2-53.6 kHz, Kingston and Rossiter 2004). It is 
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consequently unlikely that the calls of R. capellsis and R. s\\illJl\'i are a significant driving 

factor in the divergence of these species. 

The Fynbos is up to 3m high (Rutherford and Westfall 1986) and forms dense 

clusters of plants which bats cannot t1y through. Rhill%p/I/{s c([pcllsis nies 

predominantly w'ithin 1m above the vegetation (Jacobs ct a/. 2007) and probably forages 

in clutter as it negotiates the edge of the plants. Grassland, like the Fynbos, is fairly 

homogenous and less complex than savannah and forest environments. R. sH'inllvi in 

Grassland probably t1ies just above the vegetation in a similar manner to R. capellsis in 

the Fynbos due to their gross similarity in form. 

The forest, on the other hand, is highly cluttered with horizontal and vertical 

obstacles and presents structural complexity in 3 dimensions. The forest is composed of 

plant species of various heights but the majority are large and the tallest is tens of meters 

high. R. sHinnri in the forest t1ies within the canopy and therefore forages in a high 

degree of clutter. R. sl\'innvi is not restricted to forests, however, and pockets of tropical 

thicket up the east coast of South Africa may present a cluttered environment, to which R. 

sH'illllyi is best suited to exploit based on echolocation and wing morphology. However, 

since R. sHinllyi inhabitats both forest and savannah/Grassland, it is unlikely that clutter 

alone is responsible for the difference in body size and frequency, Instead, it is more 

likely that selection acted on body size with allometric responses in echolocation 

frequency, This is supported by both species scaling allometrically with other members 

of the Rhinolophidae for call frequency, 

Body size affects and is affected by all aspects of an animal's biology. The most 

important effects in this case may include foraging range and generality of diet. A small 
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body size confers certain advantages to bats in particular biomes. Smaller bats arc more 

manoeU\Table. able to tly through small spaces (Norberg and Rayner 1987), and have 

jaws that are stronger relative to their size (since muscle power varies by the square of its 

linear measurements but volume varies by the cube, Freeman (1979». Since R. s>I'innyi 

has a smaller body, it would be better adapted for forest and savannah biomes because 

these habitats are relatively cluttered, 

There is a greater abundance of nying insects in the forest and savannah biomes 

(Proches and Coviling 2006) than in the Fynbos, which may be due to the higher annual 

rainfall in these biomes. The increased manoeuvrability of R, SH'illllVi would be 

advantageous for taking the available insects in clutter. In resource poor habitats, such as 

the Fynbos, a small size would be a distinct disadvantage. This is because of the ratio of 

surface area to volume, which makes metabolic running costs relatively high (McNab 

1980). Since wing loadings are reduced in small bats, commuting nights for finding food 

would be energetically inetlicient, as increased wing loading is good for higher tlight 

speeds. Small body sizes, therefore, would not be suited to an environment where 

resources are sometimes limited or are highly dispersed. 

On the other hand, a large body size would confer celiain advantages in sub

optimal habitats where resources are sometimes in shOli supply. Insectivorous bats have 

relatively low basal metabolic rates, apparently to mitigate the energetic effects of the 

high seasonality of insect availability (McNab 1980). The use of torpor in insectivorous 

bats is an additional means to mitigate energetic costs (Barclay et al. 2001), although this 

is not addressed in this project. Bigger insectivorous bats have an added energetic 

advantage to being large in areas of high variability and unpredictability in that their 
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larger size would assist them in covering more ground in the search for food. Be this as it 

may, larger bats would have greater overall energy requirements. 

In addition, feeding specialists are big or small in size but generalists arc always 

big (Brown et 0/. 1993, Swartz et 01. 2003). It follows that a generalist bat would be able 

to take a greater range of insects, whereas a small bat would be restricted to small prey 

and for which it is specialised. Larger body sizes would then be at a clear advantage 

when insects are difficult to find or when the preferred prey is unavailable. Bigger 

generalists also tolerate habitat fragmentation better than small ones and highly mobile 

mammals view habitat fragmentation on a landscape scale (Gehring and Swihart 2003), 

making it likely that R. c([pens;s is at an advantage over R. SH';/Im'; at the ecotone 

between Fynbos and Grassland/savannah. This may also account, in pmi, for the 

increased size of R. sH';nny; in the population at the ecotone. 

Commuting night, which is beneficial for finding adequate food in a single night, 

requires faster night speeds so that larger distances are covered. As a result bats that 

perform commuting flights generally have higher wing loadings to achieve these higher 

night speeds (Norberg and Rayner 1987). The explanation for the larger body mass in the 

Fynbos species and in the ecotone/edge populations may, therefore, also lie in the need 

for commuting nights to exploit less abundant resources more etliciently. 

To summarise, the smaller body size of Rhif/%phus SH'illi1.1·; makes it well 

adapted for foraging with manoeuvrability in a high degree of clutter and for resolving 

small prey against a cluttered background. The relatively low \ving loading conferred by 

lower mass makes commuting nights inetlicient so this species would be better suited to 

an environment where resources are not limited or highly diffuse. R. capel/sis, which is 
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bigger in size, \vould be able to make energetically efficient commuting nights. I propose 

that the larger body size of R. capcl/sis. and both populations at the respective range 

edges, provide a larger niche width (Jones 1996) which enhances survival in suboptimal 

environments. Significantly, the ecotone occurs at the edge of the range of both species. 

This would be a sub-optimal environment in comparison to the centre of the distribution. 

This edge effect may be a major reason for the increased body sizes found at the ecotone 

populations. Larger body sizes in both R. capcllsis and edge populations of both species 

could be for the same gains: wider niche widths and greater wing loadings for commuting 

flights. 

The divergence of RhillO/ophlfS capcl/sis and R. s\\'illllyi occurred about 16 million 

years ago (Stoftberg 2007). There was progressive desiccation from the Miocene (ca 20 

mya) to the Plio-Pleistocene (ca 2-3 mya, Coctzee and Muller 1984). Grasses arose about 

18mya and by the mid-Miocene (approximately 15 mya) the Fynbos was fully established 

(Pat1ridge 1997). It is gencrally accepted that thc current forest-fynbos distributions are 

controlled by fire (Manders 1990, Geldenhuys 1994) and that differences in soil nutrients 

are an effect rather than a causc of the current distribution of these two biomcs. Cowling 

c{ (II. (1999) emphasise that the eastern and western sides of the Fynbos biome are under 

fundamentally different controls as rainfall is less predictable and peaks in spring and 

autumn in the east. This difTerence in abiotic characters likely contributes to the 

differences observed in R. capctlsis populations. 

The Fynbos is a nutrient poor biome with highly variable and frequent fires 

(KlUger and Bigalke 1984, Van Wilgen ct (II. 1985, Christian and Stanton 2004), strong 

winds and a high abundance of galling insects (Proches and Cowling 2006), which are 
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not available to bats as food. The abundance of Lcpidopterans. howe\cr. is considered to 

be relatively high in the Fynbos (Rutherford and Westfall 1986). The flora is adapted for 

fire and many plant species require fire for propagation (Bond 1980). Insect abundance 

is. hO\vever. highly affected by fire (Swengel 2001). Moth abundance decreases in the dry 

season (Haber and Frankie 1989) and the dry summer months of the winter rainfall area 

are particularly harsh (van der Merwe et al. 1994). Since insect abundance is highest after 

first rains. the summer drought may be a time of pm1icular resource dearth for the Fynbos 

bats. From the study of variation of fat stores in bats over time. it is clear that 

insectivorous bats experience the most variation in food availability. relative to other 

trophic groups (McNab 1976). This may be pronounced in the Fynbos because of fire and 

summer droughts. This short. ditluse supply of resources may be responsible for the 

increased body size of R. copel/sis as outlined above. 

Ecotones represent areas of evolutionary novelty since the selection pressures are 

probably different to those in anyone of the biomes that compose it (Smith et al. 1997). 

Furthermore, landscape fragmentation, one of the characteristics of ecotones. can affect 

the abundance of certain bees and beetles (Donaldson et al. 2002) and vegetation islands 

have one fifth the species of mainland patches of the same size. Insects are adversely 

affected by habitat fragmentation (Didham et al. 1996). 

Populations of the two species at the periphery of their respective distributions 

both lie in the middle of the ecotone and are divergent from populations from within the 

distributions. This duality of factors that makes the environment at the transition 

zone/range edge is probably the main cause of differences between populations of both 

species. Wing area was lower in these peripheral populations and. in combination with 
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increased body mass, results in higher wing loadings. Differences in echolocation, wing 

parameters (other than wing area) and skull morphology did not deviate from allometry 

and could therefore be explained by the difference in size in the two edge populations in 

comparison to their counterpart populations within the biomes. The main difference, 

therefore, in the peripheral populations is the same as the difference between species; an 

increase in niche width and size and a decrease in wing area resulting in an increase in 

wing loading and consequently less manoeuvrability, but more efficient long distance 

flight. 

Squared Mahalanobis distances indicate that R. sH'illllyi populations are more 

divergent from each other than RhinolophliS c({pellsis populations. This is probably the 

result of their range covering more than one biome and occurring across latitudes, 

although these are likely not the only factors at play. This hypothesis was not addressed 

empirically in this study. Edge populations are often not highly adapted for their 

environment since gene flow from the rest of the distribution can have a homogenising 

effect and detract from local adaptation (Kawecki and Ebert 2004). The environment at 

the edge of the distribution may not, therefore, be as well suited to the ecophysiology and 

morphology of each species. The adaptive significance of phenotypic differences should 

thus be viewed vvith the dynamic relationship between natural selection and gene flow in 

mind. 

This study may have been affected by the inclusion of data that was collected by 

other people, which may have introduced measurement etTOr. As the sampling was done 

in two very different locations at different times of year (although within the same 

season), it is impossible to measure all the factors which are responsible for the 
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differences observed in the phenotype of these bats. Likewise, since the sampling sites 

\vhere I collected data are controllcd by very ditTerent climatic systems, it is possible that 

differences in body mass were affected by each site being at different points in the 

temporal t1uctuation of insect abundance. This project also sutTered from very low 

sample sizes in some populations from which the skulls were taken, and in the number of 

beetle claws found for the analysis of prey size. Due to the limitations that the scope of 

this project imposes, it was not possible to compare the complete suite of phenotypic 

characters that occur in an animal. Whether or not this is possible in any case is 

questionable. I do feel that the characters described in this project gi\·e a well rounded 

observation of the major characters of bats that most affect their survival: echolocation, 

\ving morphology, body size, skull morphology and diet. 

Conclusion 

The major ditTerence between Rhin%pizlfs capensis and R. s<I·inn.vi is in body 

size and associated differences in echolocation peak fl·equency and skull and wing 

morphology. This ditTerence is mirrored in the populations of the two species such that 

those on the edge of the distributions are larger in size than individuals tl·om populations 

towards the centre of their respective distributions. Rhinolophlls capensis prevails in a 

habitat that is by and large homogeneous but, due to a variety of rainfall and fire regimes 

and a general condition of nutrient povel1y, resources are low and diffuse. Similarly, 

ecotones are regions of fragmentation and variability in resources. A larger body size 

impal1S a wider niche (Jones 1996) for taking more prey types, larger wing loadings for 

more efficient commuting t1ights and minimised energetic constraints (McNab 1980). 
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APPENDICES 

Table I. Mean ± SO for body size, echolocation and \ving paramctcrs for adults and sub-
adults. Significance differences from one-way ANOY As are indicated in bold type. 
Rhil/o!ophus sH'il/l/yi is represented by the abbreviation R.sH· and R. capcl/sis by R.c([. 

Bat species R.sH· R.sH' sub- One-way R.C([ adults R.C([ sub- One-way 
and age adults adults ANaYA adults ANaYA 

P-value P-value 

Number of 30 21 28 5 
bats 
Body size 
Mass (g) 8.3 ± 0.3 6.9 ± 0.7 0.0001 15.1 ± 104 12.7±1.9 0.1 

Echolocation 
parameters 
Peak 
frequency 107.8 ± 106.5 ± 0.0001 85.8 ± 0.7 86.3 ± 0.2 0.1 
(kHz) 0.8 0.9 
Band width 19A±4.1 14.5 ± 2.9 0.0002 11.1±1.6 9.9 ± 1.5 0.1 

Duration 19.9±4.8 20.0 ± 3.9 0.9 44.2 ± 7.6 42.3 ± 0.6 
1204 

Wing 30 21 53 5 
parameters 
Forearm 43.7 ± 0.9 42.8 ± 1.6 0.01 49.9± 1.1 49.7 ± 1.3 0.5 
length (cm) 
Wing area 124.6 ± 11204 ± 0.002 159.8 ± 151.2 ± 0.3 
(cm2

) 13.1 15.6 15.1 6.7 
Wing span 25.9 ± 2.0 25.5 ± 2.3 0.6 30.3 ± 104 29.9 ± 0.8 0.9 
(cm) 
Wing loading 6.6 ± 0.7 6.1 ± 0.6 0.01 7.8 ± 1.3 9.8 ± 1.3 0.03 

." (Nm -) 
Aspect ratio 5A±0.7 5.8 ± 0.5 0.004 5.7 ± 0.3 5.9 ± 0.3 0.2 
Tip shape 2.0 ± 0.5 2.0 ± 0.3 004 1.5 ± 0.3 1.6 ± 0.2 0.6 
index 
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Table 2: Mean ± SO echolocation and wing parameters for RhillO/ophlls SlI'illllyi (R .. m) 
KWT and RhillO/ophlls eopellsis (R.eo) (De Hoop and Table Farm) adult males and 
females, P-values from the Factorial ANOV A are given. 
Bat species and R.Sll' R.S1\' R.C({ R.C({ P- R.ca R.eo P-

~~ " P- +'i ,,)~~0 value '¥g' value sex -C'+ 
KWT KWT value TF TF DH DH 

Number of bats 19 20 13 IS 12 

Body size 
Mass (g) 8.S±0. 8.2±0. P>O.S 14.8± 13.6± P<O.Ol IIA± 10.8± P>0.2 

S 2 1.1 0.8 I O.S 

Wing 
parameters 

Forearm length 44.3± 43.1± P>O.S SO.7± 49.S± P<O.OO6 46±12 49±0. P>OA 
(cm) 0.7 0.6 1.1 I .9 06 
Wing span (cm) n±l. 2S±2. P>0.2 30.8± 29.3± P<O.OO()2 30.8± 30.S± P>O.S 

2 ') 1.1 0.6 1.6 IA 
Wing loading 6.S±0. 6.7±0. P>O.S 8.9±0. 8S.6± P>0.7 7±0.7 6A±0. P>O.I 

_ 1 

(Nm -) 7 6 7 0.6 7 
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Table 3. Museums and specimen information for the skulls used in the morphometric 
analys_is., 

-----

Museum Specimen no. code Location Species Sex 

Transvaal 29081 No data De Hoop R. capensis Male 
Transvaal 29072 No data De Hoop R. capcl/sis Male 
Transvaal 29069 No data De Hoop R. capcnsis Male 
Transvaal 29066 No data De Hoop R. capensis Male 
Transvaal 29064 No data De Hoop R. capel/sis Male 
Transvaal 40576 No data De Hoop R. capellsis Male 
Transvaal 36938 No data Pafuri R. s1\'innyi No data 

POli St. Johns. 
Transvaal 1024 No data Pondoland R. s1\'innyi No data 
Transvaal 36101 No data KNP Fig tree camp R. sll'innyi Female 
Transvaal 40506 No data King Williams Town R. s1\'innyi Female 
Transvaal 40503 No data King Williams Town R. Sll'innvi Male 
Transvaal 36584 No data King Williams Town R. s1t'il/l/yi No data 
Transvaal 36580 No data King Williams Town R. s1\'innyi No data 
Amatole 24292 1978 King Williams Town R. s1\'innri Female 
Amatole c3817 1762 King Williams To\vn R. s1\'innyi Male 
Amatolc c3846 1763 King Williams Town R. s1\'illnvi Female 
Amatole 32610 No data King Williams Town R. s\I'innyi No data 
Amatole 24293 1978 King Williams Town R. S1\'illll\'i Male 
Amatole 24299 1979 King Williams Tovv'O R. s\I'inll\'i Female 
Amatolc 24302 1979 King Williams Town R. s1\'innvi Male 
Amatole 24303 1979 King Williams TO\vn R. slI'inll\'i Female 
Amatole 127a 1760 King Williams TO\vn R. Sll'il/llyi No data 

Amatole 3658 1811 Het kruis NWCP R. capellsis Female 
Amatole 3654 1812 Het kruis NWCP R. capensis Female 
Amatole 3655 1813 Het kruis NWCP R. capensis Female 
Amatole 3662 1815 Het kruis NWCP R. capel/sis' Male 
Amatole 3663 1816 Het kruis NWCP R. capcnsis Female 
Amatole 3674 1824 Het kruis NWCP R. capensis Female 
Amatole 3675 1825 Het kruis NWCP R. capen';is Female 
Amatole 3676 1826 Het kruis NWCP R. capensis Female 
Amatole 3679 1828 Het kruis NWCP R. capensis Female 
Amatole 3680 1829 Het kruis NWCP R. capensis Female 
Amatole 3681 1830 Het kruis NWCP R. capel/sis Female 
Amatole 20185 3668 Het kruis NWCP R. capel/sis Female 
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