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Executive summary 
Movement is an integral component within the animal kingdom as species respond to internal 

and external stimuli to ensure their survival. As animals move, they interact with the 

environment in different ways that help to maintain ecological connectivity. These species 

interactions are often mutually beneficial such as pollination and seed dispersal. However, 

there are cases where the interactions between different species have negative implications. 

The emergence of medically important zoonotic and potentially zoonotic pathogens worldwide 

has increased over the past 50 years and emphasis has recently been placed on investigating 

the link between the movement patterns of a host species and potential disease spillover risk. 

Bats have been recognized as important hosts and especially viral hosts. However, the 

ecological context of bats as viral hosts is relatively poorly understood and consequently, an 

important component is often lacking from assessments of viral transmission risk. Bats exploit 

a wide array of different habitat types but the likelihood for contact between bats and people is 

increasing as humans encroach on their natural habitats. As such, studying the movements of 

bats may help understanding their potential role in spillover events by identifying the risk of 

contact with people or other potentially susceptible host species. This research study aimed to 

integrate virological and ecological data to provide a better understanding of transmission risk. 

Specifically, the ecological aspects of bat movement patterns were assessed alongside 

virological data to improve our understanding of the potential role bats may play in viral 

transmission events. 

Bats exhibit wide forms and functions and consequently, their movement patterns may vary 

according to their specific requirements. There are, however, metrics such as home range size 

estimations that can be used as a benchmark to assess how the different ecological and 

biological characteristics of bats are linked to movement patterns. Understanding which traits 

influence bat movement patterns and how they are linked may enable predictions about a 

species’ range requirements and provide insight into the potential scope of their species 

interactions. Similar previous assessments have been performed but with limited sample sizes 

and a restricted geographical range. Expanding the scope to include bat species around the 

globe will provide greater species representation with a wider diversity and encompass a 

broader array of ecological and biological traits. The findings can then be applied as a 

theoretical framework for species range requirements and movement patterns. This is important 

for data deficient and threatened species where not much is known about their range 

requirements. Moreover, it is especially relevant for assessing a species’ interactions with the 
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environment such as seed dispersal or, in the case of zoonotic hosts, potential pathogen spread 

and transmission. Through a global meta-analysis, specific characteristics of bat species were 

identified that have a clear relationship with bat home range size. 

At a local scale, the movement patterns of a known zoonotic viral host, Rousettus aegyptiacus 

(Egyptian rousette bat), were assessed in the rural village of Fertilis, Limpopo Province, South 

Africa across a seasonal gradient to determine risk of contact with a human population. The R. 

aegyptiacus colony inhabits Matlapitsi cave which is within 500m of human dwellings and was 

specifically selected due to previously being shown to host several zoonotic viruses or viruses 

with zoonotic potential. The bats were tracked with radiotelemetry for between seven and nine 

nights every month over a 12-month period to determine their movements which were then 

compared to human presence. Their movements were further assessed relative to fruit 

availability that was estimated as the percentage of fruit cover on fruiting trees distributed 

around the study site. These comparisons were performed throughout the year to assess whether 

fruit availability influences movement patterns across a seasonal gradient. There were distinct 

seasonal differences in movement patterns with bats preferentially foraging within residential 

areas during the dry winter months when subsistence fruit trees provide constant sources of 

food. These findings are important as the peak in bat activity within residential areas coincides 

with previously identified periods of high risk of viral shedding. The findings, therefore, 

suggest that the risk of spillover during this period is high and highlight the importance of 

incorporating ecological data with virological data for more detailed risk assessments. 

 

Key words: Chiroptera, contact risk, ecological interactions, Egyptian rousette bat, home range, 

movement ecology, radiotelemetry, spatial overlap, zoonoses, zoonotic spillover  
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Chapter 1: Literature review 

Introduction 
Ecosystems are complex ecological systems comprising multiple biotic and abiotic factors 

that are intricately interlinked (Perino et al. 2019). The actions of one individual or species, 

therefore, can influence several other individuals within the ecosystem. The movements of 

animals from one location to another are one such example of an activity that can have wide-

ranging impacts (Nathan et al. 2008; Shaw 2020). These impacts can range from mutually 

beneficial activities such as seed dispersal or pollination to agonistic interactions such as 

predator-prey dynamics (Garcia et al. 2013; Allen and Singh 2016). However, movements can 

also carry negative implications, often as unintended side effects such as the introduction of 

parasites or pathogens to new areas (Allen and Singh 2016; Shaw 2020).  Zoonotic pathogens 

are biological agents of animal origin that have the potential to infect humans and are 

responsible for more than 70% of emerging infectious diseases (Allen et al. 2017). Bats have 

been identified as important hosts for several zoonotic pathogens, especially viruses, with the 

potential for large-scale outbreaks and serious consequences for public health (Luis et al. 2013; 

Olival et al. 2017; Mollentze and Streicker 2020). Viral biosurveillance of bat species has 

received increasing focus over the last 30 years since the initial discovery of Hendra virus in 

1994 (Murray et al. 1995; Chua et al. 2000; Peiris et al. 2003; Zaki et al. 2012). The 

advancement of nucleic acid sequencing techniques paired with an increased focus on bat 

biosurveillance has greatly contributed towards the discovery of novel bat-borne viruses with 

zoonotic potential, although the spillover and outbreak capacity of these viruses is unknown 

(Tan et al. 2021). However, the ecological link between bats and pathogen transmission is 

poorly understood as ecological data is often lacking in viral transmission risk assessments (K. 

Zhao et al. 2022). For instance, the movement patterns of bats may have direct consequences 

for pathogen transmission as the bats’ foraging activities can result in interfaces with contact 

between multiple species that may facilitate spillover (Hassell et al. 2017). Ecological data 

such as movement patterns and foraging areas, therefore, can provide crucial insight for risk 

assessments by delineating the behaviours and dynamics of host populations that may facilitate 

spillover (Randhawa et al. 2020). Ecological data may also reveal potential patterns for viral 

maintenance or reintroduction in susceptible colonies, especially if the species forms a 

metapopulation with movements and interactions between multiple, spatially separate 

populations (Driscoll 2007; Epstein et al. 2020). This literature review explores the role bats 

play as viral hosts, potential determinants of bat movements and how the movements of bats 
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may impact the risk of pathogen spillover. Specific reference is given to Rousettus aegyptiacus 

as it is a species in South Africa that has been associated with several viruses with zoonotic 

potential (Jansen can Vuren et al. 2018; Pawęska et al. 2018; Mortlock et al. 2019; Pawęska et 

al. 2020; Mortlock et al. 2021). 

 

1.1  Movements and home ranges 
The four components that influence the movements of organisms are:  1) an organism’s 

internal physiology and psychology, 2) its motion capacity, 3) navigation capabilities and 4) 

all biotic and abiotic factors that can influence movements (Nathan et al. 2008; Shaw et al. 

2020). Movements are a response to requirements for survival (Holyoak et al. 2008) with 

different movement types linked to varied responses to different selective pressures and drivers. 

The three most common types of movements are defined as foraging movements, dispersal and 

migration (Jeltsch et al. 2013). Foraging movements are performed within an animal’s home 

range and often multiple times per day while dispersal is more circumstance-dependent 

resulting in an animal transitioning from one area to another, typically to avoid competition 

with conspecifics or kin (Clobert et al. 2012; Jeltsch et al. 2013). Finally, migration refers to 

specific movements performed on typically a seasonal basis to reach areas that are suitable for 

breeding and reproduction or to avoid adverse climatic conditions (Jeltsch et al. 2013; Fleming 

2019). Migratory movements can also be linked with changing resource availability, although 

they are distinct from range shifts to track seasonally, ephemeral resources that are simply an 

extension of a previously established home range (Hale et al. 2016; Fleming 2019).   

Aside from seasonal changes, predation pressure or the need to find a mate (Doherty et al. 

2019), the availability of limiting resources such as food, water and suitable foraging or resting 

areas is generally referred to as the key factor impacting movement patterns (Hodgkison et al. 

2004; Leblond et al. 2010). Therefore, some animals limit their movements within a specific 

region that provides essential resources for survival and is commonly referred to as a home 

range (Burt 1943). The establishment of a home range can also impact movement patterns as 

animals weigh up the costs and benefits of maintaining these areas or moving to alternative 

areas based on resource availability (Stamps 1995). Movement patterns typically mirror the 

availability of food as it varies on a seasonal basis (Richter and Cumming 2006). However, 

land-use changes, such as the conversion of natural habitats to agricultural fields or 

urbanisation may also influence movement patterns. Agricultural fields and trees planted 

within urban areas may inadvertently increase resource availability and encourage movements 
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into these areas (Plowright et al. 2011; Russo and Ancillotto 2015). For instance, fruit bats in 

Australia have been observed expanding their ranges outside of their regular foraging areas due 

to an increased density of fruiting trees associated with trees planted along streets that increase 

food availability throughout the year (Williams et al. 2006). In Bangladesh, the Indian flying 

fox, Pteropus medius, preferentially roosted in small forest fragments near residential areas 

rather than undisturbed forested areas as the domestically grown fruit trees likely provided 

more diverse food sources than natural forests (Hahn et al. 2014). Similarly, the development 

of artificial wetlands for agricultural irrigation has resulted in equal or higher bat species 

diversity and abundance due to increased insect prey availability (Sirami et al. 2013). However, 

land-use change most often negatively impacts a species through habitat fragmentation that can 

decrease the size of suitable foraging sites (Quesada et al. 2004). This may translate to 

increased travel distances and range expansions as species in fragmented habitats are forced to 

locate multiple foraging sites to obtain sufficient resources when compared to intact areas 

(Doherty et al. 2019). 

 

1.2  Methods for studying and analysing movements 
There is a wide variety of options available to track the movements of animals including 

radio telemetry, satellite telemetry, acoustic telemetry and geolocation (Kranstauber et al. 

2011). However, the two most prominent methods for tracking the movements of animals are 

satellite or radio telemetry as they provide the most reliable means to study movement patterns 

(Kays et al. 2011).  Early satellite tracking efforts made use of Platform Transmitter Terminals 

(PTTs) linked to the Advanced Research and Global Observation Satellite (ARGOS) system 

(Fancy et al. 1988). These PTTs possess a set frequency that allows the location of the tag to 

be estimated based on the Doppler shift for frequencies received by the linked satellites as they 

orbit the earth (Fancy et al. 1988). Location data are subsequently available for download from 

anywhere in the world which greatly reduces fieldwork requirements. A major drawback of 

PTTs, however, is the relative inaccuracy of location estimates being two orders of magnitude 

less accurate than conventional Global Position System (GPS) transmitters (Soutullo et al. 

2007). Satellite telemetry with GPS transmitters provides higher-resolution movement data 

than PTTs and can be configured to report movements at specific periods and intervals (Kays 

et al. 2015). However, these tags tend to be expensive and the size and the battery requirements 

for these devices have largely limited their applicability to larger species that can support the 

weight of the transmitter (Richter and Cumming 2008; Řeřucha et al. 2017). Some GPS 
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trackers are equipped with solar batteries that reduced the overall mass of the tag, but these are 

not suitable for many nocturnal animals and specifically, species that inhabit caves or dense 

foliage during the day as the batteries unable to recharge (Epstein and Newman 2011; Toledo 

et al. 2020). GPS trackers are best used in inaccessible areas or areas with difficult terrain and 

for animals that travel large distances as the tag provides positional fixes from distance and 

does not require personnel in the field to actively track the tagged animals (Epstein et al. 2009; 

Řeřucha et al. 2017). Radio telemetry makes use of tags that emit radio signals at different 

frequencies: Very High Frequency (VHF) and Ultra High Frequency (UHF) are best suited to 

animals with small- to medium-sized home ranges and that occupy easily accessible areas 

(Millspaugh et al. 2012). The advantage of VHF tags over GPS tags is that the VHF tags are 

more affordable, there is a wide range of available sizes and weights and can be used on large 

and small species (Kays et al. 2011; Millspaugh et al. 2012). The disadvantages of VHF 

tracking are that it is labour-intensive, requiring people in the field to directly track the tagged 

animals, it can be difficult to track individuals across rough terrain and signals can be lost or 

misleading if there are elevational gradients and mountainous areas (Kays et al. 2011; Gerber 

et al. 2018; Kirol et al. 2020). 

After movement data has been collected, several questions can influence the analysis 

process. For instance, researchers may be interested in specific areas of use or patterns of 

resource selection (Manly et al. 2002). Alternatively, researchers may be interested in the home 

range size of the study species for which there are several different analytical methods (Gregory 

2017; Noonan et al. 2019). Home range size estimations offer insight into the spatial 

requirements of a study species and can identify variations in movement patterns brought about 

by differences in seasonal conditions or specific biological characteristics of the study species 

(Powell and Mitchell 2012). Historically, four methods have been used to calculate home range 

size: Minimum Convex Polygons (MCP) (Mohr 1947), Kernel Density Estimation (KDE) 

(Worton 1989), Local Convex Hulls (LoCoH) (Getz and Wilmers 2004) and Anderson Fourier 

analysis (Anderson 1982) with MCP and KDE being the most frequently utilized methods 

(Laver and Kelly 2008). The MCP method is the simplest to perform as it constructs a polygon 

around the outer limits of a pre-determined percentage of locations (Mohr 1947). This method 

enables researchers to compare estimates across multiple studies, however, it is a rudimentary 

process with high sensitivity to outlying locations and small sample sizes that can result in 

overestimated home ranges (Gregory 2017; Sillero et al. 2021). The comparability across 

multiple studies is commonly the reason given for the use of MCP methods despite the relative 
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inaccuracy (Laver and Kelly 2008), however, ecological niche modelling can increase the 

accuracy of MCP estimates and provide robust predictions of space use (Sillero et al. 2021). 

MCP analysis may also be used for specific investigations into the occasional movements of 

animals outside of their predicted range (Laver and Kelly 2008). As an alternative, KDE is a 

complex, but more precise estimation method as it is less susceptible to outliers, relying on the 

density of locations rather than a polygon that simply encompasses the locations (Worton 1989; 

Fleming et al. 2015). The complexity of this method stems from the various ways in which it 

can be implemented as the calculations require an additional variable, termed the smoothing 

factor, that can influence the estimations and limit comparability across multiple studies (Laver 

and Kelly 2008; Noonan et al. 2019). Anderson Fourier analysis is a non-parametric estimation 

method that calculates home range size from the utilization distributions of spatial points 

through a Fourier transformation (Anderson 1982). This method, however, does not allow 

researchers to compare estimates across multiple animals and is heavily biased by sample size 

(Anderson 1982). LoCoH was developed as a more accurate alternative to traditional MCP or 

kernel estimations with the advantage that LoCoH accounts for physiographic features that 

may influence spatial patterns (Getz and Wilmers 2004). However, LoCoH requires large 

samples of high-resolution data, such as that obtained through GPS tracking, to generate 

accurate home range estimations and therefore, is not suitable for studies with small sample 

sizes (Getz et al. 2007). 

 

1.3  Chiroptera 
Bats belong to the order Chiroptera, which is the second largest mammalian order after 

Rodentia (Mammal Diversity Database 2022), with over 1400 recorded species from 21 

families (Simmons and Cirranello 2022). The order Chiroptera was previously divided into two 

suborders, namely Megachiroptera and Microchiroptera (Dobson 1875), however, these 

suborders have since been replaced by Yinpterochiroptera and Yangochiroptera that group bats 

together based on recent molecular findings (Hutcheon and Kirsch 2006; Tsagkogeorga et al. 

2013). They occur on six of the seven continents, inhabiting all biome types excluding the polar 

regions. Bats occupy a variety of different roosts during the day such as within foliage, 

abandoned buildings or structures or in specialised roost sites like caves (Monadjem et al. 

2020). Bats are unique among mammals as they are the only group capable of self-powered 

flight (Gunnell and Simmons 2005) and comprise a wide variety of dietary niches including 

frugivory, insectivory, carnivory and sanguivory (Kunz 2013a).  As a nocturnal group, most 
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bat species are capable of echolocating which enables foraging in low-light conditions 

(Schnitzler and Kalko 2001). It was originally hypothesised that no fruit bat species were 

capable of echolocating as it was an unnecessary evolutionary adaptation for their foraging 

strategies (Jones and Teeling 2006). However, the genus Rousettus, are also capable of 

echolocating with tongue-clicks and, although this method is not commonly considered as 

precise as the laryngeal echolocation of insectivorous species (Jones and Teeling 2006), it 

enables effective navigation between obstacles with comparable accuracy (Yovel et al. 2011). 

 

1.4  Movements of bats related to food availability and ecological factors 
Resource availability is a key variable influencing movements as animals must balance 

their energy budgets with resources from the surrounding areas. The varying degrees of 

resource abundance and, or richness can also dictate movements according to marginal value 

theory (MVT) as animals may be willing to travel further to reach resource-rich areas (Owen-

Smith et al. 2010). A model generated by Ford (1983) predicts that central-placed foragers 

located in areas with a low abundance of sparsely distributed resources would travel further 

and occupy larger areas compared to individuals in resource-rich areas. Support for this 

prediction was later shown by Boutin (1990) in a review of food supplementation experiments 

with terrestrial vertebrates. The review included birds, mammals, amphibians and reptiles and 

there was a consistent trend for animals inhabiting areas with more resources, through 

experimental supplementation, to occupy smaller areas than animals without food 

supplementation.  

Bats display a similar reaction to resource availability, and it has been suggested they can 

track food availability and adjust their small-scale movements accordingly (Hodgkison et al. 

2004; Richter and Cumming 2006; Páez et al. 2018). Probably the most famous occurrence of 

bats adjusting their movement patterns to target ephemeral food sources is during the mass 

migration of straw-coloured fruit bats, Eidolon helvum, across Africa to Kasanka National Park 

(Richter and Cumming 2006; Hurme et al. 2022). Hurme et al. (2022) demonstrate that at 

several points along their migratory route, peaks in colony size for E. helvum coincide with 

regional peaks in resource availability, suggesting that bats were not only targeting these 

regions but also timing their arrival to specifically coincide with peak fruit availability. 

Similarly, at Kasanka National Park the arrival and presence of E. helvum mirrors fruit 

availability as the first bats start arriving just before the resource peak, aggregating in a colony 

of several million individuals during the resource peak, before dispersing once fruit availability 
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starts to decrease again (Richter and Cumming 2006). As long-lived species relative to their 

body size, E. helvum may retain some spatial memory of key foraging sites along their 

migratory routes which could facilitate their movements (Fagan et al. 2013), although this 

hypothesis is untested. In Australia, Pteropus spp. are known to shift roosting sites over 

hundreds of kilometres to track ephemeral flowering events (Roberts et al. 2012; Eby et al. 

2022). McConkey and Drake (2007) also suggest that bats could track fruit availability among 

islands separated by several kilometres as fruit bat abundance is correlated with fruit 

availability on the different islands, although further investigations would be required to 

confirm this hypothesis. The mechanisms by which bats track fruiting events, however, remain 

unclear (Hurme et al. 2022). 

Resource availability is closely linked to vegetation type and structure with open areas 

having more patchily distributed resources than cluttered areas with dense vegetation (Ofstad 

et al. 2016). The activities of humans such as urbanisation and agriculture can impact resource 

availability as habitat fragmentation during land conversion procedures can reduce resource 

density (Quesada et al. 2004). Agricultural activities such as livestock pastures and croplands 

have been the most prominent contributor to habitat fragmentation over the past 300 years 

(Hooke et al. 2012) and approximately 109 ha of the remaining natural ecosystems are expected 

to be converted to agricultural lands by 2050 (Tilman et al. 2001; Tilman et al. 2011; Oakleaf 

et al. 2015). Despite the rate of land being converted into agriculture slowing down (Hooke et 

al. 2012), these areas are now being more intensely managed to increase overall yield with the 

consequence of decreased biodiversity in these areas (Beckmann et al. 2019). The specific type 

of agriculture may influence movement patterns for bats (Wickramasinghe et al. 2003; Fuentes-

Montemayor et al. 2013). For example, fruit bats may be attracted to fruit orchards due to the 

high food availability allowing the bats to be successful in these areas (Lučan et al. 2016), yet 

insectivores in similar landscapes may not be able to exploit these areas as successfully. Aerial 

hawking bats require open spaces to forage, and the open areas linked with agriculture may 

benefit these bats (Noer et al. 2012) but exclude bats that preferentially forage in cluttered areas 

(Fuentes-Montemayor et al. 2013; Weier et al 2021). By contrast, livestock and crop farming 

may benefit insectivorous bats by increasing prey items that are attracted to dung, the livestock 

themselves or the cultivated crops (Downs and Sanderson 2010; Boyles et al. 2011; Ancillotto 

et al. 2017) but exclude fruit bats due to reduced food density (Estrada et al. 1993). The 

conversion of natural habitats to anthropogenically altered areas can alter the movement 

patterns of bats (Kessler et al. 2018; McKee et al. 2021) which may increase the likelihood of 
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pathogen transmission due to altered ecological dynamics causing novel interspecific 

interactions (Pulliam et al. 2012; Plowright et al. 2021). Fragmented habitats are a prominent 

feature in many ecosystems and, with human population growth, are likely to become 

increasingly dominant. Therefore, understanding how the movements of bats are affected in 

fragmented areas becomes important for future conservation planning and mitigating risks 

associated with interspecific contact between bats and livestock or people.  

Bats may also adjust their foraging strategies according to varying degrees of urbanisation 

as this can influence the distribution, abundance and diversity of available resources (Egert-

Berg et al. 2021). Artificial light associated with urban areas can impact insectivorous bats’ 

foraging patterns as it may be an attractant for insect prey items (Schoeman 2016; Fleming and 

Bateman 2018). Furthermore, domestic gardens and city planning can inadvertently increase 

the number of fruiting trees present within cities and may result in a higher diversity of food 

items for fruit bats (Williams et al. 2006; Egert-Berg et al. 2021). These fruit sources may also 

fruit year-round and provide alternative options when natural sources are depleted, foregoing 

the need for seasonal migrations due to resource shortages (Plowright et al. 2011; Hahn et al. 

2014; Giles et al. 2016; Eby et al. 2022). 

As stated above, climatic variability influences movement patterns, however, this 

variability is more pronounced at higher latitudes and warrants physiological or behavioural 

adaptations to survive (Gutiérrez‐Pesquera et al. 2016). Migration is one method to overcome 

unfavourable conditions (Nathan et al. 2008) and may be short distances (<500km) between 

summer and winter roosts or long-distance trips (>1000km) between seasonal roosts (Fleming 

and Eby 2003; Fleming 2019). Migration is more common for temperate bats that experience 

dramatic seasonal differences than tropical species where variable resource availability is the 

critical factor determining whether a species migrates (Fleming 2019). Wing morphology is 

typically linked to migratory capabilities and with most migrant species having a high wing-

loading and aspect ratio that enable energetically efficient flight (Norberg and Rayner 1987; 

Fleming and Eby 2003; Fleming 2019). Species with a high aspect ratio and wing loading 

typically forage in constant flight within open areas away from vegetation or clutter (Schnitzler 

and Kalko 2001). Species that forage in cluttered areas or near vegetation, instead have lower 

wing-loading and aspect ratio that enable highly manoeuvrable flight at the cost of aerodynamic 

efficiency (Norberg and Rayner 1987). Foliage-gleaning and clutter foragers rarely migrate as 

long-distance flights are energetically expensive (Monadjem et al. 2009), although there are 

records of clutter foragers migrating long distances such as the bushveld horseshoe bat, 
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Rhinolophus simulator (Laycock 1973). However, the wing adaptations observed in migratory 

species are likely a primary result of evolution for different foraging strategies and dietary 

niches and the suitability for migration was a side-effect of these evolutionary adaptations 

(Fleming and Eby 2003). Therefore, given the increased seasonal variability at higher latitudes 

(Hurme et al. 2022), temperate species likely exhibit more variable seasonal movement patterns 

compared to tropical species which may translate to overall larger range sizes for the temperate 

species. 

Group size can also influence movement patterns as individuals may disperse further to 

reduce intraspecific competition (Meyer et al. 2005). This trend has been observed in bats with 

species occupying large colonies occupying larger ranges and travelling further for foraging 

compared to solitary species or species in small colonies (Bonaccorso et al. 2002). Although, 

Calderón-Capote et al. (2020) show that movements for E. helvum were largely independent 

of colony size, as these bats shifted roost sites according to resource availability. While group 

size can affect movement patterns, the converse is also true as group size may fluctuate on a 

seasonal basis as bats aggregate for the breeding season (Jacobsen and du Plessis 1976; Cheng 

and Lee 2004; van Haarten et al. 2022). 

 

1.5  Monitoring of fruit availability and fruit tree density 
To assess how movements may relate to food availability, an estimate of suitable food 

sources in the area must be made. There are two methods whereby plant abundance, 

distribution and density can be assessed within a region: direct observations in the fields or 

remote sensing either through drone footage or satellite imagery (Cruzan et al. 2016; Tay et al. 

2018). Traditional vegetation survey methods involved distance sampling with quadrats or 

transects (McIntyre 1953) where a portion of the study area is sampled, direct counts are made 

of the target species and the results are extrapolated to the larger study area (Thomas et al. 

2010). These approaches are simple to perform and well-suited to small study sites but are 

labour-intensive and may suffer from observer bias (Thomas et al. 2010; Cruzan et al. 2016). 

Remote sensing employs unmanned aerial vehicles (UAVs) such as drones or satellites to 

capture imagery of the study site and enables a survey of a much larger area compared to 

traditional methods (Tay et al. 2018; Morgan et al. 2022). While the use of drones is relatively 

inexpensive and can provide high-resolution imagery, their application may be limited by 

technical constraints or legal restrictions linked to privacy (Martinez et al. 2021; Smigaj and 

Gaulton 2021). Satellite imagery does not have the same technical or legal limitations but can 
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result in low-resolution images which prevent accurate assessments of individual species or 

discernment between landscape features and can also be impeded by cloud cover (Cruzan et al. 

2016; Morgan et al. 2022). 

In addition to estimating the overall abundance of fruiting trees, estimating the availability 

of fruit for each tree is also important for comparisons between frugivore movements and food 

availability (Chapman et al. 1992). The distribution of frugivores typically mirrors fruit 

availability and fruit availability can influence frugivores movements on a small-scale, such as 

within a home range (van der Heide et al. 2012; García et al. 2013). The techniques to estimate 

fruit availability are associated with traditional vegetation survey methods as they require direct 

observations or measurements. There are a variety of different methods that can be used to 

estimate total fruit availability such as Diameter at Breast Height (DBH) measurements, direct 

counts (which can be linked to the percentage of fruit availability or scored on a relative scale), 

crown volume and fruit traps (Chapman et al. 1992). Each method has its advantages and 

disadvantages, for instance, DBH measurements are often not appropriate for trees with 

buttressed roots as the diameter can be artificially inflated. Direct counts are best suited to trees 

with large, conspicuous fruits and can be difficult to perform accurately if the canopy is high 

above the ground. After fruit availability estimates have been calculated, an important 

subsequent measure to link frugivore behaviour and movements is the approximate density of 

different fruiting trees (Chapman et al. 1994). For example, a tree species with 100% fruit cover 

but a density of 1 individual per hectare will provide an artificially inflated estimate of fruit 

availability compared to a tree species with 50% fruit cover and a density of 10 individuals per 

hectare. 

 

1.6  Resource and habitat selection modelling 

A habitat is defined as ‘the resources and conditions present in an area that produce 

occupancy' (Hall et al. 1997), while habitat type is the vegetation association in an area 

(Daubenmire 1968, pp 27-32). The specific patterns of use for different habitat types by a 

species can provide further information regarding that species’ movement patterns and resource 

requirements. Different habitat types are not all equivalent in terms of their structure, resource 

availability or use by different species (Manly et al. 2002). Therefore, habitat selection or 

avoidance is an important metric for populations of interest as it can illustrate patterns for long-

term resource requirements within an area (Manly et al. 2002).   
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One method to assess this is through habitat suitability modelling in which a combination 

of environmental variables is used to predict the potential distribution of a species as well as 

its presence within or absence from specific habitat features (Kearney 2006; Hirzel and Le Lay 

2008). This can be especially useful for species of specific interest such as threatened species 

or hosts of disease (Hahn et al. 2014), however, habitat suitability modelling is largely 

predictive and more focused on areas in which a species could theoretically occur rather than 

identifying patterns of specific use within an area. Patterns of active habitat selection can be 

assessed with resource selection functions (Boyce and McDonald 1999) by comparing the 

relative usage of a specific habitat type against its proportional availability within the study 

area (Manly et al. 2002). These location data are commonly obtained directly through tracking 

(Kurek et al. 2020) or via passive methods such as acoustic monitoring or camera traps (Gili et 

al. 2020; Salom-Pérez et al. 2021). 

 

1.7  Viruses and diseases associated with bats 
Chiropterans were believed to carry more viruses per species than any other mammalian 

order (Luis et al. 2013). However, Olival et al. (2017) argued that research effort for the 

different species and phylogenetic relatedness to humans should first be considered before such 

a distinction is made. Mollentze and Streicker (2020) further expanded on this topic by 

assessing the number of human-infecting viruses present across mammalian and avian orders. 

Mollentze and Streicker (2020) showed a proportional relationship between the number of 

zoonoses and species present within the order, which is in contrast to the previous findings that 

bats carry a disproportionately high number of zoonoses per species (Luis et al. 2013). 

Regardless, bats have been associated with numerous viruses with zoonotic potential or 

identified as reservoir hosts for emerging zoonotic diseases (Hayman et al. 2013; Moratelli and 

Calisher 2015; Markotter et al. 2020). Several studies have identified ecological traits of bats 

that may increase their suitability as reservoirs for such a wide diversity of viruses (Hayman et 

al. 2013; Luis et al. 2013; Guy et al. 2020). These traits include highly gregarious aggregations 

that increase the probability of contact between species or with conspecifics, broad geographic 

ranges that may facilitate contact and potential viral sharing with species across a wide range 

and long lifespans (Hayman et al. 2013; Luis et al. 2013; Guy et al. 2020). Beyond the factors 

that may aid viral presence and persistence in bats, flight allows bats to travel large distances 

and cross geographical barriers that would normally inhibit movement for non-volant 

mammals of similar sizes (Breed et al. 2010). Therefore, bats are capable of widespread contact 
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with a diverse array of species which may constitute the risk of widespread transmission of 

viruses (Hayman et al. 2013). 

Prominent viral families for which bats have been identified as reservoirs include 

Coronaviridae, Paramyxoviridae, Filoviridae and lyssaviruses from Rhabdoviridae (Wang 

and Anderson 2019; Markotter et al. 2020). From these families, specific viruses have spilled 

over into human populations causing outbreaks with varying degrees of severity and fatalities, 

the most notable of which are Hendra virus (Paramyxoviridae) in Australia (Murray et al. 1995; 

Young et al. 1996; Mahalingam et al. 2012), Nipah virus (Paramyxoviridae) in Malaysia, 

Bangladesh, the Philippines and India (Chua et al. 2000; Hsu et al. 2004; Luby et al. 2009; 

Ching et al. 2015; Alam 2022) and Marburg virus (Filoviridae) in Africa (Towner et al. 2009; 

F. Zhao et al. 2022). Despite being hypothesised as a reservoir for Ebola for many years and 

viral RNA and Ebola virus-specific antibodies being detected in fruit bats (Leroy et al. 2005; 

Pourrut et al. 2007), isolation of live virus from wild specimens has thus far not occurred and 

therefore, it is not possible to determine yet whether fruit bats are true reservoirs for Ebola 

virus or whether they have played a role in infecting humans (Leendertz et al. 2016). Bats are 

regarded as the predominant reservoirs for lyssaviruses but the precise reservoirs are 

unconfirmed as several lyssaviruses are associated with multiple species (Markotter et al. 

2020). For example, Duvenhage virus (DUVV) has been linked to isolated cases of fatal human 

infection and is associated with Egyptian slit-faced bats, Nycteris thebaica (Coertse et al. 

2020). However, the limited detections prevent definitive conclusions regarding the role of N. 

thebaica as the reservoir host for DUVV (Markotter et al. 2020). Similarly, for SARS-CoV-1 

and SARS-CoV-2, bats have been implicated as hosts for closely related SARS-like 

coronaviruses (Li et al. 2005) and SARS-CoV-2 related viruses (Zhou et al. 2021). The case is 

slightly different for MERS-CoV as dromedary camels (Camelus dromedarius) are specifically 

linked to human infections (Mohd et al. 2016), yet closely related viruses detected in bats 

suggest bats may be the ancestral origin for MERS-CoV (Corman et al. 2014). However, the 

specific viruses have not yet been detected in bats and therefore, the exact reservoir for these 

viruses remains unknown (Hu et al. 2015; Zhou et al. 2021), although the genus Rhinolophus 

is strongly associated with SARS-CoV and SARS-CoV-2 being identified as hosts for closely 

related viruses (Balboni et al. 2012; Alkhovsky et al. 2022; Ruiz-Aravena et al. 2022). One 

consistent trend with these outbreaks is that all of these are RNA viruses which possess high 

rates of mutation and may be able to adapt to multiple hosts through rapid evolution 
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(Woolhouse et al. 2013; Williams et al. 2021) meaning they are of particular concern for risk 

of future outbreaks (White and Razgour et al. 2020).  

Bats play a role in the persistence and transmission of viruses, some with zoonotic potential 

and serious health implications (Cheetham and Markotter 2021) which emphasises the 

importance of continued surveillance of viral presence and diversity in bats. Investigations into 

bat ecology and the factors that may contribute towards spillover are also crucial to 

understanding and reducing the risk of future outbreaks (Letko et al. 2020). Linked to this is 

an assessment of excretion dynamics for these viruses that may help researchers make 

recommendations for how to prevent spillover events. For instance, Edson et al. (2015) 

identified bat urine as the major route of viral excretion for Hendra virus and suggested that 

the likely route of transmission occurs through bats contaminating water and grazing pastures 

with urine (Edson et al. 2015). Therefore, possible mitigation strategies may include removing 

fruiting trees or potential roost sites from horse pastures to reduce the likelihood of spillover. 

In Malaysia, Nipah virus was found to be shed in saliva and urine and it is hypothesised that 

the original outbreaks occurred when pigs fed on partially eaten fruit that had been dropped by 

the fruit bats and likely contaminated with saliva (Field et al. 2001; Chua et al. 2002). Similarly, 

Nipah virus outbreaks in Bangladesh have been attributed to people drinking raw date palm 

sap that has been contaminated by fruit bat excreta or saliva whilst they are feeding on the sap 

(Gurley et al. 2017) with shedding observed in saliva, urine and faeces (Epstein et al. 2020). 

These discoveries highlighted potential mitigation strategies to reduce future outbreaks 

including removing fruiting trees from pig farms (Chua et al. 2002) as well as constructing 

barriers around date palm sap collection receptacles, preventing the bats from drinking and 

potentially contaminating the sap (Gurley et al. 2017). 

 

1.8  Relationship between movements and disease transmission risk 
The necessity of studying the movements of any species stems from the species’ 

interactions within the ecosystem and the impacts they may have on the surrounding areas 

(Harris et al. 1990; Voigt et al. 2017; Randhawa et al. 2020). Bats have a high species diversity, 

wide distribution and provide various important ecosystem services (Fleming and Muchhala 

2008; Boyles et al. 2011; Kunz et al. 2011). Therefore, studying the movements of bats 

provides insight into the range over which their multitude of impacts may be felt (Voigt et al. 

2017). Linked to the movements of bats, is the risk of disease transmission as bats have been 

identified as hosts for several viruses with the potential to infect humans or that have already 
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caused outbreaks in humans with varying case fatality rates (Luby et al. 2009; Hayman et al. 

2013; Moratelli and Calisher 2015; Markotter et al. 2020). Zoonotic diseases are responsible 

for most pandemics over the last 100 years (Morse et al. 2012; Bernstein et al. 2022) but 

predicting future outbreaks is difficult due to the numerous suitable pathogens that have the 

potential to jump the species barrier and infect humans (Holmes et al. 2018). Yet through 

extensive research, a trend has become clear: outbreaks are more likely to occur in areas with 

high species diversity and interactions between humans, livestock and wildlife (Allen et al. 

2017; Olivero et al. 2017; Roberts et al. 2021; Stephens et al. 2021). A relatively novel attitude 

in the field of zoonoses and zoonotic transmission has been to include and integrate expertise 

from multiple fields such as virology, ecology, anthropology and sociology in line with the 

One Health approach (OHHLEP et al. 2022) for a better perspective for risk assessments 

(Morse et al. 2012; Dougherty et al. 2018). Most studies looking at emerging zoonoses in bats, 

however, only investigate virological aspects like viral prevalence or diversity within a 

population and lack potentially important ecological data obtained from movement or home-

range studies (Letko et al. 2020; Randhawa et al. 2020; K. Zhao et al. 2022). Movement data 

can help identify key areas in the landscape that are favoured by a study species and may 

provide evidence of spatial overlap and risk of contact between species (Dougherty et al. 2018; 

McClure et al. 2020). Movements studies can be performed for species that are known hosts of 

potential zoonotic pathogens and, if paired with pathogen prevalence and excretion dynamics, 

can be extrapolated for risk of spillover events or disease transmission (de Jong et al. 2013; 

Plowright et al. 2017; Dougherty et al. 2018; Epstein et al. 2020). For example, a high 

proportion of Hendra virus spillover events occurred within the foraging ranges of Pteropus 

colonies, emphasising the importance of studying their small-scale movements in connection 

with the risk of disease transmission (Plowright et al. 2011). Furthermore, Field et al. (2015) 

show that there were strong seasonal fluctuations in viral excretion that correlated with seasonal 

alterations in bat distributions, showing that the risk of spillover may vary on a spatial and 

temporal scale. Spillover events are rare and certain processes must occur before spillover can 

take place (Holmes et al. 2018), but land use changes that disrupt natural processes are a crucial 

step in the process of spillover events (Olivero et al. 2020; Roberts et al. 2021). Being able to 

assess the risk factors associated with disease transmission can help aid management decisions 

to prevent or combat future outbreaks and, potentially, significantly reduce costs associated 

with an outbreak (Dobson et al. 2020). 
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Risk modelling approaches and the use of animal movement data can help to identify areas 

where the risk of transmission is high, however, the risk of spillover is not only dependent on 

the presence of viral hosts but also the levels of interspecific contact between bats and other 

species such as humans (Pigott et al. 2015). Surveys can be used in areas with the known 

presence of reservoirs or with a predicted risk of zoonotic transmission to identify the regularity 

with which people come into contact with reservoir species and enable a quantification of the 

risk of transmission (Pigott et al. 2015; Letko et al. 2020). The degree of contact between a 

host species and humans can further be influenced by land-use change which may alter the 

ecological dynamics in the system resulting in increased contact events between species 

(Gottdenker et al. 2014; McKee et al. 2021; Eby et al. 2022). For effective risk assessments, a 

proper understanding of a host’s small-scale movement patterns and proximity to susceptible 

populations is required (Dougherty et al. 2018; McClure et al. 2020). Knowledge of the 

pathogen dynamics within the host species, such as excretion dynamics and viral sharing are 

also important for risk assessments (Pigott et al. 2015; Letko et al. 2020). 

 

1.9  Human effect 
The interface between wildlife, humans and or livestock is one of the key variables in 

zoonotic transmission (Magouras et al. 2020). As the human population increases in size, the 

degree of contact between humans and wildlife is inevitably going to increase as more and 

more natural habitats are being converted into production landscapes or residential areas 

(White and Ward 2011; White and Razgour 2020). Consequently, risks of spillover are 

increasing due to the expansion of human activities that are encroaching on natural habitats 

and increasing the likelihood of contact between species (Allen et al. 2017; Dobson et al. 2020). 

Land-use change can potentially impact the movement patterns of animals through altered 

resource availability (Plowright et al. 2011; Russo and Ancillotto 2015) and may result in 

human-livestock-wildlife interfaces that could contribute to pathogen spillover and 

transmission (Allen et al. 2017; White and Razgour 2020). There are several instances where 

land-use change has been attributed as the factor leading to a spillover event (Plowright et al. 

2011; Pulliam et al. 2012; Olivero et al. 2017; Olivero et al. 2020). In these examples, the 

ultimate reason for the spillover was human disturbance and alteration of natural landscapes 

that introduced novel species interactions and altered disease dynamics (Morse et al. 2012; 

Gottdenker et al. 2014). The outbreaks of Hendra virus in Australia were due to the overlap 

between farming areas, horse pastures and foraging areas for Pteropus spp. (Plowright et al. 
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2011) but a sequence of key events led to this overlap. Pteropid bats are historically nomadic, 

travelling long distances to track ephemeral resources (Fleming and Eby 2003; Eby et al. 2022). 

These bats typically only form permanent aggregations during food shortages when they form 

small groups near to reliable food sources (Fleming and Eby 2003). However, the loss of large 

portions of natural forest for agricultural developments along the Australian east coast has 

decreased the availability of natural food sources for Pteropus spp. (Plowright et al. 2011; 

Bradshaw 2012). Consequently, bats are being forced to locate alternative foraging areas and 

are experiencing periods of food shortages more frequently (Eby et al. 2022). Trees planted 

along the streets in Melbourne offer reliable food sources year-round and therefore, bats have 

responded by shifting their historical range and preferentially roosting within or near urban and 

agricultural areas in multiple small, permanent groups (Williams et al. 2006; Plowright et al. 

2011; Eby et al. 2022). The larger urban bat populations mean that contact and the risk of 

disease transmission are both more likely to occur. These areas with a high risk of contact were 

not historically present but land-use change caused the destruction of natural food sources that 

ultimately drove the permanent occupancy of bats within urban areas and led to the contact 

between reservoirs and potential hosts (Morse et al. 2012; Gottdenker et al. 2014). With the 

Nipah virus outbreaks in southeast Asia, the intensification of farming activities, specifically 

pig farming, led to an overlap between agricultural lands with the bat reservoir’s natural 

foraging areas, ultimately resulting in an interface where pigs were being exposed to viral 

contaminants shed by the bats (Pulliam et al. 2012). However, this overlap between bats and 

pigs, and eventually humans, was not a chance occurrence. There was a long series of events 

that preceded the outbreak that had an impact on the overall outcome. The major events that 

enabled the spillover conditions included the three-fold increase in the extent of both mango 

and pig farming in the area (Pulliam et al. 2012). Moreover, the farming system and number of 

pigs on the farms facilitated long-term viral persistence due to the constant introduction of 

susceptible individuals, while a large population ensured a large outbreak could be sustained 

(Pulliam et al. 2012). Rapid population growth is leading to more extensive agricultural 

practices which have consequences for free-ranging livestock as there is no management of 

water or food sources and, therefore a high risk of contamination if the rangelands overlap with 

bat foraging areas (Mbu'u et al. 2019). These two events enabled the conditions for the contact 

between bats and suitable spillover hosts, pigs in this instance, that likely would not have 

occurred or would have been far less extensive if not for the intensification of agricultural 

practises in the area (Pulliam et al. 2012).  
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However, it is not necessarily only the presence of bats in an area that translates to the risk 

of spillover (Pigott et al. 2015; Gurley et al. 2017; McKee et al. 2021). For example, the 

majority of human Marburg virus outbreaks occur directly after people enter the mine in which 

the infected bats were roosting (Pigott et al. 2015) and in Bangladesh, Nipah virus outbreaks 

were linked with a higher proportion of households in which people consumed raw date palm 

sap that was likely contaminated with virus shed from the bats (Gurley et al. 2017; McKee et 

al. 2021). Activities such as these that bring people into direct potential contact with hosts 

should be noted as important avenues for potential viral spillover although the possibility of 

direct and/or indirect contact at foraging sites should also not be ruled out (K. Zhao et al. 2022). 

 

1.10 Rousettus aegyptiacus 
The Egyptian rousette bat, R. aegyptiacus, is one of seven species within the genus 

Rousettus (Yinpterochiroptera, Pteropodidae) (Mammal Diversity Database 2022; Simmons 

and Cirranello, 2022). Within the species R. aegyptiacus, there are six subspecies distributed 

throughout Africa and the Middle East (Juste and Ibáñez 1993; Albayrak et al. 2008; Benda et 

al. 2012). These subspecies include R. aegyptiacus aegyptiacus, R. a. arabicus, R. a. leachii, 

R. a. princeps, R. a. tomensis and R. a. unicolor (Simmons and Cirranello, 2022). Rousettus 

aegyptiacus is a medium-sized frugivorous bat with a mean body mass of 126.8 (± 25.29) g 

and forearm length of 92 (± 5.46) mm for males and 113.8 (± 21.9) g and 92.6 (± 4.54) mm for 

females (Monadjem et al. 2020). This bat has a wide geographic distribution ranging 

throughout most of Africa, north into parts of the Middle East and east into Pakistan (Benda et 

al. 2011; Benda et al. 2012). Within South Africa, there are a few known colonies in Limpopo 

(Jacobsen and du Plessis 1976; Jacobsen et al. 1986), Western Cape (Barclay and Jacobs 2011), 

Eastern Cape (Herzig-Straschil and Robinson 1978) and KwaZulu-Natal (Taylor et al. 1999) 

indicating the widespread distribution of this species. They are predominantly frugivorous 

typically targeting figs from a variety of native Ficus spp. although they also feed on cultivated 

fruit such as litchis (Litchi chinensis) and bananas (Musa spp.) (Jacobsen and du Plessis 1976; 

Monadjem et al. 2020). However, R. aegyptiacus is also a generalist and is known to include 

pollen, flowers and insects in its diet (Korine et al. 1999; Barclay et al. 2006). They are obligate 

cave or cavity dwellers roosting in natural cave systems or abandoned man-made structures in 

colonies that can range from a few hundred to several thousand individuals (Kwiecinski and 

Griffiths 1999; Barclay and Jacobs 2011). Bats in the genus Rousettus are capable of 

echolocating which is unique among fruit bats, and it is believed that this adaptation enables 
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them to inhabit cave systems as they can effectively navigate the dark passages (Waters and 

Vollrath 2003). These bats have been associated with several potentially zoonotic viruses 

(Markotter et al. 2020). Most notably, R. aegyptiacus has been identified as a reservoir host for 

Marburg virus, which causes haemorrhagic fever with high case fatality rates similar to Ebola, 

both of which are from the Filoviridae family (Pawęska et al. 2018; Pawęska et al. 2020). 

Rousettus aegyptiacus tend to discard a large proportion of partially eaten fruit while foraging 

as well as spitting out fruit parts which include the skin and seeds (Jacobsen and du Plessis 

1976; Kwiecinski and Griffiths 1999). These spit-outs have the potential to be contaminated 

by the bat’s saliva and could serve as a potential route of transmission (Amman et al. 2015b; 

Amman et al. 2021). These risks may be especially prevalent if their foraging areas overlap 

with rangelands or pastures where livestock feed. 

 

1.11 Viruses identified in R. aegyptiacus 
Marburg virus (MARV), Marburg marburgvirus, belongs to the Filoviridae family which 

is characterised by thread-like or filamented structures (Barrette et al. 2011; Shi et al. 2018; 

Amarasinghe et al. 2019). It causes a haemorrhagic fever, similar to Ebola virus infection with 

case fatality rates of up to 90% (Amman et al. 2020a). There have been several sporadic 

outbreaks of MARV affecting multiple African countries (F. Zhao et al. 2022), the largest of 

which was in Angola (2004-2005) with 252 infections and 227 deaths (Amman et al. 2020a). 

Most primary infections in natural outbreaks have been associated with people entering caves 

inhabited by bats (Amman et al. 2020a) suggesting bats may play a role in MARV transmission 

and subsequent studies have identified R. aegyptiacus as the natural reservoir hosts for MARV 

(Towner et al. 2009; Amman et al. 2015b; Schuh et al. 2017). Viral shedding has been observed 

through saliva and urine and has also been detected in rectal swabs in R. aegyptiacus suggesting 

possible routes of transmission through faecal or urinary contamination or discarded fruit 

(Amman et al. 2015b; Schuh et al. 2017; Paweska et al. 2020). A subsequent study revealed 

that viable MARV could still be detected on artificially inoculated fruit up to six hours post-

inoculation (Amman et al. 2021) and alludes to the potential for indirect contact and exposure 

outside of the foraging periods for bats. Within South Africa, MARV was identified in a 

population of R. aegyptiacus inhabiting Matlapitsi cave in the Limpopo Province (Pawęska et 

al. 2018; Pawęska et al. 2020). The studies both identified distinct seasonal patterns of 

seropositivity within juveniles indicating potential periods for increased shedding risk 

(Pawęska et al. 2018; Pawęska et al. 2020). 
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Paramyxoviridae is another viral family associated with bats with previous spillover events 

and human fatalities (Mahalingam et al. 2012; Alam, 2022). Thus far, however, the only 

paramyxovirus identified in R. aegyptiacus with recorded spillover and human infection is 

Sosuga virus (SOSV) (Amman et al. 2015a) with a single, non-fatal case being recorded to date 

(Albariño et al. 2014). SOSV is believed to originate and circulate naturally within R. 

aegyptiacus populations, although evidence supporting the reservoir status for these bats is still 

required (Amman et al. 2015a; Amman et al. 2020b). Experimental inoculation of R. 

aegyptiacus with SOSV revealed viral shedding through faecal and urinary excretion as well 

as being detected in oral swabs suggesting possible routes of transmission (Amman et al. 

2020b). 

Numerous other paramyxoviruses were identified from the Matlapitsi cave R. aegyptiacus 

colony including Rubula- and related viruses (Mortlock et al. 2019) and henipa-related viruses 

(Mortlock et al. 2021), although there have been no recorded cases of human infection. Among 

these viruses, two were highlighted due to being closely related to human parainfluenza virus 

(HPIV-2) and mumps virus (MuV) (Mortlock et al. 2019), both of which were detected in urine 

samples suggesting urinary excretion as a potential route for viral transmission. A novel 

adenovirus was also isolated from liver and spleen samples from an R. aegyptiacus from 

Matlapitsi cave (Jansen van Vuuren et al. 2018). The virus isolate was closely related to two 

viruses isolated from Miniopterus schreibersii faeces in China (Tan et al. 2017) which suggests 

contact with faecal material as a potential route of exposure. Rotaviruses were detected in R. 

aegyptiacus on two separate occasions in Kenya (Waruhiu et al. 2017) and Zambia (Sasaki et 

al. 2018). The strain detected in R. aegyptiacus from Kenya was obtained from faecal matter 

and was closely related to a human group A rotavirus, emphasising its zoonotic potential and 

faecal excreta as a plausible route for exposure (Waruhiu et al. 2017). Rousettus aegyptiacus 

have also been associated with Lagos bat virus (Coertse et al. 2021) and two Nairoviruses, one 

of which was linked to the infection of four laboratory workers that had handled bat samples 

(Kalunda et al. 1986). 

Several other viral families and specific viruses have also been associated with R. 

aegyptiacus although they are not known to specifically infect humans with no spillover events 

thus far being recorded (Table 1). 
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Table 1: Summary of specific viruses and additional viral families associated with R. aegyptiacus 

from several African countries and Israel 

Viral family Virus Details Source 

Astroviridae Several Astrovirus 

spp. 

Several viral strains were detected for 

the first time within R. aegyptiacus in 

Kenya and were distantly related to 

porcine strains suggesting possible 

interspecies transmission, although 

the public health impact is unknown. 

Waruhiu et al. 2017 

Caliciviridae Sapovirus sp. A novel strain of sapovirus was 

identified in R. aegyptiacus in Kenya, 

the first instance of calicivirus 

detection in this species. Further 

study of the strain is required before 

its zoonotic potential can be assessed. 

Waruhiu et al. 2017 

Coronaviridae Several coronavirus 

spp. 

A high diversity of coronaviruses has 

been detected in R. aegyptiacus in 

Kenya, none of which are known to 

infect humans. 

Tong et al. 2009 

Herpesviridae Unclassified β-

herpesvirus 

An unclassified β-herpesvirus was 

isolated from R. aegyptiacus in South 

Africa although its pathogenicity and 

transmissibility to humans were not 

investigated.  

Dietrich et al. 2018 

Flaviviridae Several viruses Flaviviruses have been detected in R. 

aegyptiacus across a wide geographic 

range although the role they play in 

viral replication and transmission is 

unknown. 

Kading et al. 2018 

Nairoviridae Crimean-Congo 

haemorrhagic fever-

like virus 

Typically, a tick-borne virus but it 

has been detected in R. aegyptiacus 

as well as other cave-dwelling species 

in Congo and Gabon, suggesting its 

potential role in the virus life cycle. 

The potential for human infection is 

unknown. 

Müller et al. 2016 

Orthomyxoviridae Influenza A virus A novel Influenza A virus was 

detected in R. aegyptiacus from 

Egypt with the potential for cross-

species transmission including to 

Kandeil et al. 2019 
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humans, although no such cases have 

been reported. 

Phenuiviridae Rift Valley Fever 

phlebovirus 

Neutralizing antibodies to Rift Valley 

Fever phlebovirus were detected in 

Uganda in a region with recent 

human cases. The role bats play 

during the infection cycle or as 

reservoirs is unknown. 

Fagre and Kading 2019 

Polyomaviridae Several virus spp. Rousettus aegyptiacus from Kenya 

and Zambia have been associated 

with a high diversity of 

polyomaviruses, none of which have 

been recorded infecting humans, 

although they may play a role in viral 

transmission for other species 

through coinfection dynamics. 

Tao et al. 2013 

Carr et al. 2017 

Poxviridae Israeli poxvirus A novel poxvirus was isolated from a 

visibly infected bat in Israel and is the 

first instance of a poxvirus bat 

infection in Israel. Poxviruses can 

infect humans, but the zoonotic 

potential of the Israeli poxvirus is 

unknown 

David et al. 2020 

 

1.12 Routes of viral shedding and excretion dynamics 
Two important aspects to consider when assessing the risk of disease transmission are 

possible routes of viral shedding and the excretion dynamics of the virus (Mortlock et al. 2019; 

Letko et al. 2020). The possible routes of viral shedding suggest the most likely activities 

during which viral excretion may occur while knowing the excretion dynamics can highlight 

key periods through the year where viral shedding and risk of transmission are likely to be 

higher (Mortlock et al. 2019; Letko et al. 2020). Longitudinal sampling of a host population is 

likely the best way to assess excretion dynamics as it entails the sampling of a single population 

over multiple time points (Becker et al. 2019). Longitudinal sampling, however, has limitations 

as it can be expensive to conduct longitudinal surveys and require significant effort for sample 

collections (Plowright et al. 2016; Becker et al. 2019). As such, there can be a trade-off between 

sampling across a wide spatial area which would facilitate geographical mapping of risk 

populations/areas compared to sampling over a longer temporal scale that would provide 
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information regarding viral dynamics for a given period (Becker et al. 2019). Longitudinal 

studies can also provide information regarding the specific infection dynamics for a given host 

species. For example, the findings by Plowright et al. (2008) suggested that immunity against 

Hendra virus infection does not last long in little red flying fox (Pteropus scapulatus) 

populations compared to other flying fox populations. This has important implications for the 

emergence or re-emergence of the pathogen and the little red flying fox’s role as a host. The 

waning of maternal antibodies and innate immunity are suggested to be prominent factors 

influencing viral dynamics within host populations and may play a role in viral maintenance 

over long periods (Plowright et al. 2008; Breed et al. 2011; Plowright et al. 2016). 

For the published studies that identified zoonoses or viruses with zoonotic potential in 

South Africa (Jansen van Vuren et al. 2018; Pawęska et al. 2018; Mortlock et al. 2019; Pawęska 

et al. 2020; Mortlock et al. 2021), longitudinal sampling helped identify periods throughout the 

year with higher potential risk for viral transmission and spillover for Marburg virus and 

various paramyxoviruses (Pawęska et al. 2018; Mortlock et al. 2019; Mortlock et al. 2021). 

The studies that detected Marburg virus in the R. aegyptiacus colony revealed a noticeable 

period when juvenile seropositivity was significantly lower than adults that may suggest a 

period of higher risk of infection and shedding (Pawęska et al. 2018; Pawęska et al. 2020). 

Differences in Marburg virus prevalence between new pups and juveniles up to seven months 

old suggest that maternal antibodies prevent infection early which could explain the decreased 

seropositivity observed by Pawęska et al (2020) as passive immunity begins to wane (Amman 

et al. 2012). Viral shedding has been observed in saliva as well as being detected in rectal swabs 

(Amman et al. 2015b; Paweska et al. 2020). The presence of viral shedding through saliva 

suggests fruit discarded by foraging bats is a significant route for potential transmission 

especially given that viable Marburg virus can still be detected on fruit six hours after 

inoculation (Amman et al. 2021). The studies that detected a high diversity of paramyxoviruses 

within the R. aegyptiacus colony report distinct peaks in viral shedding during winter and 

spring coinciding with waning maternal antibodies, the beginning of the birthing season and 

lactation (Mortlock et al. 2019; Mortlock et al. 2021). These peaks correspond to periods when 

bats may experience increased energetic constraints and nutritional stress either through 

reduced fruit availability (Jacobsen and du Plessis 1976) or reproduction which increases the 

energetic burden on females and may translate to immunosuppression due to increased stress 

(Markotter et al. 2020). An important finding regarding the identification of viruses similar to 

HPIV-2 and MuV was the detection of these viruses in individual and pooled urine samples, 
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suggesting urinary excretion may act as a possible route of transmission (Mortlock et al. 2019). 

By identifying periods of higher risk of viral infection or shedding as well as the potential 

routes of viral shedding, we can better understand the dynamics of transmission risk, especially 

if combined with movement data delineating areas that are frequented by the bats. 

 

1.14 Study rationale and brief background 

Bats belong to the order Chiroptera and makeup approximately 20% of all mammalian 

species (Burgin et al. 2018). They are the only group of mammals capable of self-powered 

flight and exploit a wide diversity of niches, occurring on six continents within all habitat types 

excluding polar regions and extreme deserts (Monadjem et al. 2020). They are known to host 

a high diversity of viruses including Marburg, Hendra, and Nipah viruses that are responsible 

for several outbreaks in humans with varying case fatality rates (Murray et al. 1995; Chua et 

al. 2000; Towner et al. 2009). Intensification of viral biosurveillance in bats paired with 

advancements in nucleic acid sequencing techniques has resulted in an increasing diversity of 

novel bat-derived viruses being detected (Tan et al. 2021). However, the zoonotic potential of 

these viruses is largely unknown and viral risk assessments have historically lacked expertise 

and perspectives from other fields that may critically influence the assessment of spillover risk 

(Bird and Mazet 2018). 

From an ecological perspective, one important factor that can influence the risk of pathogen 

transmission and spillover is the movement patterns of a viral host (Dougherty et al. 2018; 

McClure et al. 2020; Randhawa et al. 2020). Several components of a species’ movement 

patterns can also be investigated such as daily or nightly foraging movements, seasonal 

movements or home range sizes (Breed et al. 2010). Foraging movements and home ranges 

specifically can be used to identify critical areas utilized by the study species that could feasibly 

translate to interfaces for the contact between species and potential spillover (Randhawa et al. 

2020). As such, the integration of ecological movement data with virological data can provide 

a geographical and potentially temporal scale for an increased likelihood of contact and 

spillover risk (Randhawa et al. 2020; K. Zhao et al. 2022). 

Rouesttus aegyptiacus is one species that has been associated with several viral species 

(Jansen van Vuren et al. 2018; Pawęska et al. 2018; Mortlock et al. 2019; Markotter et al 2020; 

Mortlock et al. 2021; Ramanantsalama et al. 2022). In South Africa, and specifically a colony 

from Matlapitsi cave, Limpopo, these bats have been associated with Marburg virus (Pawęska 
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et al. 2018), rubula- and henipa-like viruses (Mortlock et al. 2019; Mortlock et al. 2021) and 

adenoviruses (Jansen van Vuren et al. 2018). In terms of the movement patterns for this bat in 

South Africa, only two studies have been performed (Jacobsen et al. 1986; Barclay and Jacobs 

2011) but the movements for the colony from Matlapitsi cave have never been assessed and 

the most recent movement study for R. aegyptiacus in Limpopo occurred more than 40 years 

ago (Jacobsen et al. 1986).   

 

1.14.1 Problem statement 

Bats have an almost ubiquitous global distribution and due to anthropogenic expansion are 

experiencing encroachment into their natural habitats that is causing the distributions of bats 

and people to overlap (Jung and Threlfall 2016). They are a highly diverse order exhibiting 

multiple unique characteristics that influence their flight capabilities, movement patterns and 

range requirements (Voigt et al. 2017). There is evidence that the ecological traits of some 

insectivorous bats are linked to their nightly foraging distances and spatial requirements 

(Laforge et al. 2021), but whether these correlates are applicable to the diversity of species 

around the globe is unknown. Identifying if certain ecological or biological traits are linked to 

contrasting spatial requirements may aid with predictions of a species’ potential range of 

impacts. The prominence of bats as viral hosts (Olival et al. 2017), the proximity many bat 

species share with humans and their movement patterns are cause for concern and warrant 

further investigations into the potential for contact and spillover risk. In Limpopo Province, 

South Africa a colony of R. aegyptiacus is an example where a known viral host (Pawęska et 

al. 2018) occurs near human populations. The cave roost is situated approximately 500 m from 

human dwellings (Figure 1) and human residents commonly cultivate fruiting trees on their 

properties which could serve as supplementary foraging sites for the bats. These bats are known 

hosts of Marburg virus (Paweksa et al. 2018; Pawęska et al. 2020) which has been shown 

capable of remaining on discarded fruit up to six hours after contact (Amman et al. 2021). 

Therefore, the presence of R. aegyptiacus foraging in human-occupied areas could result in 

direct or indirect contact with people and domestic animals and may constitute a risk of 

spillover.  However, the risk of contact between bats and people is unknown as the small-scale 

movement patterns for this colony have never been assessed and therefore, it is unknown 

whether these bats exploit areas occupied by humans, potentially facilitating spillover and 

transmission. 
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Figure 1: Satellite view of the Fertilis valley with the five major residential areas highlighted by the 

white encircled areas (left). Matlapitsi cave, as denoted by the white point, is situated in dense natural 

vegetation but is within 500 metres of the nearest residential area (top right). The study site is located 

approximately 30 kilometres south of Tzaneen and approximately 100 kilometres southeast of 

Polokwane (bottom right) 

 

 

1.14.2 Research questions 

● Can bat home range size be linked back to species-specific ecological and biological 

traits? 

● Can the nightly foraging movement patterns of bats influence the risk of disease 

transmission through contact with people? 

● Do the foraging movement patterns of R. aegyptiacus within the Fertilis valley vary on 

a seasonal basis in line with the fruiting periods for different tree species? 

● Is there a risk of contact between R. aegyptiacus and people living in the rural 

settlements of the Fertilis valley in Limpopo Province, South Africa? 

 

Map data ©2023 AfriGIS (Pty) Ltd 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



26 | Page 
 

1.14.3 Research objectives 

This study investigated the movement patterns of bats, different variables that may influence 

their movements and how their movements may translate to an increased risk of contact with 

people and by extension transmission risk of pathogens. The objectives of this research are as 

follows: 

1. Identify ecological and biological variables that may influence movement patterns and bat 

home range size (Chapter 2) 

● Systematic review of literature pertaining to bat home ranges to identify variables 

hypothesized to influence home range size. 

● Compile published home range data from species around the globe and analyse through 

a meta-analysis to determine which variables are associated with bat home range size. 

 

2. Assess the movement patterns of an R. aegyptiacus colony relative to nearby human 

population to determine whether there is the risk of contact (Chapter 3) 

● Track the movement patterns of R. aegyptiacus around a rural settlement using 

radiotelemetry. 

● Determine whether the movements vary across a seasonal gradient and follow fruiting 

patterns for fruit trees. 

● Assess the risk of contact between bats and humans by plotting the recorded movements 

of R. aegyptiacus against residential areas to look for areas of spatial overlap. 
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Chapter 2: Critical review and meta-analysis of correlates of home 

range size in bats 
(Formatted for publication in Journal of Mammalogy) 
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2.1 Abstract 
Home range is an ecological concept that affects many aspects of the life of vertebrates and 

hence understanding how it varies between species is crucial. Mammalian home range size has 

been linked to body size and diet, but these studies were based on terrestrial species only and 

specifically excluded bats. As the only group of flying mammals, bats experience distinctly 

different constraints on movement, and hence home range. However, despite their diversity, 

relatively little is known about the home ranges of bats, and this is the first global review 

assessing correlates of their home range size. Our hypothesis is that home range will be 

impacted by different ecological conditions experienced by the bats and by the biological traits 

of the bats themselves. We performed a meta-analysis based on published data for 81 bat 

species to identify variables that contribute most to home range size. Sex, wing loading, 

functional group, colony size, dietary class, distance from the equator (latitudinal region), 

habitat type, and the interaction between habitat type and latitudinal region were all important 

variables explaining differences in the home range of bats. Wing loading was positively 

associated with their home range size, while females, open-air foragers, large colony sizes, and 

bats in temperate regions consistently had large home ranges. Understanding the correlates of 

home range has important implications for example for bat conservation and for assessing the 

risk of pathogen spillover of zoonotic pathogens from bats to humans and livestock. 

 

Keywords: Chiroptera, colony size, ecological interactions, functional group, morphology, 

movement patterns 
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2.2 Introduction 
Movements of animals within and between different areas occur daily while searching for 

inter alia food, mates, water sources or resting sites. Various factors may influence the decision 

to remain in an area, but whether animals show fidelity to one area or move frequently varies 

between species. When an animal shows a degree of site fidelity, remaining in a restricted area 

for prolonged periods, it is defined as a home range (Powell 2000; Powell and Mitchell 2012). 

The concept of a home range was initially introduced by Burt (1943) defining it as “that area 

traversed by the individual in its normal activities of food gathering, mating and caring for 

young”. The basis of establishing a home range is that the area will provide benefits to the 

individual, such as reliable resources. However, home ranges are not equivalent among all 

species or individuals of the same species (Gompper and Gittleman 1991), and it has been 

hypothesised that a myriad of factors, ranging from seasonal food availability to body mass, 

are responsible for variability in home range sizes (McLoughlin and Ferguson 2000).  

Being able to quantify the home range of an animal is important for understanding its 

potential ecological role within the ecosystem (Abedi-Lartey et al. 2016) as well as the negative 

implications of its presence in an area, for example as a host to a zoonotic disease (Epstein et 

al. 2020). The presence of a species that is a known host of zoonotic pathogens may pose a risk 

of transmission to intermediate hosts and people if there is spatial and temporal overlap with 

the host’s distribution (Breed et al. 2010; Rulli et al. 2021). Home range analysis will help 

delineate the extent of a species’ range requirements and the overall range of potential impact 

but analysing the patterns of a species’ range use within that home range may assist in 

identifying regions where spatial and temporal overlap may occur (Randhawa et al. 2020; K. 

Zhao et al. 2022). 

One overarching trend among mammalian species is that home range size scales 

allometrically with body mass according to the equation HR = aMb (McNab 1963) where HR 

represents home range, M represents body mass, a represents a species-specific, normalisation 

constant and b represents the scaling exponent giving the relationship between body mass and 

home range size (Swihart et al. 1988; Noonan et al. 2020). Larger animals require more 

resources to satisfy their energetic requirements and occupy larger areas (Kelt and Van Vuren 

2001). In addition, resource distribution and availability are two features, unrelated to body 

mass, that can also impact home range size (Ford 1983; Boutin 1990). Resource acquisition is 

an integral component of survival for animals, and they should thus adapt the size of their 

ranges as resource availability changes. Boutin (1990) reviewed studies looking at the effect of 
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food supplementation on home range size and showed that mammals inhabiting areas with 

higher resource availability had smaller average home ranges than mammals without food 

supplementation. This trend supported a model by Ford (1983), that predicted the home ranges 

of central-placed foragers would fluctuate in size according to temporal changes in resource 

availability and density, with home ranges being smaller in resource-rich compared to resource-

poor areas. Habitat can also contribute to the variation in home range size as open areas with 

patchily distributed resources require animals to maintain larger home ranges than those living 

in more homogenous situations (Ofstad et al. 2016). Finally, sex and species-specific mating 

strategies also affect home range (Henry et al. 2005), with polygynous males tending to have 

larger home ranges than females as they travel widely in search of females, with the opposite 

expected for polyandrous species (Priotto et al. 2002; Henry et al. 2005). 

Bats belong to the order Chiroptera, and despite being the second-largest mammalian order 

(Altringham 2011), have received little attention regarding their home ranges. They are unique 

among mammals as the only group capable of self-powered flight (Gunnell and Simmons 

2005), however, flight is energetically costly (Voigt et al. 2017) and bats experience unique 

energetic constraints associated with movement. In addition, bats exhibit a wide variety of diets 

including frugivory, insectivory, carnivory and sanguivory (Kunz 2013a), and exploit a diverse 

array of habitats and ecological niches. Given their unique ecology and diversity, the home 

range of bats may be influenced differently by the aforementioned factors compared with other 

mammals in addition to being constrained by order-specific characteristics. 

Body mass is expected to scale with home range size for bats, similar to non-volant 

mammalian species (Swihart et al. 1988; Kelt and Van Vuren 2001), and Fenton (1997) 

predicted that larger bats would travel further compared to smaller bats. This was based on the 

observation of a limited number of species, most of which weighed more than 15 g and 

therefore excluded many smaller bat species. A recent review reported that the home ranges of 

European and North American bats were positively associated with body mass (Laforge et al. 

2021).  

Flight patterns and behaviour in bats are dictated by wing aerodynamics (Norberg and 

Rayner 1987), and two important metrics influencing flight patterns are aspect ratio and wing 

loading. Aspect ratio is the ratio of the wingspan to the wing surface area, while wing loading 

is the ratio between body mass and wing surface area (Aldridge and Rautenbach 1987; Norberg 

and Rayner 1987). Differences in aspect ratio and wing-loading of bats result in a trade-off 
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between the cost of transport, flight speed, and manoeuvrability and thus determine the habitats 

available to different species (Norberg and Rayner 1987). For bats with high aspect ratio and 

wing loading, high-speed flight is a requirement to generate sufficient lift (Voigt and Holdried 

2012) and, consequently, these bats are restricted to foraging in open areas with few obstacles 

as manoeuvring at lower speeds incurs a high energetic cost (Norberg and Rayner 1987). For 

example, the Brazilian free-tailed bat, Tadarida brasiliensis, specifically forages at high 

altitudes in open areas where it utilises its high flight speed hunting aerial insects (Wilkins 

1989). Alternatively, bats with low wing loading and aspect ratio have slow flight speeds but 

manoeuvre efficiently in cluttered space (Norberg and Rayner 1987) such as the woolly false 

vampire bat, Chrotopterus auritus, which hunts in wooded situations (Vleut et al. 2019). It has 

been suggested that wing morphology also impacts home range size (Aldridge and Rautenbach 

1987) with Laforge et al. (2021) recently providing support for this idea in their review. Species 

adapted to open spaces are typically capable of long-distance travel at reduced energetic costs 

given that “a long, narrow wing works better than a short, wide one with the same area and 

profile, because it develops more lift, and less induced drag at the same angle of attack” 

(Pennycuick 2008, p. 68). Hence, these species are more likely to occupy larger home ranges 

(O’Donnell 2001; Noer et al. 2012), while the opposite appears to be the case for clutter 

specialists (Monadjem et al. 2009). 

Kelt and Van Vuren (2001) demonstrated that non-volant carnivorous mammals have 

larger home ranges than non-volant omnivorous or herbivorous species of comparable body 

mass (Carbone and Gittleman 2002; Tucker et al. 2014), but this trend remains untested for 

bats. Given that frugivorous and nectarivorous bats target stationary food items that are located 

on randomly distributed fruiting or flowering trees, their home ranges typically vary as 

resources are depleted or renewed (Fahr et al. 2015). But may also depend on landscape 

structure, as fragmented habitats can affect the presence and distribution of fruiting or 

flowering trees (Quesada et al. 2004). Furthermore, their home ranges may differ between 

seasons as resource abundance fluctuates (Lučan et al. 2016). Insectivorous and carnivorous 

bat species target prey items that, similarly to fruit availability, fluctuate in abundance on a 

seasonal basis, but are also mobile and, therefore, variable in space and time (Conenna et al. 

2019). Therefore, their movement patterns are reliant on the temporal availability of prey items 

but also different hunting strategies, which may result in variable use of space, distances flown, 

and home range size (Meyer et al. 2005). Bats are typically assigned to three functional groups 

based on their foraging habitats: clutter, edge and open-air foragers with each group possessing 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



32 | Page 
 

specialised flight characteristics and echolocation systems to best exploit cluttered, clutter-edge 

or open areas (Schnitzler and Kalko 2001). Species that hunt in cluttered space are adapted for 

highly manoeuvrable but slow flight that is energetically inefficient for long-distance flights, 

whereas species foraging in open spaces or along edge habitats are adapted for high-speed 

flight at the cost of manoeuvrability (Norberg and Rayner 1987; Abbott et al. 2012) and 

therefore are more likely to occupy larger areas since long-distance flights are less energetically 

expensive for them. 

Bat species roost in a spectrum of social groups ranging from large colonies, which can 

number in the tens to hundreds of thousands, to roosting solitarily, with most species falling 

somewhere in between (Kunz 2013b). A colony has been defined as a group of bats forming a 

social unit within the confines of a specific roost site or several adjacent roost sites (Kunz et 

al. 2009). For species roosting in large colonies, higher levels of intraspecific competition are 

predicted to result in increased dispersal distances during foraging bouts, leading to large home 

ranges (Meyer et al. 2005). In a study focusing on several colonies of different sizes, flight 

distances and home ranges were greater for individuals from the larger colonies (Acharya et al. 

2015). In contrast, Calderón-Capote et al. (2020) showed that distances travelled by straw-

coloured fruit bats, Eidolon helvum, while foraging were not strongly influenced by colony 

size. Individuals often switched roost sites to occupy highly productive areas rather than return 

to a single roost site and increase commuting distance, although foraging flights still ranged 

from 10 – 100 km regardless of colony size, representing extensive commuting distances. By 

comparison, solitary species such as the Hawaiian hoary bat (Lasiurus cinereus semotus) may 

defend small areas with key foraging patches (Bonaccorso et al. 2015) resulting in smaller 

home ranges. 

Mammalian home range size is predicted to differ between sexes due to different daily 

activity patterns and energy requirements with females more strongly influenced by the 

energetic constraints of reproduction (O’Donnell 2001; Henry et al. 2002) while males are 

influenced by mate availability and could limit movement distances to defend females or roost 

sites (Meyer et al. 2005). However, no clear trend is thus far evident for bats as Safi et al. 

(2007) recorded male parti-coloured bats, Vespertilio murinus, having significantly larger 

home ranges than females, while Meyer et al. (2005) suggest that female long-legged bat, 

Macrophyllum macrophyllum home ranges are likely significantly larger than males. 

Dechmann et al. (2014) also showed no significant differences in home range size or habitat 
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use between males and females, but Mackie and Racey (2007) identified varied use of different 

habitat types by females of different reproductive conditions. 

The specific landscape in which a bat occurs can influence its movement patterns as the 

landscape structure dictates resource abundance and distribution and may impose limitations 

on movements by creating ecological or geographical barriers (Wickramasinghe et al. 2003; 

Fuentes-Montemayor et al. 2013). Areas that have been fragmented by anthropogenic activities 

can increase landscape heterogeneity and the corresponding availability of food or roosting 

sites (Williams et al. 2006; Hahn et al. 2014; Egert-Berg et al. 2021). However, disturbances 

more commonly result in isolated resource patches and an overall decrease in the availability 

of resources, forcing bats to travel further each night to obtain sufficient resources (Quesada et 

al. 2004). Latitude may also play a role in movement patterns as higher latitudes (i.e. distances 

further away from the equator) experience greater seasonal variation in conditions compared 

to tropical areas which may influence local resource conditions (Fleming and Eby 2003). The 

dramatic changes between seasons and the corresponding resource availability may influence 

movements as bats must adjust to compensate for increased or decreased resource availability 

(Richter and Cumming 2006; Páez et al. 2018). Given the more pronounced seasonal variation 

in temperate regions, movement patterns may be more variable among temperate species 

compared to tropical species (Fleming and Eby 2003). 

Home range size may be influenced by specific methodological variables such as the mass 

of the transmitter relative to the tagged individual (Aldridge and Brigham 1988) as bats 

burdened with excessively heavy tags may experience difficulties maintaining normal flight 

patterns (O’Mara et al. 2014). Meanwhile, the number of locations obtained may influence the 

statistical power of the estimate, whereas the different estimation methods used may give 

variable results (Laver and Kelly 2008; Noonan et al. 2019).  

Home range studies provide insight into the movement patterns of bats and their potential 

interactions with other species. As bats provide several ecosystem services and are hosts for 

potential zoonotic pathogens, their movements carry importance for ecosystem well-being but 

also affect the risk of pathogen spread and disease transmission to people (Kunz et al. 2011; 

Letko et al. 2020). Therefore, understanding how their movements are affected by ecological 

and biological variables is vital to delineating their importance across different fields 

(Randhawa et al. 2020). Laforge et al. (2021) reviewed variations in bat home range size, but 

only for North American and European species and the review only assessed the effect of 
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landscape composition, body mass and wing morphology and did not include important 

variables such as colony size, functional group, or diet. Therefore, this review aims to assess 

how ecological and biological variables are associated with home ranges for bats on a global 

scale and determine whether there are any consistent patterns that could prove useful for future 

studies looking at general movements for bats as well as their associated impacts on the 

environment.  

Our hypothesis is that home range will be influenced by different ecological conditions 

experienced by the bats and by the biological traits of the bats themselves. In particular, we 

predict that: 1) aspect ratio and wing loading will be positively associated with home range 

size; 2) larger bats will have larger home ranges; 3) species roosting in larger colonies will 

have larger home ranges; 4) open-air foragers will have larger home ranges than edge and 

clutter foragers; 5) females will have larger home ranges than males; 6) disturbed landscapes 

will contribute towards larger home ranges than natural landscapes; 7) bats from temperate 

regions will have larger home ranges than those from tropical regions. 

 

2.3 Materials and Methods 
Data collection. —We searched for peer-reviewed publications including journal articles, 

review papers, and book chapters on home range sizes of bats published around the globe up 

until the end of November 2022 following the Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses (PRISMA) guidelines (Moher et al. 2009). Searches were 

performed using the Institute for Scientific Information’s Web of Science database, 

ScienceDirect, Scopus, JSTOR, and Google Scholar with the following keywords: 

“Chiroptera” OR “bats” AND “home range” OR “foraging range” OR “movement ecology” 

OR “movements” OR “telemetry” OR “radio-tracking” OR “GPS tracking”. From these 

searches, we identified species for which home range had been reported. We reviewed the 

publications by reading the abstracts, or full articles where necessary, and excluded articles 

that did not report home range sizes. Of the publications that did report home range size, the 

decision to further retain or exclude an article was made based on the home range data reported 

as only articles in which home range data were reported for the species at an individual level 

were retained for the analysis. Therefore, publications where home range size had been 

reported as a mean for multiple individuals or as a colony estimate were excluded. The decision 

to only include home range statistics reported at the individual level was to allow for 

meaningful comparisons between sexes or where studies included multiple study sites with 
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different landscape types and vegetation mosaics. Where needed, further searches to obtain 

supplementary data such as colony size, functional group, and wing morphology metrics for 

the individual species obtained from the literature search were performed using the keywords 

“foraging ecology”, “mammalian species”, “wing morphology” or “population ecology” paired 

with the species name. Taxonomic classifications for the species included in the dataset were 

confirmed using the Mammal Diversity Database (MDD 2022) and the ‘Bats of the World’ 

database (Simmons and Cirranello 2022). There were no cases of ambiguous species 

classifications in our dataset as any cryptic species had had their taxonomic classifications 

resolved by the time of this study. All searches were performed using the current species name 

and all previous names if there had been a taxonomic revision. All publications not written in 

English were translated to assess their relevance for the analysis. 

 

Statistical analysis. —We extracted information regarding the habitat and landscape of the 

study area, the latitudinal region in which the study occurred, body mass, sex, diet, functional 

group, colony size, wing morphology, and home range size of the bats directly from the selected 

articles. Home range measurements were reported using either hectares (ha) or square 

kilometres (km2) but were all converted to hectares before analysis to ensure comparability 

across the same unit. Habitat type and landscape classifications for the study area were further 

supplemented with data from worldwide habitat type ranges (Jung et al. 2020) and by satellite 

imagery from Google Earth respectively. The habitat types were defined using the definitions 

given in Jung et al. (2020) and were identified by comparing the global vegetation maps against 

the locations of the sites for the home range studies. Landscapes were assessed using the 

historical imagery feature to determine landscape structure and cover during the respective 

study periods. Categorical variables were divided into separate classes (Table 2). We had 

initially wanted to include data on the reproductive status and age of the bats, and the season 

in which each study was performed, however, due to inconsistent reporting among 

publications, these variables could not be included in our analyses. 
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Table 2: Summary of the categorical variables and respective classes used in Linear Mixed Models for 

the home range analysis 

Variable Classes a 

Diet Frugivore; Nectarivore; Insectivore; Carnivore 

Functional group Clutter forager; Edge forager; Open-air forager 

Habitat  Arid; Forest; Savanna 

Landscape Disturbed; Natural 

Region Temperate; Tropical 

Colony size Solitary; Small colony; Large colony 

Sex Male; Female 

Family b Furipteridae; Hipposideridae; Megadermatidae; Miniopteridae; Molossidae; 

Mystacinidae; Myzopodidae; Noctilionidae; Nycteridae; Phyllostomidae; 

Pteropodidae; Rhinolophidae; Vespertilionidae 

Home range b 

estimator 

Minimum Convex Polygon; Kernel Density Estimation; Local Convex Hulls; 

Anderson Fourier 

a For more detail on how the variables were defined refer to the paragraph below 

b Family and home range estimators were included as random effects in the analysis 

The sex of the bats was obtained from the corresponding articles. Habitats were broadly 

defined as ‘arid’, ‘forest’ or ‘savanna’ as bats from these ecoregions tend to be ecologically 

quite different. A more specific definition of habitat was not possible due to the inconsistent 

way in which this was described in the different papers, however, since this review is focused 

on a global scale, the use of such broad definitions is necessary as a finer-scale classification 

would result in too many variables for reliable statistical comparisons. The landscape for the 

study areas was defined as either ‘natural’ or ‘disturbed’ based on the descriptions given and 

historical satellite imagery, with ‘disturbed’ areas being considered as areas in which 

agricultural practices were present, intensive vegetation management is ongoing, or 

urbanisation had occurred. The classification of a ‘disturbed’ site was based on the proportional 

habitat availability described in the home range studies. Areas where the majority (>50%) of 

the landscape has been transformed to either agricultural fields, grazing lands or urban areas 

were considered as disturbed. The scope for each study site was defined by the home range 

sizes of the bats in the study and were therefore, unique for each study site. Region refers to 

the latitudinal distance from the equator and was defined as ‘tropical’ for studies performed 

between the latitudes of 23.5º N and 23.5º S, or ‘temperate’ for studies performed further north 

or south of 23.5º N and 23.5º S respectively. The diet and functional group for each species 
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were identified from supplementary literature pertaining to that species where that information 

was not included in the home range publication. Dietary classes were broadly defined as 

insectivore, carnivore, frugivore and nectarivore, although there are instances where species 

exhibit generalist dietary requirements such as some phyllostomids that include fruit, nectar, 

and insects in their diet in varying proportions (Stevens and Amarilla-Stevens 2021). For 

example, the great fruit-eating bat, Artibeus lituratus, is primarily frugivorous but molecular 

analysis has revealed the inclusion of insects in the diet as well (Ingala et al. 2021). Therefore, 

dietary classifications were based on the primary food items targeted by the different species. 

Bat species were assigned to functional groups according to the definitions given by Schnitzler 

and Kalko (2001) of clutter, edge and open-air foragers. Colony sizes were defined as solitary, 

small colony (less than 100 individuals) or large colony (more than 100 individuals) similar to 

the classifications used by (Tournant et al. 2013), with the word “colony” used when the 

relevant publication used this term.  

A phylogenetic generalised least-squares (PGLS) regression was run to search for a 

phylogenetic signal pertaining to home range size in the dataset using the mammalian 

phylogeny generated by Upham et al. (2019). As we were interested in the potential effect of 

phylogeny on home range size, given the variables in the dataset, we constructed the PGLS 

using body mass, aspect ratio, wing loading, and all categorical variables (Table 2) as predictors 

with home range size as the response (Mundry 2014). We ran two separate PGLS regressions 

using the ‘caper’ and ‘ape’ packages in R (Paradis and Schliep 2019; Orme et al. 2018) to 

estimate the maximum likelihood of the parameter lambda (λ). Lambda is a metric that scales 

from 0 to 1 (0 representing no phylogenic signal, 1 representing a strong phylogenic signal and 

one can assume evolution by a Brownian motion model where trait data are fully explained by 

phylogeny) and is used to determine the extent to which phylogeny explains the variation in a 

dataset (Symonds and Blomberg 2014). Both PGLS regressions demonstrated that there was 

no phylogenic signal in the estimates of home range; λ= 0, meaning the effect of the different 

covariates on home range size was not biased by phylogeny (Revell 2010). Therefore, we 

performed linear mixed models (LMMs) to determine which variables had an influence on 

home range size. Home range estimates were log-transformed to account for outliers and 

achieve an approximately normal distribution. Although data were not normally distributed 

post-transformation (Shapiro-Wilk: w = 0.997; p = 0.008), regression models with a Gaussian 

distribution have been shown to be robust to violations of normality (Knief and Forstmeier 

2021).  Body mass was also log-transformed to account for high variability within the dataset. 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



38 | Page 
 

We assessed for potential collinearity between variables in the full model using generalised 

variance inflation factors (GVIF) from the ‘car’ package in R (Fox and Weisberg 2019). Upon 

the recommendations by Fox and Monette (1992), we used the squared ratio generalised 

variance inflation factor, GVIF 1/(2 * df), which enables effective comparisons for variables with 

multiple coefficients. We included wing loading, aspect ratio, log of body mass, diet, functional 

group, colony size, habitat type, sex, region and landscape as fixed effects. Interaction terms 

were considered for inclusion in the models only if they carried biological relevance that may 

influence home range size variation. Two interaction terms were considered: firstly, between 

body mass and sex to address the potential effect of sexual dimorphism on home range size 

and secondly, between habitat type and latitudinal region due to potential regional variability 

in vegetation structure and, or resource availability between similar habitat types. We 

investigated whether the number of locations, proportional tag mass or statistical methods 

influenced home range estimates. Unfortunately, the number of locations obtained for each bat 

was inconsistently reported among publications and was not available for a large proportion of 

the dataset, therefore, it could not be assessed. The proportional mass of the transmitters 

deployed on the bats was, however, available and we included it as a covariate in the analysis. 

The best measure to assess its potential influence was to analyse it for species where multiple 

studies had been performed. Therefore, a separate analysis was performed using a subset of the 

dataset including only species with multiple home range studies. Due to the nature of the 

morphological predictor variables we collected (i.e. body mass, aspect ratio, wing loading), 

their variation is driven by phylogenetic relatedness. For instance, the average body mass for 

Pteropodidae was higher than that for Vespertilionidae. However, as they were predictor 

variables, we included family as a random effect in the LMMs to account for trends across the 

dataset due to phylogenetic relatedness.  Four different home range estimation methods had 

been employed to calculate home range size in the different studies, which can confound 

comparative assessments given the lack of comparability between different statistical methods 

(Laver and Kelly 2008). However, as we had multiple species and families represented for each 

of the different estimation methods, we included home range estimator as a second random 

effect to control for potential variability between the statistical methods. Both family and home 

range estimator were included as random intercepts. Model selection was performed using the 

‘AICcmodavg’ and ‘lme4’ packages in R (Bates et al. 2015; Mazerolle 2020) by generating all 

relevant candidate models and assessing the AICc (corrected Akaike Information Criterion) 

and ΔAICc values. The model with the lowest AICc value was selected as the best model, and 

any models that were within ΔAICc < 2 were considered as competing (Burnham and Anderson 
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2004). To assess the reliability of the output from the top-ranked model, we performed a 

Bonferroni test assessing for the presence of outliers (Cook and Prescott 1981), although none 

were detected and overall model fit was assessed with the marginal and conditional R2 values 

using the ‘MuMIn’ package in R (Barton 2020). Post-hoc Tukey tests were also performed for 

variables with >2 classes using the ‘emmeans’ package (Lenth 2022) to determine interclass 

differences. All analyses were performed in R v4.0.2 (R Core Team 2021) using the Rstudio 

v1.3.1073 (Rstudio Team 2021) interface and statistical significance was always assessed using 

an alpha of 0.05. 

 

2.4 Results 
The dataset. —Our literature search returned 4239 articles relevant to our search terms, 

which, after the removal of duplicate articles, conference results, non-peer-reviewed datasets, 

off-topic publications, or articles reporting home range at population or colony level, was 

reduced to 91 publications. Subsequent searchers for species-specific supplementary data 

included an additional 75 publications resulting in a total of 166 publications encompassing 

1260 individuals from 81 species and 13 families for our final dataset with sample size per 

species ranging from 1 – 83 individuals (Supplementary Data SD1). Studies that were retained 

comprised peer-reviewed journal articles as well as a single unpublished report. 

Summary of species collected in home range studies. —The species for which we obtained 

home range data were distributed across the six continents where bats are found: Africa (14), 

Asia (7), Europe (19), North America (18), Oceania (8), South America (15) and included 

insectivores, frugivores, nectarivores and carnivores. From the six continents, species were 

distributed across tropical (44) and temperate regions (37). In terms of representation across 

the different families, our species collectively belonged to 13 families: Furipteridae (1), 

Hipposideridae (1), Megadermatidae (2), Miniopteridae (1), Molossidae (2), Mystacinidae (1), 

Myzopodidae (1), Noctilionidae (1), Nycteridae (1), Phyllostomidae (22), Pteropodidae (17), 

Rhinolophidae (3), and Vespertilionidae (28). Home range sizes varied from 0.2 ha (Atacama 

myotis, Myotis atacamensis; (Rodriguez-Pinto et al. 2022)) to 124,413.8 ha (Straw-coloured 

fruit bat, Eidolon helvum; (Randhawa et al. 2020)). 

Home range estimates and model selection. —There was no evidence of collinearity within 

the dataset with all GVIF^(1/2 * df) values <3 (Supplementary Data SD2), well below previously 

suggested values of 10 when assessing severe multicollinearity (Hair et al. 1995; O’Brien 
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2007). Model selection revealed the best performing model was one that included sex, wing 

loading, colony size, the interaction between habitat type and region, functional group, and diet 

with family and home range estimator as random intercepts (R2m = 0.29; R2c = 0.81) (Table 

3). Residuals were not normally distributed according to statistical tests (Shapiro-Wilk: w = 

0.99, p < 0.001) but Knief and Forstmeier (2021) suggest that these violations of normality do 

not impact the accuracy of estimates nor the significance of variables if sample sizes are 

sufficiently large (n ≥ 1000). The separate analysis assessing the influence of proportional tag 

mass on home range size for the data subset revealed a negative relationship with home range 

size (β = -0.20; p < 0.001). When included in the top-ranked model, the proportional mass of 

transmitters on the tagged bats still had a negative influence on home range size (β = -0.07; p 

= 0.001), supporting the idea that tag mass may influence movement patterns (Aldridge and 

Brigham, 1988) and may bias home range estimates. However, its inclusion did not change the 

significance or effects of the remaining variables and therefore, did not influence the overall 

results (Supplementary Data S3). There were four competing models that included the 

interaction between body mass and sex, body mass as a separate covariate, and landscape in 

different combinations (Table 3). 

 

Table 3: Summary of the top 10 candidate models generated during model selection with the full model 

for comparison with AICc scores, model weight (AICcWt) and parameters (K) examining the effect of 

biological and ecological variables on bat home range sizes 

 Candidate models K AICc ΔAICc AICcWt 

1 S + WL + C + H*R + FG + D 18 4075.60 0.00 0.24 

2 log(m)*S + WL + C + H*R + FG + D 20 4076.30 0.70 0.17 

3 S + WL + C + H*R + FG + D + L 19 4076.55 0.95 0.15 

4 log(m)*S + WL + C + H*R + FG + D + L 21 4077.13 1.53 0.11 

5 log(m) + S + WL + C + H*R + FG + D 19 4077.55 1.95 0.09 

6 log(m)*S + AR + WL + C + H*R + FG + D 21 4077.98 2.38 0.07 

7 log(m) + S + WL + C + H*R + FG + D + L 20 4078.38 2.78 0.06 

8 log(m)*S + AR + WL + C + H*R + FG + D + L 22 4078.94 3.34 0.04 

9 log(m) + S + AR + WL + C + H*R + FG + D 20 4079.21 3.61 0.04 

10 log(m) + S + AR + WL + C + H*R + FG + D + L 21 4080.17 4.57 0.02 

Full log(m) + S + AR + WL + C + H + R + FG + D + L 19 4206.50 130.90 0.00 

Variable definitions: m = mass; S = sex; AR = aspect ratio; WL = wing loading; C = colony size; H = habitat; D 

= diet; FG = functional group; R = region; L = landscape; species and home range estimator were included as 

random effects 

* Denotes an interaction between variables 
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Wing loading, sex, functional group, habitat type, latitudinal region, the interaction 

between habitat type and region, colony size, and diet all influenced home range size (Table 4; 

Supplementary Data S4). None of the variables included in the competing models were shown 

to influence on home range size. Their inclusion also did not alter the signs or significance of 

the other covariate estimates except for models with the interaction between body mass and 

sex. For these models, sex no longer had a direct influence on home range size, and the estimate 

changed from a negative to a positive value, although its inclusion in the interaction likely 

caused this difference. Wing loading had a positive influence on home range size 

(Supplementary Data S5). Females had significantly larger home ranges than males. Temperate 

home ranges were significantly larger than in tropical regions, home ranges within savanna 

habitats were significantly smaller than in arid areas, and pairwise comparison revealed they 

were also significantly smaller than in forested areas (Table 5). However, since habitat type 

was involved in a significant interaction with latitudinal region, the interpretation of the 

pairwise comparisons for the main effects in isolation may not be reliable. Considering the 

interaction, home ranges were significantly larger within temperate forests and arid areas 

compared to tropical regions for these two habitat types, however, tropical savannas had 

significantly larger home ranges than temperate savannas. Species roosting in large colonies 

had significantly larger home ranges than both small colonies or species roosting solitarily, 

with no difference between small colonies and solitary species. Home ranges for open-air 

foragers were significantly larger than both edge and clutter foragers, while edge foragers also 

had larger home ranges than clutter foragers. Finally, carnivores were shown to have 

significantly larger home ranges compared to insectivores and frugivores but not nectarivores. 

Although, it should be noted that the small sample size for carnivores in our dataset (n = 34) 

likely influenced these results. There were no other differences in home range size between the 

other dietary classes (Table 5).  
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Table 4: Coefficient estimates, standard error, t-values and 95% confidence intervals for the best 

performing LMM assessing the effects of ecological and biological variables on bat home range sizes. 

Statistical significance was assessed with an alpha threshold of 0.05 

Variable Coefficient 

estimate 

Standard error t – values 95% CI 

Intercept 5.17 0.94 5.51 3.32 – 7.01 

Wing loading 0.08 0.02 4.88 0.04 – 0.12 

Sex     

 Female a Ref lev    

 Male -0.28 0.10 -2.72 -0.48 – -0.08 

Colony size     

 Large Ref lev    

 Small -1.34 0.15 -8.69 -1.63 – -1.05 

 Solitary -1.54 0.18 -8.67 -1.89 – -1.19 

Habitat     

 Arid Ref lev    

 Forest 0.00 0.47 0.00 -0.92 – 0.92 

 Savanna -4.31 0.52 -8.26 -5.33 – -3.29 

Region     

 Temperate Ref lev    

 Tropical -5.60 0.90 -6.25 -7.36 – -3.84 

Functional group     

 Clutter Ref lev    

 Edge 0.41 0.12 3.37 0.17 – 0.65 

 Open-air 1.60 0.18 9.10 1.25 – 1.95 

Diet     

 Insectivore Ref lev    

 Frugivore -0.01 0.28 -0.04 -0.56 – 0.54 

 Nectarivore 0.68 0.38 1.79 -0.06 – 1.42 

 Carnivore 1.72 0.32 5.36 1.09 – 2.35 

Habitat_Forest * Region_Tropical 4.10 0.98 4.19 2.18 – 6.02 

Habitat_Savanna * Region_Tropical 10.09 1.02 10.66 8.09 – 12.09 

Significant variables given in bold. 

a Reference level variable 
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Table 5: Coefficient estimates, standard error and 95% confidence intervals for post-hoc pairwise 

comparisons of functional group, colony size, and dietary class. Statistical significance was assessed 

with an alpha threshold of 0.05 

Comparison Coefficient 

estimate 

Standard 

error 

d.f. t-ratio 95% CI 

Clutter – Edge -0.41 0.12 1148 -3.34 -0.65 – -0.17 

Clutter – Open -1.60 0.17 1150 -9.02 -1.93 – -1.27 

Edge – Open -1.19 0.17 1150 -6.91 -1.52 – -0.86 

Large – Solitary 1.54 0.18 1145 8.57 1.19 – 1.89 

Large – Small 1.34 0.16 1153 8.59 1.03 – 1.65 

Small – Solitary -0.21 0.15 1151 -1.34 -0.50 – 0.08 

Insectivore – Frugivore 0.01 0.28 1148 0.04 -0.54 – 0.56 

Insectivore – Nectarivore -0.68 0.39 1122 -1.77 -1.44 – 0.08 

Insectivore – Carnivore -1.71 0.32 1146 -5.32 -2.34 – -1.08 

Frugivore – Nectarivore -0.69 0.30 1148 -2.29 -1.28 – -0.10 

Frugivore – Carnivore -1.73 0.33 1150 -5.27 -2.38 – -1.08 

Nectarivore – Carnivore -1.03 0.45 1142 -2.32 -1.91 – -0.15 

Significant comparisons given in bold. 

 

The above results (Table 4 and 5) show how some individual variables contribute towards 

home range size variation, however, investigating the different variables in conjunction 

provides a better picture of home range size variation and can highlight where different species 

fall along the continuum of home range sizes. As an example, large colony size, open-air 

foraging strategies and temperate regions all contributed towards larger home ranges (Table 4). 

By comparison, solitary species, clutter foragers and tropical regions had smaller home ranges. 

A comparison of home range sizes for species from our dataset, with these combinations of 

variables, was included to assess whether the variables that individually, positively influence 

home range size effected the same result when assessed simultaneously (Figure 2). The figure 

also shows the positive relationship between home range size and wing loading. 
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Figure 2: Graphical representation of the combined effect of colony size, functional group, and 

latitudinal region on home range size compared against wing loading. Circles represent open-air 

foragers, in large colonies from temperate regions: Myotis grisescens (Myo.gri), Mops condylurus 

(Mop.con), Mops pumilus (Mop.pum), Nyctalus leisleri (Nyc.lei). Triangles represent edge foragers, in 

small colonies from tropical regions: Hypsignathus monstrosus (Hyp.mon), Pteropus livingstonii 

(Pte.liv), Artibeus lituratus (Art.lit), Lophostoma silvicolum (Lop.sil), Macrophyllum macrophyllum 

(Mac.mac), Cynopterus sphinx (Cyn.sph), Dermanura watsoni (Der.man). Squares represent solitary, 

clutter foragers from tropical regions: Gardnerycteris crenulatum (Gar.cre), Lavia frons (Lav.fro), 

Rhinophylla pumilio (Rhi.pum) 

      

2.5 Discussion 
Referring back to our original predictions: 1) wing loading, but not aspect ratio was 

positively associated with home range size; 2) body mass did not affect home range size; 3) 

colony size was linked with home range size with larger colonies having larger home ranges; 

4) open-air foragers had larger home ranges than both edge and clutter foragers; 5) females had 

larger home ranges than males; 6) level of landscape disturbance did not affect home range 

size; 7) bats from temperate regions had larger home ranges than bats from the tropics, but 

there were also habitat-specific trends present across latitudinal regions. 
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We found a weak, but positive association between the wing loading of bats and home 

range size. Wing loading is primarily linked to flight speed in bats, with higher wing loading 

correlating to higher flight speeds to generate sufficient lift (Norberg and Rayner 1987; Voigt 

and Holderied 2012). Higher flight speeds would enable bats to cover a greater distance in a 

shorter space of time and could translate to larger range sizes (Laforge et al. 2021). Contrary 

to our predictions, we did not find an association with aspect ratio, despite a higher aspect ratio 

corresponding with higher aerodynamic efficiency which may facilitate long-distance flight 

(O’Donnell 2001). Body mass was also predicted to have a positive effect on home range size 

as bats experience unique energetic constraints associated with flight (Thomas and Suthers 

1972), which increase with higher body masses (Norberg and Rayner 1987; Fenton 1997). 

Therefore, it seems reasonable that larger bats would occupy larger home ranges to obtain 

sufficient resources to balance their energy budgets. Yet, body mass did not contribute to the 

top model and when it was included in competing models, it did not influence home range size. 

This contrasts with the findings of Laforge et al. (2021) and may be due to the higher diversity 

of species and families present within our dataset. Regardless, we similarly showed that wing 

loading was positively associated with home range size (Laforge et al. 2021). 

Like most mammals, bats are hypothesised to experience sex-specific energetic constraints 

linked to reproduction that may influence movement patterns and range sizes (Henry et al. 

2002). Several previous studies have reported contrasting results regarding sex-specific range 

requirements (Meyer et al. 2005; Safi et al. 2007; Dechmann et al. 2014), yet females 

consistently had larger home ranges than males in our dataset. Female bats experience stringent 

energetic constraints during pregnancy and lactation that males do not encounter and therefore 

may need to alter their foraging behaviours with one option being to expand their ranges over 

a large area to satisfy their increased energetic requirements (O'Donnell 2001; Henry et al. 

2002). Similarly, the nightly activities may differ between sexes which could also influence 

movement distances. For instance, males were observed foraging closer to the day roost than 

females during the breeding season to defend females or potentially sneak copulation (Meyer 

et al. 2005). 

The three functional groups, open-air, edge and clutter foragers, each have unique flight 

characteristics and patterns imposed by their wing shape and aerodynamic constraints (Norberg 

and Rayner 1987; Schnitzler and Kalko 2001). Examples for each group include Angolan free-

tailed bats, Mops condylurus, which forage in open spaces over vegetation (Noer et al. 2012), 

soprano pipistrelles, Pipistrellus pygmaeus, which forage along the edge of tree lines 
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(Kirkpatrick et al. 2018), and Egyptian slit-faced bats, Nycteris thebaica, which forage in 

heavily cluttered areas (Monadjem et al. 2009). Open-air foragers, with their typically high 

aspect ratio and wing loading, experience greater drag at lower speeds, so faster flight is needed 

to achieve the optimum balance between energetic output and flight speed, but at the cost of 

manoeuvrability (Pennycuick 2008; Voigt and Holderied 2012). In contrast, clutter foragers 

typically possess shorter, rounder wings with a lower wing loading and aspect ratio, increasing 

manoeuvrability and making slower flight more economical, but limiting flight speed and 

distances travelled as the broader wings are less aerodynamically efficient (Norberg and 

Rayner 1987). These traits preclude open-air foragers from exploiting cluttered areas as 

manoeuvring through cluttered areas is not energetically viable while clutter foragers will 

typically avoid crossing large open areas as such commutes are energetically costly (Norberg 

and Rayner 1987; Voigt and Holderied 2012). There was a trend for home range sizes to 

increase in line with increasing requirements for open space. Open-air foragers had the largest 

home ranges followed by edge and clutter foragers. As open-air foragers typically possess 

above-average wing loading and aspect ratio (Norberg and Rayner 1987), they are constrained 

in their ability to utilise cluttered areas and must target open areas which can lead to increased 

travel distances to locate suitable foraging sites (Abbott et al. 2012). Clutter foragers are better 

adapted for slow, highly manoeuvrable flight in cramped spaces compared to open-air foragers 

while edge foragers represent an intermediate between the two extremes, capable of exploiting 

areas around background clutter (Abbott et al. 2012; Denzinger and Schnitzler 2013). The wing 

structures that enable manoeuvrability in clutter could inhibit long-distance commutes as these 

are not energetically viable, thereby encouraging the occupancy of a smaller overall range 

(Abbott et al. 2012).  

 There are fundamental differences among habitat types in terms of vegetation structure, 

density and heterogeneity that can influence resource distribution and availability (Egert-Berg 

et al. 2021). The specific vegetation structure within different habitats may limit the types of 

foragers present in these areas which may result in different bat assemblages with traits 

specifically evolved to exploit a particular habitat type (Fahr and Kalko 2011). As a result, 

there may be contrasting movement patterns for bats from these different habitats. There were 

differences in patterns of range size between different habitat types, but this was also influenced 

by latitudinal region. As latitude increases further north and south of the equator, seasonal 

variation in climatic conditions becomes more pronounced, which may influence resource 

availability and, thus movement patterns (Fleming and Eby 2003). Therefore, we might expect 
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movement patterns to be more variable within temperate compared to tropical habitats which 

was the case for arid and forested areas in our dataset. The small sample size for temperate (n 

= 19) and tropical (n = 43) arid habitats may have confounded this effect, however, tropical 

forests are typically densely vegetated with high levels of structural complexity and species 

diversity (Bonaccorso et al. 2005). The structural complexity of tropical forests limits 

accessibility to species that are adapted for slower flight and higher manoeuvrability (Norberg 

and Rayner 1987; Schnitzler and Kalko 2001) while the dense concentration and diversity of 

suitable resources may enable species to satisfy their energetic requirements within a smaller 

area compared to temperate forests (Rothenwoehrer et al. 2011). For savanna habitats, there 

was a trend for home range to be larger in tropical regions than in temperate. This trend, 

however, may have been an artefact of sampling bias as all but one of the species from tropical 

savannas were from South America that has experienced extensive habitat fragmentation and 

alteration (Bernard and Fenton 2007) which may have influenced their movement patterns. 

Colony size was an important predictor for variation in home range size. Large colony size 

was linked to larger home range areas, supporting previous hypotheses that intraspecific 

competition in colonial species drives wider dispersal to avoid potential resource competition 

(Meyer et al. 2005; Corman et al. 2016). Acharya et al. (2015) alluded to a similar trend where 

range size and flight distances were greatest for bats from larger colonies. There are, however, 

reports of bat movement distances that appear independent of colony size. For example, 

Calderón-Capote et al. (2020) show that E. helvum dispersal distances did not increase 

proportionately with increases in colony sizes. However, mean nightly dispersal distances still 

ranged from 10 – 100 km which are extensive movement distances for any bat species and may 

have confounded potential correlations with colony size (Calderón-Capote et al. 2020). Dietary 

class was also linked to home range size variation. Carnivorous bats had larger home ranges 

than insectivores and frugivores, although the limited number of carnivores may have masked 

the true differences between these groups as the small sample size is more sensitive to extreme 

values. The theory of whether diet influences home range size for bats has thus far remained 

untested and, although our results suggest carnivorous bats may require larger ranges, further 

investigations are required with greater representation of carnivorous species before such a 

conclusion can be drawn. Landscape status did not affect home range size, despite predictions 

that sparsely distributed resources in disturbed areas would force bats to travel further to reach 

isolated resource patches or to avoid undesirable areas such as urban centres or large, open 

agricultural fields (Quesada et al. 2004). However, responses to habitat fragmentation may be 
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species-specific as habitat specialists are typically more susceptible to disturbance than 

generalists (Webala et al. 2019). Furthermore, the disturbance or alteration of natural habitats 

may benefit bats through increased heterogeneity that provides greater foraging opportunities 

year-round or potential roosting sites that could forego the need for larger ranges and travel 

distances (Hahn et al. 2014; Egert-Berg et al. 2021; Laforge et al. 2021). Similarly, bats 

foraging at high altitudes may be less susceptible to fragmentation as their flight paths allow 

them to circumnavigate areas of disturbance without being directly affected (Jung and Threlfall 

2016). 

As known viral hosts, the movement patterns of bats are potentially important for their role 

in pathogen spillover events (Breed et al. 2010; Dougherty et al. 2018). Most studies 

investigating emerging zoonoses in bats, however, do not consider movement data that could 

highlight potential areas of contact between species (Letko et al. 2020; Randhawa et al. 2020). 

Home range analysis can help provide a broad idea of the potential range over which contact 

may occur, however, a more useful measure may be to explore patterns of range use within a 

home range (Randhawa et al. 2020; McKee et al. 2021). Range use analysis, such as kernel 

density estimates that identify areas with higher intensity usage, could provide crucial 

information regarding specific regions of overlap and potential risk of contact for pathogen 

spillover (K. Zhao et al. 2022). Additionally, by assessing the patterns of range use within bat 

home ranges, researchers can gain more specific insight into which habitat features are vital to 

their survival to make informed conservation decisions (Kunz et al. 2003; Zeale et al. 2012). 

Data were available for a relatively limited number of species given their overall diversity 

with >1400 known species (Simmons and Cirranello 2022), and there was relatively poor 

representation for species from Asia and Oceania. The different home range estimators used in 

the different studies brought in further complexity through the lack of comparability between 

methods (Laver and Kelly 2008). We addressed this by controlling for the estimator method 

across the different studies. Although this may not have accounted for all potential bias inherent 

between the different statistical methods, it helped to control for some of the variation in the 

available data without sacrificing statistical power with smaller sample sizes or fewer species 

in the dataset. Regardless, we feel that the findings of this meta-analysis provide important 

insight into how the home ranges of bats across the globe are affected by different biological 

and ecological variables. Future studies should look to build on these findings by focusing on 

additional species once home range data become available as the high diversity of bats may 

potentially provide contrasting trends not observed within our dataset. Although future efforts 
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will still be constrained by the availability of appropriately sized tags that may prevent 

investigations for smaller species. Smaller tags are being developed which will increase 

accessibility to smaller species, however, the costs associated with more compact units may 

limit the number of bats that can be tracked. The inclusion of reproductive status in general 

home range studies can provide important information regarding energetic constraints and 

movement patterns during these periods, especially for males due to the scarcity of published 

data regarding home range sizes for males of different reproductive statuses. The inconsistent 

or lack of reporting for the season(s) in which studies were performed prevented the 

comparison of home ranges and movement patterns across seasonal gradients. However, 

perhaps a more useful metric may be to report periods of food availability around the study 

area as this would likely be more informative than season or rainfall periods as habitat 

dynamics can vary between different ecoregions and allow for comparisons of home ranges 

given an understanding of fluctuating resource availability. 

 

2.6 Conclusions 

This study highlighted key ecological variables and biological traits that are linked with 

bat home ranges and can help improve our understanding of variations in their movement 

patterns. These findings may serve as a preliminary step towards predicting potential range 

requirements for different species if their ecological and biological traits are known. As a 

highly diverse order that is responsible for several key ecosystem services but is also facing 

widespread population declines and threats (Frick et al. 2020), understanding the movements 

and range requirements of bats can aid in their protection by identifying key areas of 

importance. Furthermore, as viral hosts, their movements carry implications for disease 

transmission and understanding how different variables influence range requirements could aid 

with risk assessments if supplemented with specific investigations into patterns of range use 

within a home range.  

 

2.7 Supplementary Data 
Supplementary Data S1. —Results of literature search and list of publications used in the 

analysis including species sample size and study locations. 

Supplementary Data S2. —Results from collinearity test with Generalised Variance Inflation 

Factors for variables in the full model. 
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Supplementary Data S3. —Comparison of the top-ranked model when proportional mass of 

the transmitter is included as a covariate. 

Supplementary Data S4. —Graphical visualization of statistical outputs from top model 

detailing the scale of effects for the different covariates on home range size. 

Supplementary Data S5. —Graphical plots detailing the effects on home range size for (A) sex, 

(B) wing loading, (C) colony size, (D) functional group, (E) diet, and (F) habitat type, 

latitudinal region interaction.   

Supplementary Data S6. —Full dataset. https://doi.org/10.17605/osf.io/jbc4s. 
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3.1 Abstract 

Background: Bats are recognized as hosts for several viruses, some of which are zoonotic and 

carry the potential for spillover within human and livestock populations. Biosurveillance 

studies focused on assessing the risk of pathogen transmission, however, have largely focused 

on the virological component and have not always considered the ecological implications of 

different species as viral hosts. The movements of known viral hosts are an important 

component for disease risk assessments as they can potentially identify regions of higher risk 

of contact and spillover. As such, this study aimed to synthesize data from both virological and 

ecological fields to provide a more holistic assessment of the risk of pathogen transmission 

from bats to people. 

Results: Using radiotelemetry, we tracked the small-scale movements of Rousettus 

aegyptiacus, a species of bat known to host Marburg virus and other viruses with zoonotic 

potential, in a rural settlement in Limpopo Province, South Africa. The tracked bats exhibited 

seasonal variations in their movement patterns including variable usage of residential areas 

which could translate to contact between bats and humans and may facilitate spillover. We 

identified a trend for increased usage of residential areas during the winter months with July 

specifically experiencing the highest levels of bat activity within residential areas. July has 

previously been identified as a key period for increased spillover risk for viruses associated 

with R. aegyptiacus from this colony and paired with the increased activity levels, illustrates 

the risk for spillover to human populations. 

Conclusion: This study emphasizes the importance of incorporating ecological data such as 

movement patterns with virological data to provide a better understanding of the risk of 

pathogen spillover and transmission. 

Keywords: Chiroptera, contact risk, Egyptian rousette bat, spatial overlap, zoonoses 

 

3.2 Background 

Movements of animals are linked to changes in their internal state or environmental 

conditions that induce a critical response to satisfy essential requirements for survival (Holyoak 

et al. 2008). Aside from the myriad of factors that may affect movement patterns such as 

seasonal changes, predation pressure or the need to find a mate (Doherty et al. 2019), the 
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availability of limiting resources such as food, water and suitable habitats is generally 

considered the most prominent determinant of movement patterns (Hodgkison et al. 2004; 

Leblond et al. 2010). Bats, belonging to the order Chiroptera, are very diverse with 1 456 

reported species (Simmons and Cirranello 2022) and are unique as the only mammals capable 

of self-powered flight (Gunnell and Simmons 2005). As such, they face unique constraints for 

their movement patterns that are linked to flight mechanics, energetics and wing morphology 

(Norberg and Rayner 1987; Voigt et al. 2017). For instance, while flight enables individuals to 

traverse larger areas compared to similar-sized terrestrial species and cross geographic barriers 

that would typically inhibit movements (Epstein et al. 2009; Breed et al. 2010) it has far higher 

energetic costs compared to non-flying movements (Voigt et al. 2017). Linked to flight, the 

morphological characteristics of their wings influence their movement patterns with some wing 

types limited to high-speed flight through open areas whereas others trade flight speed for 

manoeuvrability enabling flight through highly cluttered areas (Norberg and Rayner 1987). 

Furthermore, bats can be categorised into different functional groups according to their 

foraging strategies (Schnitzler and Kalko 2001) which are in turn influenced by wing 

morphology and flight characteristics and therefore, also influence small-scale movement 

patterns. 

Chiroptera is the second-most speciose order after Rodentia and was theorised to carry a 

higher proportion of zoonotic viruses per species than any other mammalian order (Luis et al. 

2013). Although Olivero et al. (2017) and Mollentze and Streicker (2020) suggested that the 

number of zoonotic viruses was proportional to what would be expected given their species 

diversity. It has been hypothesised that the cause for their prominence as viral hosts is linked 

to key ecological traits that increase their suitability as viral reservoirs (Hayman et al. 2013; 

Luis et al. 2013; Guy et al. 2020). These traits include highly gregarious aggregations in some 

species that increase the chance for contact between species or with conspecifics, and long 

lifespans (Hayman et al. 2013; Luis et al. 2013; Guy et al. 2020). Furthermore, flight is an 

important factor as it enables widespread movements, and the broad geographic ranges for 

some species may facilitate contact and potential viral sharing with species across a wide range 

(Luis et al. 2013) and, in some cases, across national borders (Breed et al. 2010; Randhawa et 

al. 2020). 

Bats are associated with several viral families, including Filoviridae, Paramyxoviridae and 

Coronaviridae as well as lyssaviruses from the Rhabdoviridae family, that have already 

demonstrated spillover and the potential for high pathogenicity (Wang and Anderson 2019; 
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Ruiz-Aravena et al. 2021). Within these families, there are notable examples where bats have 

been identified as the virus reservoir hosts namely Marburg virus (Towner et al. 2009), Nipah 

virus (Halpin et al. 2011) and Hendra virus (Murray et al. 1995; Young et al. 1996). Amongst 

these bats is R. aegyptiacus, the Egyptian rousette bat (Ramanantsalama et al. 2022). It is a 

medium-sized fruit bat (mean body mass – 120 g; mean forearm length: 92 mm) (Monadjem 

et al. 2020) with a wide geographic distribution across Africa and into the Middle East (Benda 

et al. 2012). They roost in large colonies that can range from a few hundred to several thousand 

individuals (Monadjem et al. 2020) and are typically frugivorous, although there is evidence 

of them feeding on pollen, flowers, leaves and insects (Barclay et al. 2006; Ramanantsalama 

et al. 2022). Rousettus aegyptiacus has been identified as the reservoir host for a viral 

haemorrhagic fever, Marburg virus (Towner et al. 2009; Pawęska et al. 2018) in addition to 

being associated with paramyxoviruses, lyssaviruses and coronaviruses, several with zoonotic 

potential (Mortlock et al. 2019; Markotter et al. 2020). This bat is highly mobile, capable of 

travelling 24 km in a single night (Jacobsen et al. 1986) with one individual previously being 

recorded travelling over 500 km between cave roost sites (Jacobsen and du Plessis 1976), 

illustrating this species’ capacity for long-distance movements between suitable habitats. The 

role of R. aegyptiacus as a reservoir host for zoonoses or viruses with zoonotic potential, paired 

with their regular proximity to human populations (Barclay and Jacobs 2011; Bachorec et al. 

2020), a widespread distribution and the ability for long-distance movements highlights R. 

aegyptiacus as a prominent species that warrants further studies into its ecology, viral diversity 

and viral dynamics. 

A relatively novel attitude in the field of zoonoses and virus transmission has been to 

integrate expertise from multiple fields including virology, ecology, anthropology and 

sociology to provide a better understanding of risk assessments (Morse et al. 2012; Dougherty 

et al. 2018).  Virological studies, while highlighting important components such as viral 

prevalence, diversity and excretion dynamics, lack the ecological perspective that could 

provide context and potential scale for disease transmission risk (Dougherty et al. 2018; 

Randhawa et al. 2020). Similarly, while focused ecological studies can provide insight into a 

species’ interactions with other species and potential spillover hosts, without the virological 

background, those data are effectively meaningless in the context of disease risk assessments 

(Dougherty et al. 2018). The integration of virological and ecological data, however, can 

provide a more holistic understanding of risk assessments. For instance, movement data can 

help identify key areas in the landscape that are utilised by a study species and may provide 
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evidence of spatial overlap with humans, wildlife or livestock species, and by extension, the 

likelihood of contact between humans, wildlife and livestock species (Dougherty et al. 2018; 

Randhawa et al. 2020; K. Zhao et al. 2022). Furthermore, movement studies may identify 

patterns of interconnectedness between separate populations which can influence pathogen 

dynamics, maintenance and evolution within a system (Epstein et al. 2020). If the movement 

data are obtained for species that are known hosts of potential zoonotic pathogens and paired 

with data regarding pathogen prevalence, excretion and shedding dynamics, researchers can 

extrapolate the data to assess the risks of spillover events or disease transmission (Plowright et 

al. 2017; Dougherty et al. 2018). Spillover events are rare and certain processes must occur and 

conditions met before spillover can take place (Holmes et al. 2018), but the alteration of land 

use that disrupts natural processes has been shown to be a crucial step (Olivero et al. 2020; 

Roberts et al. 2021). These disruptions can alter pathogen transmission dynamics and 

potentially open up new routes for transmission (Gottdenker et al. 2014; McKee et al. 2021; 

Eby et al. 2022). Spillover events are more likely to occur in areas with high species diversity 

and interactions at human, livestock and/or wildlife interfaces (Allen et al. 2017; Magouras et 

al. 2020; Tajudeen et al. 2022). Such interfaces are occurring with increasing regularity as 

anthropogenic expansion encroaches on natural areas, and this may influence the degree of 

contact between a reservoir species and potential susceptible hosts, further increasing the risk 

of spillover (Plowright et al. 2021). For effective risk assessments, a proper understanding of 

a host’s movements and proximity to susceptible populations is required (Dougherty et al. 

2018; McClure et al. 2020) as well as knowledge of pathogen dynamics within the host species, 

such as excretion dynamics and viral sharing (Pigott et al. 2015; Letko et al. 2020). Such risk 

assessments may aid management decisions to reduce the risk of future outbreaks and 

associated costs (Dobson et al. 2020). 

 Therefore, this study aimed to assess the movement patterns of a single population of R. 

aegyptiacus, a known viral host, relative to a human population in South Africa. Specifically, 

we focused on: 1) determining whether their nightly foraging movements varied on a seasonal 

basis linked to different fruiting periods for natural or cultivated fruit trees and, 2) whether their 

movement patterns overlapped with human presence, translating to the risk of contact and 

potential spillover. 
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3.3 Methods 

3.3.1 Study area 

Fieldwork was performed around Fertilis, a rural settlement (24º07’30” S 30º06’17” E), 

north of the town of Ga Mafefe in Limpopo Province, South Africa. The area is located in a 

valley with elevation ranging from 740 m above sea level (a.s.l) at the bottom of the valley to 

990 m a.s.l on the mountain slopes. The climate can be described as typical humid subtropical 

with a warm, wet season from October until March and a relatively cooler, dry season from 

April until September (Figure 3) (Additional file 1) (The World Bank Group 2021). The 

landscape contains large areas of agricultural lands, which make up approximately 35% of the 

study area with patches of natural vegetation occurring along the Mohlapitsi river and on the 

mountain slopes, accounting for approximately 45% of the study area. Rural residential areas 

constitute the remaining 20% of landcover, with inhabitants residing in the five major 

residential areas (Figure 4). Free-roaming livestock, including donkeys (Equus asinus), cattle 

(Bos taurus), goats (Capra hircus) and chickens (Gallus domesticus), are also prominent 

throughout the valley. A large proportion of households have fruiting trees on their properties 

including mangos (Mangifera indica), papayas (Carica papaya), litchis (Litchi chinensis), 

avocados (Persea americana), lemons (Citrus limon), oranges (C. sinensis) and bananas (Musa 

spp.) which are used for subsistence. Native fruiting trees in the area include a variety of Ficus 

spp., including Ficus sycomorus, F. sansibarica, F. ingens, F. abutilifolia and F. sur as well as 

other trees such as Cape Ash (Ekebergia capensis) and Marula (Sclerocarya birrea). Matlapitsi 

cave (24º06’52” S 30º07’16” E) is located in the northern section of the valley and serves as a 

maternity roost for an R. aegyptiacus colony that is the focus of this study (Mortlock et al. 

2019). This cave has previously been used for religious and cultural practices and, although 

these have since been ceased, there is still evidence of people entering and exiting the cave 

(personal observation). The bat community residing within Matlapitsi cave have been the focal 

point for long-term virological studies focusing on zoonotic disease in bats that started in 2012 

(Mortlock et al. 2019). The bat community includes R. aegyptiacus, Rhinolophus simulator, 

Rh. blasii, Rh. clivosus, Myotis tricolor, Miniopterus natalensis with Hipposideros caffer and 

Cloeotis percivali recorded infrequently. Rousettus aegyptiacus from this colony have been 

identified as hosts for Marburg virus and paramyxoviruses with zoonotic potential (Pawęska et 

al. 2018; Mortlock et al. 2019; Pawęska et al. 2020; Mortlock et al. 2021). 
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Figure 3: Weather station data for the Fertilis valley during the study period depicting the mean monthly 

temperatures (± standard deviation) and the total monthly rainfall (Additional file 1). The warm, wet 

season spans October to March, while the cooler, dry season is between April and September  

 

Figure 4: Satellite view of the Fertilis valley with the five major residential areas highlighted by the 

white encircled areas (left). Matlapitsi cave, as denoted by the white point, is situated in dense natural 

vegetation but is within 500 metres of the nearest residential area (top right). The study sight is located 

approximately 30 kilometres south of Tzaneen and approximately 100 kilometres southeast of 
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3.3.2 Small-scale movements 

Capture and tagging 

Rousettus aegyptiacus were captured as they emerged from the cave using a 4.2 m2, 2-bank 

harp trap and a 1.2 m2 3-bank harp trap (Faunatech Austbat, Bairnsdale, Victoria Australia). 

The traps were set up outside the cave entrance 60 minutes before sunset with the remainder 

of the cave entrance closed off by a tarpaulin to prevent bats from flying around the traps. All 

individual bats were weighed, forearm length measured, and sex, age and reproductive status 

were determined. Age was determined by assessing the fusion of the epiphyseal gap of the 

phalangeal bones in the wing and based on forearm length measurements (Brunet-Rossinni and 

Wilkinson 2009). Bats with a forearm length greater than 89 mm were considered adults, 

whereas bats with a forearm of 89 mm and less were labelled as subadults (Monadjem et al. 

2020). For reproductive status, females were separated into three categories: pregnant, non-

pregnant and lactating, while males were separated into scrotal (having testes visibly descended 

into the scrotum) or non-scrotal. 

A total of 26 bats were tagged, 15 male and 11 females. Very High Frequency (VHF) radio 

transmitters (PD-2C, Holohil, Ontario, Canada) weighing 4.1 g were attached to the dorsal side 

of the bats with a collar and were also secured with a cyanoacrylate adhesive (Alteco Chemical 

Pte Ltd). The tag was positioned so that the transmitter sat between the scapulae and the antenna 

extended over the back and did not interfere with wing movements. We specifically did not tag 

pregnant females to avoid over-burdening them and risking injury. Collars were individually 

measured and fitted to each bat to ensure they would not fall off prematurely, or risk 

constriction around the neck. The collars were encased in Tygon® tubing to prevent injury to 

the bat through chafing and were connected by a small metal ferrule that was designed as a 

weak point enabling the eventual discarding of the tags after a few months, thus ensuring the 

tags would not remain permanently attached similar to the methods proposed by O’Mara et al. 

(2014). In cases where tags had fallen off and were recovered again, they were first disinfected 

before being redeployed on newly captured bats using the same methods as described above. 

As the tags were designed to eventually fall off, the number of active tags varied each month 

(Table 6). The tags had an additional position-sensitive feature that enabled us to determine 

whether the bats were flying or not as the frequency of signal pulses doubled when the tag was 

parallel to the ground, indicative of flight. Bats were also tagged with Passive Integrated 
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Transponders (PIT tags) to aid in identification should they be recaptured in the future. The 

total handling time for the bats, including measurements, PIT-tagging and collaring was less 

than 10 minutes. 

 

Biosafety 

All personnel operating the traps and handling the bats donned suitable Personal Protective 

Equipment (PPE) including disposable Tyvek® coveralls (DupontTM), a double pair of nitrile 

gloves (Lasec®) (the bottom layer of which is duct taped to the Tyvek coverall to create a sealed 

suit), handling gloves which are worn over the nitrile gloves, respiratory protection with 

Powered Air-Purifying Respirators (PAPR, Versaflow, Maxair, CAPR system) and gumboots 

(Bata Industrials, KZN, South Africa). Once all capture and handling activities were finished 

and the tagged bats were released, all personnel disinfected with sodium hypochlorite (1:10 

dilution of domestic bleach). Once disinfected, disposable PPE was discarded into double-

bagged biohazard bags which were transported to the BSL4 NHLS facility for autoclaving and 

incineration. 

 

Table 6: A summary of the number of active VHF tags on R. aegyptiacus for each month of the study 

period 

Year Month No. active tags 

2021 February 6 

March 6 

April 12 

May 10 

June 8 

July 6 

September 14 

October 12 

November 12 

December 12 

2022 January 8 

February 5 
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Tracking 

Tags were calibrated with the receiver before deployment to allow for distance estimates 

by determining relative signal strengths at increasing distances away from the tags. The 

detection distance for tags, while still maintaining a reliable signal, was approximately 300m. 

Once released, and after all personnel had been disinfected and removed their PPE, bats were 

tracked using a four-element Yagi antenna (VHF BNC 4-element Yagi, Africa Wildlife 

Tracking, Rietondale, Pretoria, South Africa) paired with a receiver (TR-4 Telonics, Africa 

Wildlife Tracking, Rietondale, Pretoria, South Africa). Tracking was performed by driving the 

available roads and walking transects in areas inaccessible to vehicles. Bats were tracked for 

between seven and nine nights each month, except for December 2021 where only five nights 

of tracking were performed due to Covid-19 cases affecting the research team. Furthermore, 

August 2021 was not sampled due to logistic constraints with tags not being available to 

deploy. Tracking started at sunset each night and continued until an hour before sunrise except 

during periods of heavy rainfall or thunder during which tracking was temporarily halted. Once 

a bat was detected with the receiver, the distance to the bat was estimated based on signal 

strength, the bearing taken, and the GPS coordinates of the location recorded. The bearing and 

distance estimates enabled the approximate location of the bat to be determined using the 

following coordinate conversion calculations, where la1 = latitude of first point; la2 = latitude 

of second point; lo1 = longitude of first point; lo2 = longitude of second point; Ad = 

distance/Earth radius; ϴ = bearing in radians with bearing described as the clockwise angle 

from true north: 

(la2) = arcsin(sin(la1)*cos(Ad) + cos(la1)*sin(Ad)*cos(ϴ) 

(lo2) = lo1 + arctan2(sin(ϴ)*sin(Ad)*cos(la1), cos(Ad) – sin(la1)*sin(la2) 

 

If there were repeat detections of the same bat in the same location, the location was only 

recorded if the detections were greater than 10 minutes apart to ensure independence with the 

collected data. Additionally, the landcover category in which the bats were detected, and the 

activity of the bats were recorded. Bats were labelled as either ‘flying’ or ‘non-flying’ 

depending on signal impulse frequency and landcover categories was labelled as natural, 

agricultural or residential areas according to classifications from the South African National 

Land-Cover (SANLC) 2020 dataset. In addition to recording the locations of the tagged bats, 
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we searched for fruit bats and other wildlife with a spotlight (Zartek®) by looking for eye shine 

while driving and these locations were also recorded.  

 

3.3.3 Fruit availability estimates 

We walked line transects (McIntyre 1953) to identify fruiting trees within the valley. A 

line transect is a simple method to survey biological populations whereby an observer walks 

an imaginary line counting individuals or objects of interest within a certain distance from the 

line (Burnham et al. 1980). The locations for the transects were randomly selected within the 

valley, but we chose areas that represented all landcover types within the valley. We walked 

four transects at each of the seven locations (terrain dependent) along the four cardinal 

directions (North, East, South and West). Each transect was 500m long and all trees within 

50m on either side of the transect line were counted. Tree identification was performed with 

the aid of an identification guide (van Wyk and van Wyk 2013). For fruit availability estimates, 

we selected one fruiting tree of each species per transect, representing a variety of native and 

cultivated fruit trees, to serve as proxies for assessing seasonal variations in fruiting patterns 

for different species, in different areas throughout the study period (Additional file 2). These 

trees were then monitored each month for the duration of the study. Estimations were calculated 

as a percentage of total fruit cover, similar to the methods employed by Chapman et al. (1994). 

 

3.3.4 Risk of contact and habitat selection 

To assess the risk of contact between bats and people, all tracked locations for the bats 

were plotted onto a satellite map of the study area in QGIS (Quantum Geographic Information 

System) 3.12 (QGIS Development Team 2022) using the SANLC 2020 dataset to delineate the 

different landcover types. The dataset was downloaded from the South African Department of 

Environmental Affairs (DEA) Environmental Geographic Information Systems (EGIS) 

website (https://egis.environment.gov.za/data_egis/data_download/current). The proportion of 

locations obtained for bats within residential areas was calculated each month similar to the 

method used by Randhawa et al. (2020) where they included locations within 100m of urban 

areas in their risk assessment. We assessed the proportion of all locations within residential 

areas but also specifically assessed non-flying locations as these represent locations where bats 

are likely to spend longer durations which could increase the risk of direct and indirect contact. 

The proportional cover of different landcover types within the study area was estimated using 
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the landcover map which enabled us to quantify the proportional usage of each landcover type 

by the bats each month.  

 

3.3.5 Statistical analyses 

Movements 

We performed Generalised Linear Mixed Models (GLMMs) with Poisson distribution and 

log link function to analyse the number of locations obtained each month for different 

landcover types and activities and whether there were significant differences across the study 

period. Model selection was performed using the ‘lme4’ and package in R (Bates et al. 2015) 

through backward, stepwise logistic regression where candidate models were generated by 

sequentially removing variables from the full model until the best-performing model was 

obtained. We included landcover (residential/agricultural/natural) and the activity of the bat 

(flying/non-flying) as fixed effects. Age and sex of the bats was not included in the analysis as 

we were interested in the broader question of whether there was risk of contact rather than if 

specific sexes or age cohorts exhibited increased risk for contact with people. To control for 

potential monthly variation across a seasonal gradient, month was included as a random slope 

over season (dry/wet). The number of GPS locations obtained each month was used as the 

response variable. Model performance was assessed with Akaike’s Information Criterion 

(AIC) values, with the lowest AIC value corresponding to the best-performing model. Models 

that were within ΔAIC < 2 were considered as competing (Burnham and Anderson 2004). 

Results from the models were interpreted using the ‘lmertest’ (Kuznetsova et al. 2017) and 

‘emmeans’ (Lenth 2022) packages with marginal and conditional R2 values reported from the 

MuMIn package (Barton 2020).  

We were unable to include variables linked to sampling effort in the main GLMMs as the 

number of nights, hours tracked and the number of active tags were specific to each month and 

as such there were singularities in the dataset which would confound the analysis. Therefore, 

to assess whether sampling effort influenced the number of locations obtained each month, we 

ran additional linear models. For these models, the number of nights, hours tracked and active 

tags each month were used as predictor variables with the number of GPS locations obtained 

each month as the response. 
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Resource selection 

Landcover use and resource selection was assessed using the landcover maps with the 

tracked locations plotted onto the maps in QGIS. Landcover types with similar classifications 

were concatenated into single landcover classes. For example, formal residential, informal 

residential and scattered village areas were all grouped as residential areas as all residential 

areas within the study area were similar with the presence of cultivated fruit trees. After 

simplifying the landcover classifications, three distinct landcover classes remained: residential, 

natural and agricultural areas (Figure 5). The area of each of these habitats was measured as 

well as the area of the whole study area using polygons in QGIS to obtain an estimate of 

proportional availability for each landcover type in the study area. After this, the number of 

locations within each habitat was counted and compared against the proportion of habitat 

availability in the study. We performed a resource selection ratio analysis using the 

‘adehabitatHS’ package v 3.15 in R (Calenge 2006) using the ‘widesI’ analysis as the data were 

pooled for all bats with the same proportion of habitat available in all cases (Thomas and Taylor 

1990). Manly selectivity plots were generated for resource selection ratio analyses as a way to 

visually represent the patterns of landcover use. Selection ratios were performed for the 

different activities (flying/non-flying) to determine if there were any preferences apparent 

between the categories. The terms ‘positive selection’ and ‘negative selection’ were used when 

referring to habitat usage rather than ‘preference/avoidance’ or ‘presence/absence’ as these 

latter terms can be ambiguous and difficult to accurately quantify (Hirzel et al. 2002). For 

instance, determining the avoidance of an area can, similarly to absence records, be incorrectly 

recorded if the animal is not detected despite its presence in the area, a feature we may likely 

have encountered, given the difficulty of tracking small, flying animals such as bats (Moussy 

et al. 2013). The tests generated a selection score (wi) which related to whether landcover types 

were selected for or not. A selection score greater than 1 represented positive selection while a 

score less than represented negative selection. 
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Figure 5: Satellite image of the Fertilis valley detailing the three different landcover types present within 

the study site that were obtained from the SANLC 2020 dataset 

 

Utilization distributions 

As a further metric of habitat usage, we calculated utilization distributions using kernel 

density estimates (Worton 1987) for bat movements each month. Although we had sufficient 

points to calculate home range estimates for some individual bats (i.e. more than 30 locations 

for an individual) (Seaman et al. 1999), the layout of the study area prevented us from tracking 

the bats if they left the valley and therefore, any home range estimations would be heavily 

limited towards our study area. Therefore, the utilization distributions were calculated to 

identify specific areas of usage rather than to estimate home range sizes. Location data were 

first projected into the Universal Transverse Mercator coordinate system (EPSG:32736 - 

WGS/UTM zone 36S) for ease of analysis and import into QGIS. Kernel density estimates 

were calculated using the ‘adehabitatHR’ package v 4.19 in R (Calenge 2006) using the least 

squares cross-validation (LSCV) method for selecting bandwidth (Gitzen et al. 2006). Kernel 

Map data ©2023 AfriGIS (Pty) Ltd 
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estimates generate contours around a pre-specified proportion of points and for our analysis, 

we calculated density estimates for 50% and 95% locations. Kernels were estimated for non-

flying activities during July (Href = 159.72) and January (Href = 125.27) as these represent the 

months with the highest and lowest levels of activity within residential areas and we wanted to 

compare the patterns of area use for these periods. The kernels obtained from the analysis were 

overlayed with the satellite map of our study site and the proportional usage of different 

landcover types was calculated as the area for each habitat encompassed by the kernels. Areas 

were calculated using polygons in QGIS. We assessed use across all three landcover types and 

compared the proportional use between wet and dry seasons for non-flying and all locations to 

determine whether use differed significantly between seasons, for specific activities or different 

landcover types. We assessed differences in proportional use between seasons or for non-flying 

activities using paired t-tests. The location data were not normally distributed (w = 0.91; p < 

0.05) and therefore, non-parametric tests were used for the analyses. All analyses were 

performed in R v4.0.2 (R Core Team 2020) using the RStudio v1.3.1073 (RStudio Team 2020) 

interface and statistical significance was assessed at an alpha threshold of 0.05 unless otherwise 

stated. 

 

3.4 Results 

Tracking was performed for 95 nights totalling 627 tracking hours across the 12-month 

study period. We obtained 930 locations for the 26 tagged bats (Table 7) and additionally 

recorded 295 unique locations for bat sightings throughout the study period (Additional file 3). 
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Table 7: Summary of tagged R. aegyptiacus that were tracked during the study including sex, age, 

reproductive status, body mass, forearm length, the number of tracked locations and months tracked 

Bat ID Sex Age Reproductive 

status 

Body 

mass (g) 

Forearm 

length (mm) 

Number of 

locations 

Months 

tracked 

UP21-02 F SA NP 75 84.3 55 6 

UP21-03 M A S 127 92.2 39 4 

UP21-04 M A S 130 93.8 21 3 

UP21-05 M SA NS 82 83.5 34 5 

UP21-06* F SA NP 82 85.3 25 3 

UP21-07 F A NP 104 89.7 38 5 

UP21-08 F A NP 112 94.2 30 3 

UP21-09 F SA NP 88 84.6 30 3 

UP21-10 F A NP 133 90.0 34 4 

UP21-11 M A S 119 93.2 30 3 

UP21-12 M A S 113 92.8 28 4 

UP21-13* M SA NS 88 84.7 22 2 

UP21-14 M A NS 127 90.4 13 2 

UP21-15 F A NP 74 90.2 13 2 

UP21-200 M A S 128 94.6 52 6 

UP21-201 F A NP 122 94.0 55 6 

UP21-202 M A NS 113 93.8 55 6 

UP21-203 M A NS 107 89.9 39 4 

UP21-204 F A NP 96 90.3 57 6 

UP21-205 M SA NS 95 88.8 46 5 

UP21-206 F A NP 109 90.3 20 4 

UP21-207 M A NS 100 89.2 31 4 

UP21-208 M A S 138 95.8 37 5 

UP21-209 F A NP 97 92.4 65 6 

UP21-210 M A S 137 89.5 35 5 

UP21-211 M A S 126 93.1 27 4 

*Discarded tags recovered and redeployed on UP21-14 and UP21-15 

F = Female, M = Male; A = Adult, SA = Subadult; NP = Non-pregnant, S = Scrotal, NS = Non-scrotal 

 

Model selection showed that the best-performing model included landcover, activity and 

the interaction between landcover and activity as fixed effects with month over season as the 

random slope (Table 8). 
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Table 8: All candidate models generated during model selection with full and null models for 

comparison with AIC scores and model weight examining the effect of landcover type and bat activity 

on the number of GPS locations recorded  

Model Candidate models AIC ΔAIC Model 

weight 

1 Locations ~ Landcover*Activity + (Season|Month) 553.6 0.00 0.96 

2 Locations ~ Landcover + (Season|Month) 560.9 7.33 0.02 

Full Locations ~ Landcover + Activity + (Season|Month) 561.6 8.06 0.02 

Null Locations ~ 1 + (Season|Month) 694.7 141.03 0.00 

5 Locations ~ Activity + (Season|Month) 695.7 142.18 0.00 

 

Landcover type and activity independently had a significant influence on the number of 

GPS locations obtained each month as well as the interaction between habitat type and activity 

(Table 9). 

 

Table 9: Summary of best-performing model output for GPS locations of R. aegypiacus including 

estimates, standard error, 95% confidence intervals, z-scores and p-values examining the effect of 

landcover type and bat activity on the number of GPS locations recorded 

Coefficient Estimate Std.error C.I. z-score p-value 

Intercept 3.07 0.11 2.85 – 3.29 28.34 < 0.001 

Landcover type      

 Agricultural Ref lev*     

 Natural 0.28 0.10 0.08 – 0.48 2.71 < 0.05 

 Residential -0.71 0.13 -0.96 – -0.46 -5.29 < 0.001 

Activity      

 Flying (F) Ref lev     

 Non-flying (NF) -0.42 0.12 -0.66 – -0.18 -3.43 < 0.001 

Habitat.Natural*Activity.NF 0.50 0.15 0.21 – 0.79 3.27 < 0.05 

Habitat.Residential*Activity.NF 0.53 0.19 0.16 – 0.90 2.74 < 0.05 

* Reference level variable 

Throughout the study period, the number of locations obtained from natural areas was 

significantly higher than from agricultural and residential areas, whereas the number of 

locations obtained from agricultural areas was significantly higher than from residential areas. 

There was a significantly higher number of locations detected where bats were flying compared 

to non-flying. The pairwise comparisons for the interaction term showed that, statistically, the 

highest number of locations was obtained for non-flying bats in natural areas followed by flying 
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bats in natural and agricultural areas. The lowest number of locations were recorded for non-

flying bats in agricultural areas although this was not significantly different compared to 

locations recorded in residential areas for either activity (Table 10). The separate linear model 

assessing tracking effort showed that the number of active tags per month (β = 5.15, p < 0.05), 

had a significant, positive influence on the number of locations recorded. The number of nights 

(β = 10.34, p = 0.14) and number of hours tracked each month (β = -0.05, p = 0.95) had no 

statistical influence. Therefore, it is reasonable to assume that our results were not biased by 

tracking effort. 

 

Table 10: Post-hoc pairwise comparisons of the interaction between landcover type and activity for the 

number of monthly locations, including the estimates, standard errors and p-values 

Comparison Estimate SE p-value 

Agriculture.F – Natural.F -0.28 0.10 0.07 

Agriculture.F > Residential.F 0.71 0.13 <0.05 

Agriculture.F > Agriculture.NF 0.42 0.12 <0.05 

Agriculture.F < Natural.NF -0.36 0.10 <0.05 

Agriculture.F > Residential.NF 0.59 0.13 <0.05 

Natural.F > Residential.F 0.98 0.13 <0.05 

Natural.F > Agriculture.NF 0.69 0.12 <0.05 

Natural.F – Natural.NF -0.08 0.09 0.95 

Natural.F > Residential.NF 0.87 0.12 <0.05 

Residential.F – Agriculture.NF -0.29 0.14 0.35 

Residential.F < Natural.NF -1.06 0.13 <0.05 

Residential.F – Residential.NF -0.11 0.15 0.98 

Agriculture.NF < Natural.NF -0.78 0.11 <0.05 

Agriculture.NF – Residential.NF 0.17 0.14 0.81 

Natural.NF > Residential.NF 0.95 0.12 <0.05 

Significant comparisons given in bold 

 

The above analyses, however, only utilized the mean number of locations and did not 

consider the effect of landcover availability within the study area. Landcover availability was 

defined as the proportional area size for the different landcover types identified from the 

SANLC database out of the total area for the study site. When the proportion of habitat 

availability was accounted for, there was clear positive and negative selection of different 

landcover types. Natural areas were significantly selected for more than their relative 

availability (n = 470; wi = 1.11; p < 0.05). By contrast, the number of locations obtained in 
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agricultural areas was significantly lower than expected given its proportional availability 

within the study area (n = 282; wi = 0.88; p < 0.05) (Table 11). There was evidence of positive 

or negative selection in residential areas (n = 178; wi = 0.97; p = 0.60). The selectivity plot for 

habitat selection throughout the year illustrates the positive and negative selection for natural 

and agricultural areas respectively (Figure 6). 

 

 

Table 11: Selection ratios for the full study period with proportional usage, proportional availability, 

selection ratios (w.i.) for landcover type and the corresponding p-values. Significant p-values were 

determined after Bonferroni adjustment (significant p-value < 0.0167) 

 Used Available w.i.* SE w.i. p-value 

Residential 0.191 0.198 0.966 0.065 0.597 

Agricultural 0.303 0.345 0.879 0.044 <0.0167 

Natural 0.505 0.457 1.107 0.036 <0.0167 

* w.i. > 1 indicate positive selection; w.i. < 1 indicate negative selection 

 

Figure 6: Manly selectivity measure with 95% confidence intervals for landcover selection by R. 

aegyptiacus throughout the study period. Where standard error bars overlap with the solid line, it 

indicates no selection. Selection ratios > 1 indicate positive selection; < 1 indicates negative selection 

When habitat selection was assessed for different activities, there were no clear trends for 

significant selection of any habitats for flying activities. However, there was a clear positive 

selection for natural areas (wi = 1.19; p < 0.0167 after Bonferroni adjustment) and a negative 

selection of agricultural areas (wi = 0.72; p < 0.0167 after Bonferroni adjustment) for non-

flying activities (Table 12). The selectivity plot follows a similar trend to the one for the full 

study period with all locations, although the negative selection for agricultural areas was even 

stronger for non-flying activities (Figure 7). 
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Table 12: Selection ratios for non-flying activities with the proportional usage, proportional availability, 

selection ratios (w.i.) for landcover type and the corresponding p-values. Significant p-values were 

determined after Bonferroni adjustment (significant p-value < 0.0167) 

 Used Available w.i. SE w.i. p-value 

Residential 0.208 0.198 1.049 0.096 0.61 

Agricultural 0.248 0.345 0.718 0.059 <0.0167 

Natural 0.544 0.457 1.192 0.051 <0.0167 

 

 

Figure 7: Manly selectivity measure with 95% confidence intervals for non-flying activities of R. 

aegyptiacus throughout the study period. Where standard error bars overlap with the solid line, it 

indicates no selection. Selection ratios > 1 indicate positive selection; < 1 indicates negative selection 

 

The patterns of use of residential areas varied across the study period with the overall 

highest activity occurring in July 2021 and the lowest in January 2022 with the same pattern 

for non-flying and all locations (Figure 8). Important to note was the trend for a decrease in the 

use of residential areas after October, despite an increase in fruit availability estimates for the 

mango and banana trees we monitored in residential areas (Additional file 2), both of which 

are known food sources for R. aegyptiacus (Kwiecinski and Griffiths 1999). Bats likely did not 

need to rely on mangoes or bananas during this period given the patterns of increased fruit 

availability for our proxy trees within natural areas as well. 
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Figure 8: Percentage of non-flying and all locations for R. aegyptiacus that were detected each month 

in the residential areas of Fertilis 

 

The utilization distributions between seasons further supported this trend as usage of 

residential areas was significantly greater for non-flying activities during the dry than the wet 

season (t(5) = -2.70, p < 0.05). To expand on these trends, we further compared the utilization 

distributions for non-flying activities between the months with the highest (July 2021 – Figure 

9a) and lowest activity levels within residential areas (January 2022 – Figure 9b) showing that 

the proportional usage of residential areas was greater in July than January. 

 

 

 

 

 

 

 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



72 | Page 
 

 

 

Figure 9: Kernel density estimates showing utilisation distributions for 50% and 95% of non-flying 

locations during July 2021 (a) and January 2022 (b) with specific reference to the residential areas. 

Darker areas depict regions with higher levels of activity 

 

Not only that, but the proportional area size within residential areas for July was 

significantly larger than the other landcover types for both January and July (Table 13). 

Furthermore, the proportional usage of residential areas during January was significantly less 

than that observed for the other landcover types in January and July, although its usage was on 

par with natural areas in July (Table 14). This suggests that bats preferentially utilise residential 

areas for foraging during the dry season when natural fruit sources are scarce, but resort back 

to natural areas once the trees start fruiting again in the wet season.  

 

 

 

Map data ©2023 

AfriGIS (Pty) Ltd 
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Table 13: Paired t-tests assessing proportional area size utilised for non-flying activities within each 

landcover type during July (Jul) 2021 and January (Jan) 2022 with mean difference estimates, t-values 

and p-values 

Comparison Estimate t-value p-value 

Jan.Agricultural < Jan.Natural -1.74 -3.35 0.020 

Jan.Agricultural > Jan.Residential 7.76 5.90 0.002 

Jan.Agricultural > Jul.Agricultural 5.62 3.94 0.011 

Jan.Agricultural > Jul.Natural 8.29 4.74 0.005 

Jan.Agricultural < Jul.Residential -17.48 -6.41 0.001 

Jan.Natural > Jan.Residential 9.49 5.35 0.003 

Jan.Natural > Jul.Agricultural 7.35 3.89 0.011 

Jan.Natural > Jul.Natural 10.02 4.96 0.004 

Jan.Natural < Jul.Residential -15.75 -5.90 0.002 

Jan.Residential < Jul.Agricultural -2.14 -3.18 0.024 

Jan.Residential – Jul.Natural 0.53 0.42 0.693 

Jan.Residential < Jul.Residential -25.24 -7.35 <0.001 

Jul.Agricultural – Jul.Natural 2.67 1.42 0.214 

Jul.Agricultural < Jul.Residential -23.10 -7.56 <0.001 

Jul.Natural < Jul.Residential -25.77 -5.93 0.002 

 

Table 14: Comparison of the proportional areas sizes (ha) within the different landcover types for non-

flying activities in July 2021 and January 2022. Area sizes were calculated for 50% and 95% kernels 

 July 2021 January 2022 

Agriculture Natural Residential Agricultural Natural Residential 

50% 3.71 6.76 16.24 7.59 9.08 3.61 

95% 67.62 60.98 85.86 69.13 69.48 63.41 

 

3.5 Discussion 

This study identified trends in seasonal movement patterns including periods of potential 

high contact risk between bats and people that could constitute a risk of pathogen spillover and 

transmission. This was only the third movement study for R. aegyptiacus in South Africa, 

(Jacobsen et al. 1986; Barclay and Jacobs, 2011), the first study since Jacobsen et al. (1986) to 

assess the movements of this species in Limpopo and the first ever study for this specific R. 

aegyptiacus colony.  This species, and this colony specifically, have been identified as hosts 

for viruses with zoonotic potential (Mortlock et al. 2019; Mortlock et al. 2021) including 

Marburg virus (Pawęska et al. 2018; Pawęska et al. 2020) which is responsible for several 
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outbreaks with high fatality rates (F. Zhao et al. 2022). In a landscape characterised by large 

expanses of agricultural areas and small residential settlements, we show evidence of habitat 

preferences for non-flying and flying activities. Rousettus aegyptiacus, however, do not feed 

while in flight (Kwiecinski and Griffiths 1999; Barclay and Jacobs 2011) and therefore, we can 

assume that non-flying activities equated to foraging or feeding. Furthermore, there was 

increased activity within residential areas during the dry, winter months, specifically July, 

which has been identified as a critical period for viral shedding for paramyxoviruses due to 

waning maternal antibodies in juveniles (Mortlock et al. 2019; Mortlock et al. 2021).  

Bats utilised all landcover types available but showed a preference for natural areas and 

relative lower use of agricultural areas. Natural areas were used for commuting and foraging 

with equal likelihood; however, agricultural areas were used for commuting significantly more 

often than foraging. Rousettus aegyptiacus are capable of long-distance flights (Jacobsen et al. 

1986) and possess internal navigation capacities that enable them to locate distant resources 

(Tsoar et al. 2011; Fenton 2020). They have been observed utilising open areas as flyways 

when traversing large distances (Tsoar et al. 2011), but at smaller scales have been reported 

avoiding large open fields for foraging (Lučan et al. 2016). Similarly, lesser short-nosed fruit 

bats, Cynopterus brachyotis, and frugivorous phyllostomids only used plantations as flyways 

when few to no suitable foraging sites were present (Heer et al. 2015; Lim et al. 2018). The 

agricultural fields in our study site are predominantly used for vegetable crop production or 

livestock grazing with few sparsely distributed fruiting trees and therefore, provide little 

incentive for fruit bats as foraging sites. 

Residential areas were used as frequently as would be expected by random selection with 

no preference for foraging or commuting activities. However, bats used significantly larger 

proportions of residential areas than other landcover types for foraging during the dry season. 

The trees we monitored for fruit availability within natural areas had little to no fruit during the 

dry season, whereas the trees within residential areas, especially bananas, maintained moderate 

levels of fruit availability. Therefore, bats likely relied on residential areas for foraging during 

the dry season when food was scarcer in natural areas. Meanwhile, there were also contrasts 

between wet and dry season months with July 2021 experiencing higher levels of use in 

residential areas than January 2022. This suggests that residential areas may not be important 

foraging locations for bats during the wet season if resources are available elsewhere. This was 

further supported by our observations of specific fruit trees in natural areas which all saw an 

increase in fruit availability during the wet season. Barclay and Jacobs (2011) reported similar 
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trends where R. aegyptiacus preferentially utilised native forests over residential areas during 

periods of fruit abundance. Several species of fruit bats have shown positive responses to 

urbanisation and residential expansion (Williams et al. 2006; Giles et al. 2016; Egert-Berg et 

al. 2021). Grey-headed flying foxes, Pteropus poliocephalus, have been recorded shifting their 

historical ranges to include urban areas (Williams et al. 2006). A variety of Pteropus spp., have 

also started forming permanent roost sites within urban regions due to increased resource 

availability and sustained availability throughout the year (Plowright et al. 2011). Meanwhile, 

straw-coloured fruit bats, Eidolon helvum, aggregate in large colonies across several African 

cities with the introduction of exotic and cultivated fruiting trees hypothesised as the cause for 

these trends (Fahr et al. 2015). Rousettus aegyptiacus have also been shown to opportunistically 

exploit human-modified areas as foraging sites (Lučan et al. 2016) and were observed altering 

movement patterns specifically to target orchards or cultivated crops when overall resource 

availability was low (Bachorec et al. 2020). The residential areas in Fertilis possess a high 

diversity and density of fruiting trees as residents rely on fruit trees planted on their property 

for subsistence. For example, a survey of one of the five residential areas, which is 

approximately 62 ha, revealed that there were more than 360 fruiting trees from nine species, 

seven of which are cultivated species (personal observation). The most common fruiting tree 

species were mangoes, bananas, and citrus, all known to be eaten by R. aegyptiacus 

(Kwiecinski and Griffiths 1999) and which fruit at different times of the year, meaning they 

offer potential food sources for the bats year-round or alternative food sources when natural 

resources are scarce or depleted. We observed R. aegyptiacus feeding in banana plants adjacent 

to houses during the study period and the Chief of the village has also reported observing R. 

aegyptiacus foraging in the banana plants next to his house. which further emphasises that bats 

are utilizing domestically grown fruit trees as food sources during periods of resource scarcity. 

The significantly large proportional area sizes utilized by the bats, as mirrored by the peak in 

activity, within residential areas during July coincided with an abundance of citrus in these 

areas while other food sources were scarce or depleted. This may have led to bats specifically 

targeting these areas during periods where foraging opportunities in natural areas were limited, 

similar to trends observed in northern hemisphere R. aegyptiacus populations (Lučan et al. 

2016; Bachorec et al. 2020). 

Contact between fruit bats and potential spillover hosts is likely more prevalent for species 

that are active at night since their periods of activity overlap. However, indirect contact with 

diurnal species such as livestock may also occur through faecal or urinary excretions or fruit 
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discarded by bats while foraging (Kwiecinski and Griffiths 1999). Rousettus aegyptiacus 

typically chew fruits to extract the juices from the pulp and then discard the remainder of the 

fruit (Jacobsen and du Plessis 1976). Evidence of ‘spit-outs’ were present at several of the 

fruiting trees we monitored during the study period. These ‘spit-outs’ may be contaminated 

with saliva and recent research on captive R. aegyptiacus showed that viable Marburg virus 

was still detected on artificially inoculated fruits six hours post-inoculation (Amman et al. 

2021). This suggests that early morning activities of people or livestock could feasibly overlap 

with periods where the virus is still viable. Previous outbreaks of bat-borne zoonoses were 

associated with the overlap in distributions of bats, people and livestock species that served as 

intermediate hosts (Edson et al. 2015; Gurley et al. 2017; McKee et al. 2021). Therefore, our 

evidence of bats utilising residential areas for commuting and foraging demonstrates the risk 

of contact, exposure and potential future spillover. Specifically, July represents the period of 

greatest risk, not only because activity levels in residential areas were highest, but also because 

July has been identified as a critical period for increased potential shedding of Marburg virus 

(Pawęska et al. 2018) and paramyxoviruses (Mortlock et al. 2021). 

And yet, despite the historic proximity between the colony and human populations, 

evidence of spatial overlap between bats and humans and times during the year when the risk 

of viral shedding is increased, there have never been any recorded spillover events in the area. 

One possibility is that clinical cases simply were not documented as the nearest hospital is 

approximately an hour’s drive away and transport is not easy to come by so patients may have 

opted for local care. The other possibility is that, to date, there have been no spillover events 

which leads to a follow-up question: why have no spillover events occurred? Plowright et al. 

(2017) outlined a series of key factors linked to viral and host ecology that may act as barriers 

to spillover and only if all of these barriers are overcome by the pathogen, can spillover occur.  

A preliminary consideration is whether the distribution of the reservoir host overlaps with 

the potential spillover host. From our tracking data, we know that the distribution of fruit bats 

from Matlapitsi cave overlaps with humans within our study area, specifically during July when 

the risk of viral shedding is increased (Pawęska et al. 2018; Mortlock et al. 2021). However, 

we also observed an overall decrease in bat presence within the valley during winter with bats 

typically detected just after sunset and then only again just before sunrise. This suggests that 

the bats may be foraging outside of the valley and could feasibly be travelling anywhere within 

a 24 km radius of their roost site to forage (Jacobsen et al. 1986). Therefore, any residential 

areas, fruit orchards or natural regions within this range could be targeted for foraging and 
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therefore, the risk of contact and overlap with humans is potentially not limited to Fertilis. 

Distant foraging sites are plausible as the Greater Tzaneen area, just north of our study site 

(Figure 4), is a prominent producer of a variety of fruit products in South Africa with many 

orchards as supported by the research of Tshilowa (2015) and there are several small towns 

nearby where smallholding fruit production also occurs. 

Subsequent knowledge of the pathogen prevalence in the reservoir host can also help gauge 

the risk of contact between the reservoir host and susceptible recipient hosts within its 

distribution. These data are not available for our focal colony; however, previous longitudinal 

studies have identified periods throughout the year with increased levels of viral RNA 

(ribonucleic acid) detection (Mortlock et al. 2019; Mortlock et al. 2021) as well as decreased 

viral antibody seropositivity (Pawęska et al. 2018; Pawęska et al. 2020) both of which may 

correspond to increased likelihood for viral shedding. Routes of potential viral excretion and 

pathogen survival rates outside of the host can identify possible routes of contact and risk of 

exposure. Routes of viral shedding have been identified through urine, faecal excreta, faecal 

material from rectal swabs and saliva from oral swabs for Marburg virus and a variety of 

paramyxoviruses (Amman et al. 2015a; Mortlock et al. 2019; Pawęska et al. 2020; Mortlock et 

al. 2021). Amman et al. (2021) showed that viable Marburg virus was still detectable on 

experimentally inoculated fruit six hours post-inoculation, thereby demonstrating a possible 

route for contact through fruits discarded by bats while foraging (Jacobsen and du Plessis 

1976). 

Finally, the internal characteristics of potential spillover hosts will influence the probability 

and severity of infection. Data for these aspects of the spillover process are unknown for the 

population in our study area, although previous, large-scale Marburg virus outbreaks have 

occurred in other parts of Africa (Brauburger et al. 2012; Amman et al. 2020a; F. Zhao et al. 

2022) emphasising the potential for a spillover event. The other viruses associated with this R. 

aegyptiacus population are not known to cause infection in humans but are closely related to 

viruses with zoonotic potential (Mortlock et al. 2019; Mortlock et al. 2021) and therefore, are 

also important to consider when assessing the overall risk of potential viral spillover. 

If the above factors are considered, according to Plowright et al. (2017), the risk and 

potential for spillover are high yet there are some other possible explanations for the absence 

of a spillover event. It was suggested that the lack of local disease, despite the presence of 

zoonoses in the bat colony, could be attributed to the lack of activities such as hunting bats for 
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bush meat or entering the cave for guano mining (Mortlock et al. 2021). All previous human 

infections of Marburg virus can be traced back to cave entries, sharing living areas with 

reservoir hosts or direct exposure to infected specimens (Brauburger et al. 2012; Amman et al. 

2020a). While people do still enter the cave, it is not a common practice and therefore the most 

likely interface for contact with bats would be outside the cave where external factors or 

asynchronous windows of activity may prevent exposure and spillover. The possibility for 

viable Marburg virus to persist on discarded fruit (Amman et al. 2021) notwithstanding, the 

limited or complete lack of temporal overlap between bat and human activities is likely an 

important factor confounding the spillover process (K. Zhao et al. 2022). It may also be the 

case that the viruses with zoonotic potential have not yet evolved the specific mechanisms 

required for cell entry, replication and human infection (Letko et al. 2020). Alternatively, the 

spillover process may be incomplete and that transmission to an intermediate host may have 

occurred rather than direct transmission to humans. We observed close interactions between 

bats and other wildlife species while foraging, especially bushbabies (Galago spp.) and genets 

(Genetta tigrina), that could plausibly facilitate exposure and spillover. Genets were observed 

directly preying on R. agyptiacus while bushbabies were observed foraging within the same 

Ficus spp. as R. aegyptiacus. No viral surveillance of wildlife species has been performed in 

the area and should form part of future investigations to determine whether transmission to an 

intermediate host has occurred. 

As this study was solely focused on assessing the spatial overlap and risk of contact 

between bats and people within Fertilis, we did not attempt to track the bats’ movements 

outside of the study area. The VHF trackers we deployed are also not suitable for tracking the 

movements of R. aegyptiacus over a wide area outside the valley. However, information 

regarding the wider movement patterns of R. aegyptiacus, especially during the dry season 

when fewer bats remained in the valley, would help identify key potential foraging locations 

outside of the valley and potential secondary roost sites. Future studies should therefore look 

to expand on our findings by employing methods that can accurately track bats outside of the 

valley. GPS tags provide high-resolution data on movement patterns, without the need for 

personnel in the field and therefore could suitably identify alternative roosting or foraging sites 

for R. aegyptiacus when they are not in the valley. This may help identify additional interfaces 

with potential spatial overlap between R. aegyptiacus and people, expanding the range of risk 

of contact. This could also potentially identify migratory patterns which would explain the 

fluctuations in colony size during the year and provide an idea of where the bats are going 
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during the dry season. The GPS trackers would, however, need to rely on onboard battery 

power rather than solar-powered batteries as they would not receive charge during the day since 

these bats roost in caves. Furthermore, an interesting follow-up would be to specifically assess 

movement differences between sexes or age cohorts as an indication of whether there are 

specific groups from the colony that may pose increased risk of contact. This should be 

performed in conjunction with dietary studies to investigate the food sources targeted in 

different seasons as this could identify specific periods where bats are more reliant on 

domestically grown fruiting trees than natural fruit sources. 

 

3.6 Conclusion 
This study provides insight into the seasonal movement patterns of a known viral host, an 

aspect which, up until recently, was often not an integral part of viral biosurveillance studies 

and risk assessments (Dougherty et al. 2018). Although no spillover events or outbreaks have 

yet been reported, we provide evidence for the potential of future spillover given the spatial 

overlap between bats and people in our study area. Even though there was no evidence for 

direct temporal overlap, the findings of Amman et al. (2021) that viable Marburg virus can be 

detected on discarded fruit for up to six hours illustrate the potential for indirect contact and 

exposure for humans. Specifically, we identify July as a high-risk period for spillover to 

humans as the potential for viral spillover is increased and bat activity in residential areas was 

highest during this period. Future studies could investigate the potential overlap between bats 

and livestock populations in the area given the historical evidence for livestock species to serve 

as intermediate hosts during spillover events (Letko et al. 2020). 
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Chapter 4: Final conclusion 

This study explored the ecological context of bat movement patterns and how these can be 

related to risk assessments through two avenues of investigation. Firstly, a meta-analysis of 

home ranges for 81 bat species provided the first-ever global review assessing the influence of 

ecological and biological variables on bat home range size. Secondly, this study also included 

the first movement study for a colony of R. aegyptiacus in Limpopo for over 40 years (Jacobsen 

et al. 1986) and the first-ever study for the colony from Matlapitsi cave that are known to host 

viruses with zoonotic potential (Jansen van Vuren et al. 2018; Pawęska et al. 2018; Mortlock 

et al. 2019; Mortlock et al. 2021). The findings from the movement study identified evidence 

of distinct seasonal variations in the use of residential areas that may translate to periods of 

increased contact and spillover risk.  

The meta-analysis supported previous findings from a study focusing on North American 

and European bats (Laforge et al. 2021) but also expanded on it by including a global scope 

and investigating additional variables not previously assessed. Sex, wing loading, functional 

group, colony size, dietary class, latitudinal region and habitat type were all shown to influence 

home range size and there were further interactions for habitats in different latitudinal regions 

that influenced bat home ranges. The findings for wing loading, functional group, colony size 

and latitudinal region supported previous hypotheses or suggestions that these variables may 

influence home range size (O'Donnell 2001; Meyer et al. 2005; Monadjem et al. 2009; Hurme 

et al. 2022). Although dietary class was shown to influence home range size, the small sample 

sizes for different classes likely masked the true differences between diets and further analyses 

with larger sample sizes would be required before accurate conclusions can be drawn. There 

were limitations in terms of the number of species obtained as they represented only 5% of the 

total bat species diversity, and several variables could not be included due to inconsistent 

reporting among the studies. However, these findings are still important for understanding the 

different characteristics that can influence bat movement patterns and which may aid 

conservation efforts but also contribute towards risk assessments. 

The radio-tracking of R. aegyptiacus in Limpopo highlighted important trends in their 

movement patterns across a seasonal gradient and provided evidence for the risk of contact and 

potential viral spillover to humans. There were distinct patterns of landcover use between the 

dry and wet seasons as bats utilised residential areas more frequently and exploited a larger 

proportion of these areas during the dry season. These trends for increased usage of residential 
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areas during the dry season coincided with periods of low availability of natural resources as 

many of the native fruiting trees did not bear fruit during the dry season. Fruiting trees grown 

for subsistence purposes within residential areas provided relatively stable sources of fruit year-

round. Specifically, citrus was abundant during the dry season and the large number of banana 

plants meant that bananas were almost constantly available. The presence of these domestically 

grown fruit species likely resulted in bats exploiting these areas when alternative food sources 

were scarce and there were observations from the tracking team and Fertilis residents of bats 

foraging within banana plants during the study period to support this. 

There were limitations for the tracking part of this study in terms of available manpower 

and technological constraints. Tracking efforts were limited to a single team as there were 

insufficient personnel available to assist which prevented the triangulation of locations or 

surveying different areas of the valley simultaneously, which may have affected the accuracy 

and number of locations obtained. Tracking was limited to the study area as bats could not be 

tracked if they flew out of the valley or into the mountains. Consequently, home range sizes 

could not be estimated for the tracked bats as the area would be heavily biased towards the 

study area. Additionally, the inability to track bats outside of the valley, meant that the larger-

scale movement patterns of these bats remain unknown. However, this study was focused on 

the movements of R. aegyptiacus specifically for risk of contact within the valley. 

Future studies should, therefore, look to expand on this research by performing follow-up 

tracking studies with GPS tags that would broaden the scope of the study area and provide data 

for bat movement patterns outside of the valley. Furthermore, more focus should be placed on 

the potential overlap between bats and livestock species given their free-ranging nature and 

their historical association as intermediate hosts during spillover events (Letko et al. 2020). An 

additional aspect to be included in future studies is the surveillance of humans within the valley. 

The basis of the study would include targeted surveys of villagers assessing their potential 

contact with bats, livestock or other wildlife species and then the testing of human blood and 

serum samples to investigate potential exposure to bat-borne pathogens. Ethical approval has 

already been obtained and the study is set to commence in 2023 and will provide a valuable 

perspective on the risks of contact with bats.  
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Appendix B3: Research ethics certificate for 552/2020 from the REC for 2020 
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Appendix B4: Research ethics certificate for 552/2020 extension from the REC 

for 2021 
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Appendix B5: Research ethics certificate for 552/2020 extension from the REC 
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Appendix B6: Animal ethics certificate for 254/2020 from the AEC for 2020 
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Appendix B7: Animal ethics certificate for 254/2020 extension from the AEC for 

2021 
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Appendix B8: Animal ethics certificate 552/2020 from the AEC for 2020 
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Appendix B9: Animal ethics certificate for 552/2020 extension from the AEC for 

2021 
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Appendix B10: Animal ethics certificate for 552/2020 extension from the AEC 

for 2022 
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Appendix C: DALRRD section 20 Disease ecology of zoonotic pathogens in bat 

species 2020 
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Appendix D1: Limpopo bats and non-volant mammal permit (ZA/LP/110489) 

for 2021-2022 

  

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



127 | Page 
 

Appendix D2: Limpopo bats and non-volant mammal permit (ZA/LP/106216) 

for 2020-2021 
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Appendix D3: Limpopo bats and non-volant mammal permit (ZA/LP/100499) for 
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