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Abstract: 

 

Grey-headed flying foxes, Pteropus poliocephalus, classified as Vulnerable under the EPBC Act, 1999, 

historically ranged from Melbourne in Victoria to Ingham in Queensland. However, for the first time, 

a population set up camp close to the Adelaide city centre in 2011, expanding the range of the 

species. I wanted to investigate what had motivated them to move to Adelaide including whether 

there are ‘pull’ factors at work; environmental factors attracting flying foxes into the area. 

Specifically, I wanted to investigate how they were utilising the greater Adelaide landscape to forage 

and what they were eating. Furthermore, I wanted to measure the population’s exposure to viruses 

of zoonotic potential to investigate whether their arrival poses a risk to public health. 

 

Using GPS telemetry, I tracked individual flying foxes (n=5) to document their Spring foraging 

movements and activities. Despite being a highly mobile species, the mean core foraging range 

estimate was only 7.3 km2 and maximum foraging distance from the camp in the Botanic Park was 

9.5 km with most foraging occurring within a 4 km radius which indicates they found sufficient 

foraging resources entirely within the residential area of Adelaide on streets, parks and residences. 

They foraged on introduced tree species either not native to South Australia or exotic to Australia. 

Movements of individuals also indicated persistent utilisation of same foraging sites over many days, 

regular use of water resources and the use of air space around Adelaide International airport.  

 

To further document the diet of Adelaide’s flying foxes on a larger scale, I used DNA metabarcoding 

on 161 faecal bat samples to confirm which plants they were eating. I found that their diet included 

40 operational taxonomic units (OTU) across 15 orders, 15 families and 10 genera. Over 86% of all 

plant sequences belonged to just three orders: Rosales (54.35%; including the families Rosaceae and 

Moraceae, the latter incorporating the genus Ficus), Myrtales (21.63%; including the family 

Myrtaceae which includes the genera Eucalyptus, Angophora and Corymbia) and Malpighiales 
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(10.26%; including the family Salicaceae which incorporates the genus Populus). The genus, Ficus, 

from the Moraceae family and Rosales order, which is not native to South Australia accounted for 

22.10% of the sequences identified while the family, Myrtaceae which contains the genus Eucalyptus 

and is native to Australia accounted for 21.56% of all sequences. Overall, the majority (75%) of 

sequences were aligned to plant OTUs that could be considered either non-native to South Australia 

or exotic to Australia which indicates that Grey-headed flying foxes have been able to establish a 

camp in Adelaide as a result of the human-modified landscape. 

 

On the global scale, flying foxes are known to act as spill-over hosts for emerging infectious 

pathogens including viruses of zoonotic potential. I therefore sampled a total of 301 flying foxes in 

the camp, over six serosurveys and investigated, using a multiplex Luminex binding assay, the levels 

of exposure to known viruses of zoonotic significance. I found strong serological evidence of 

common exposure to Cedar (apparent seroprevalence; AP = 26.6%; 95%CI: 21.7%-31.9%), Ebola 

Zaire (AP = 18.9%; 95%CI:14.7%-23.8%), Hendra (AP = 43.2%; 95%CI: 37.5%-49%), Severe acute 

respiratory syndrome (AP = 31.6%; 95%CI: 26.4%-37.1%), and Tioman (AP = 95.7 %; 95%CI: 92.7%-

97.7%) virus antigens. Temporal variation in antibody levels suggests that antibodies to Hendra virus 

and Tioman virus may wax and wane on a seasonal basis. For all viruses, exposure could have 

occurred anywhere along the flying fox species distribution range continuum. However, I found no 

serological evidence of exposure to Middle Eastern respiratory syndrome virus (AP = 0.7%; 95%CI: 

0.01%-2.4%) or Australian bat lyssavirus (AP = 0.0%; 95%CI: 0.0%-1.22%), despite a case caused by 

the latter virus being diagnosed in a bat from the camp in 2012. 

 

In conclusion, I found the flying foxes have been attracted to Adelaide because of the abundance of 

foraging resources which has allowed them to thrive, and the population has been exposed to many 

viruses of zoonotic potential which may pose a biohazard risk to the human inhabitants of Adelaide. 
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Chapter 1: Introduction 

 

1.1 Range Expansion of Wildlife 

 

1.1.1 Natural species range expansion 

The study of the geographical range limits of species and the reasons why species occur where they 

do, are essential themes in ecology (Cayuela et al, 2018). Each species’ distribution range is dynamic, 

fluctuates over time and is affected by an individual’s ability to disperse from its site of birth to into a 

new habitat or area to survive and breed (Baguette & Van Dyck, 2007; Cayuela et al, 2018). Dispersal 

is an important process that expedites population and range expansion by providing a mechanism 

for colonisation or metapopulation dynamics (Walton et al, 2018). It is defined as a directed 

movement away from a previously-used area and into a new area that occurs irregularly (usually 

once during an individual’s lifetime), where both the source and destination areas are usually used 

for an extended period (Teitelbaum and Mueller, 2019) . Dispersal can be further categorised as 

passive or active. In passive dispersers, movement is mainly driven by extrinsic factors such as 

animals, wind or ocean currents (Burgess, et al, 2016; Cayuela et al, 2018). In active dispersers, 

dispersal often infers specialised large‐scale movements of animals away from their original location 

(Cote et al, 2017; Cayuela et al, 2018). Dispersal is distinguished from migration, which is a periodic, 

‘two‐way, out and back movement’, and from foraging movements which are defined as ‘frequent, 

short‐distance movements to locate food resources’ (Cote et al, 2017).  

 

A further distinct type of animal movement is nomadism where the movements of individuals or 

populations of animals move frequently between locations with irregular timing and/or direction, 

producing both within-year and between-year variability in location and movement patterns. 

Nomadic movements often produce large range sizes (Teitelbaum and Mueller, 2019). Nomadism 
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usually occurs in highly variable, resource-limited environments and can provide a mechanism of 

escape from natural disasters, predators and parasites. 

 

Range expansion, which can be considered a natural phenomenon driven by each species’ need to 

find a resource or ecological niche that best suits their evolution and population growth, is an 

essential component of evolution (Walton et al, 2018). When animals have dispersed and expanded 

their range successfully by finding and occupying new environments that are suitable for supporting 

their biological needs, this is defined as colonisation.   

 

Three patterns of dispersal (Krebs, 2009) and thus range expansion, occur, and include: (i) diffusion, 

which is the gradual movement of a population over hospitable terrain over several generations; (ii) 

jump dispersal, which is the movement of individuals across large distances followed by successful 

formation of a population in a new area, and occurs in a short time relative to the longevity of the 

species and often over unsuitable terrain; and (iii) secular dispersal, which is where diffusion occurs 

over evolutionary time-scales and a species undergoes extensive evolutionary change as it gradually 

adapts to a new environment.  

 

When species shift their range, they can encounter a collection of new selection pressures (Suarez 

and Tsutsui, 2008), e.g., temperature and humidity extremes, seasonal food availability, altitude; to 

which they must adapt or perish. In response to these selection pressures, evolution can affect the 

population dynamics of range extension which can then initiate further feedback on the 

evolutionary processes (Burton and Travis, 2008). 

 

1.1.2 Anthropogenic causes of species range expansion 

Anthropogenic causes of species range expansion can occur due to the: (i) intentional introduction 

of an exotic species; (ii) human-induced alteration of ecosystems (Ancilloto et al, 2016); (iii) human-
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mediated biosecurity failure; (iv) rewilding, translocation and conservation corridors; and (v) climate 

change. In recent years, global climate change is outpacing the potential for species to adapt 

(Bradshaw et al, 2006; VanDerWal et al, 2013) and has increasingly driven changes in species 

distributions (Walther et al, 2002; Root et al, 2003) which are often towards the pole and higher 

elevation (VanDerWal et al, 2013). However, increasingly, there are reports of east-west directional 

changes across longitudes and even expansions towards tropical latitudes and lower elevations 

(Lenoir and Svenning, 2014). Paradoxically, when considering the creation of conservation corridors 

to facilitate wildlife movement, diffusion range expansion can sometimes occur more quickly in low 

quality habitats than high quality habitats which suggests a compromise between faster movement 

in poor quality habitat and between an increased population growth in a high-quality habitat (Crone 

et al, 2019). 

 

1.1.3 Synanthropy and Urbanisation 

Synanthropy refers to undomesticated species (plant or animal) adapting to living closely alongside, 

and benefiting from, human beings. A commonly used and similar term is urbanisation which relates 

to the specific benefits gained by animals in cities. The benefit of living near humans for animals can 

relate to food resource or breeding site availability (McFarlane et al, 2012). Synanthropy is a strategy 

used by an assorted range of species. For example, in Australia some 30 species of bats, 22 species 

of the largest marsupial order, Diprotodontia (e.g., kangaroos, possums), several species each of 

rodents, bandicoots, introduced ungulates, introduced carnivores and lagomorphs make their 

homes in human-modified environments (McFarlane, 2015). Of these, 20 species of bats find 

worthwhile resources in urban environments and have been able to adapt (McFarlane, 2015). 

Synanthropy or urbanisation provides a net benefit to species by definition, but there are also 

negatives including injuries and fatalities (Richardson et al, 2020), and social disconnection 

associated with human disturbance. Proximity to humans can lead to human-wildlife conflict 

including issues related to noise and smell, physical attacks and fatalities (Richardson et al, 2020), 
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vehicle collisions (Soga and Gaston, 2020) and the increased possibility of zoonoses (McFarlane et 

al, 2012; Allen et al, 2017). 

 

1.1.4 Flying foxes – a jump dispersal species 

A jump dispersal event is often human-mediated and can involve invasive species such as the 

Mediterranean fruit fly (Karsten et al, 2013) and frogs (Everman and Klawinski 2013), but they can 

also occur naturally with documented examples for Red foxes (Vulpes vulpes) (Walton et al, 2018), 

many plants (Jordano 2016) and in Australia, flying foxes (Tidemann, 1999; van der Ree et al, 2006). 

In Australia, a change in the distribution range of the Black flying fox (Pteropus alecto) and the Grey-

headed flying fox (Pteropus poliocephalus) has been observed in recent times. These species are 

volant and have the ability to cover large distances and complex topographies (Tidemann, 1999; van 

der Ree et al, 2006). The range of the Black flying fox has expanded in a southerly direction by 

approximately 10 km per year over the 75 years (Tidemann, 1999) and this has been suggested as a 

possible reason for the northern contraction of the Grey-headed flying fox. The range of the Grey-

headed flying fox moved 336 km south between 1882 and the 1930’s (Ratcliffe, 1931). Probably due 

to native vegetation clearing, Grey-headed flying foxes are now more reliant on vegetation in urban 

and peri-urban coastal areas (McFarlane, 2015). Now in its southernmost distribution, the Grey-

headed flying fox has increased its range to include Melbourne (van der Ree et al, 2006), Bendigo, 

Canberra, Geelong and, in 2011, Adelaide (Westcott et al, 2011), which now represents the most 

westerly edge of the species’ range (Fig. 3). The range expansion has been ascribed to several 

influences. These can be termed ‘push-pull’ factors (Byrne et al, 2019). Range expansion can be 

initiated by the ‘pull’ of sustainable resources and conditions in new areas or by the ‘push’ of 

diminished resources and declining conditions in their former range. Flying foxes might respond to 

‘pull’ factors which may include enhanced food accessibility in new landscapes (McDonald-Madden 

et al, 2005) or ‘push’ factors which can include a worsening of resources in the former range of the 

species (Tidemann 1999; McDonald-Madden et al, 2005; van der Ree et al, 2006), competition with 
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other flying foxes (Webb and Tidemann 1995) or anthropogenic climate change (Parris and Hazell 

2005). 

 

1.2 Flying foxes in Australia 

 

1.2.1 Bat taxonomy overview 

Bats are a unique group of mammals within their own Order, Chiroptera, and are globally 

distributed, although individual bat species have their own geographical niche. There are 1,422 

reported species of bats worldwide (Upham et al, 2020), making up approximately 20% of all 

mammal species (Jones et al, 2001). Conventionally, bats have been classified into two suborders 

based on their body size: the ‘megabats’, larger sized bats which are mostly frugivorous, and the 

‘microbats’, smaller sized bats which are mostly insectivorous. However, recent phylogenetic studies 

revised this classification into the two sub-orders - Yinpterochiroptera and Yangochiroptera (Fig 1) 

(Teeling et al, 2005; Tsagkogeorga et al, 2015). The former consists of the horseshoe bat 

(Rhinolophoidea) and the old-world fruit bat (Pteropodidae) families which includes flying foxes, and 

the latter includes Bulldog bats (Noctilionoidea), Vesper bats (Vespertilionidae) and Sac-winged or 

sheath-tailed bats (Emballonuridae). About 80 bat species are reported across Australia and outlying 

islands including eight families, one of which is the Pteropodidae family. 
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Fig 1. Major taxonomy and lineages of Order Chiroptera (Bats). Adapted from Gorbunova et al, 2020. 

 

1.2.2 Bat species in the Pteropus genus. 

Bats in the Family Pteropodidae are often called megabats or fruit bats. The family consists of a total 

of six subfamilies and 46 genera. Pteropus is a genus of megabats, which includes at least 60 extant 

species (Simmons 2005). They are often called flying foxes and are among the largest sized bats in 

the world. They are geographically distributed from the western Indian Ocean to the mid-Pacific 

islands in mostly tropical and sub-tropical climates (Fig.2). On many island systems they are the only 

endemic mammals and as such play a significant role in island ecology, primarily as seed-dispersers 

and pollinators (Fujita and Tuttle, 1991).  
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Fig 2. Geographical distribution of Pteropid bats (Adapted from Feldmann et al, 2002) 

 

1.2.3 Pteropus species in Australia  

There are four Pteropus species on mainland Australia and one on Christmas Island. The Christmas 

Island flying fox (Pteropus melanotus natalis) is classified as Critically Endangered under the 

Australian Environment Protection and Biodiversity Conservation (EPBC) Act, 1999 (Threatened 

Species Scientific Committee, 2001a) and its distribution is restricted to Christmas Island. The 

Spectacled flying fox (Pteropus conspicillatus) is classified as Endangered under the Australian EPBC 

Act (Threatened Species Scientific Committee, 2001b). The species is restricted to tropical rainforest 

areas between Ingham and Cooktown, between the Iron and McIlwraith Ranges of Cape York and is 

also found in Papua New Guinea and nearby islands, parts of Indonesia, and also the Solomon 

Islands (Duncan et al, 1999; Garnett et al, 1999). The Black flying fox (Pteropus alecto) is not listed 

under the Australian EPBC Act. The species is found around the northern coast of Australia (Western 

Australia, Northern Territory, Queensland and northern NSW) and inland wherever permanent 

water in rivers is found, as well as in Indonesia. The Little red flying fox (Pteropus scapulatus) is also 

not listed under the Australian EPBC Act. The species occurs from Shark Bay in WA through northern 

Australia, and down the east coast to northern Victoria, ranging far inland (the species has been 
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recorded in northern South Australia on two occasions) and is found in Papua New Guinea. The 

Grey-headed flying fox (Pteropus poliocephalus) is classified as Vulnerable under the Australian EPBC 

Act (Threatened Species Scientific Committee, 2001c) and “vulnerable to extinction” in the Action 

Plan for Australian Bats (Duncan et al, 1999). This species is Australia's only mainland endemic flying 

fox species and occurs in coastal areas from Ingham in northern Queensland to Adelaide in South 

Australia. 

 

1.3 Bats as viral reservoir hosts 

 

Extensive geographical distribution, in combination with high mobility, make bats ideal hosts and 

vectors for pathogen spread (Calisher et al, 2006). When this is coupled with new ecological 

pressures such as climate change and habitat loss, jump dispersal of populations of bats can 

contribute to pathogen translocation into new areas which is commonly termed ‘pathogen 

pollution’. Bats have been widely implicated as reservoir hosts of many emerging and re-emerging 

viruses (Calisher et al, 2006; Luis et al, 2013; Ge et al, 2013). Molecular studies have confirmed that 

bats are putative reservoirs for numerous recently emerged zoonotic viruses, including Severe Acute 

Respiratory Syndrome coronavirus (SARS-CoV-1) (Ge et al, 2013), Ebola and Marburg haemorrhagic 

fever filovirus (Leroy et al, 2005; Towner et al, 2009) rabies and rabies-related lyssaviruses and many 

paramyxoviruses, including Nipah and Hendra viruses (Halpin et al, 2000; Chua et al, 2002; Drexler et 

al, 2012). Bats infected with these viruses often exhibit no clinical signs of disease (with the 

exception of lyssaviruses) (Wang et al, 2011) and in some cases appear to be persistently infected 

(Soyharti et al, 2011). Zoonotic viruses in more than 15 virus families have been identified in at least 

200 species from 12 bat families around the world (Luis et al, 2013; Drexler et al, 2012; Wang et al, 

2011). In a comparative analysis, Luis et al, (2013) showed that bats on average are more likely to be 

infected with more zoonotic viruses per species than rodents, adding weight to the idea that bats 

might be the primary source of emerging zoonotic viruses (Calisher et al, 2006).  
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1.3.1 Coronaviruses 

Coronaviruses are significant emerging pathogens of humans and have caused outbreaks of Severe 

Acute Respiratory Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) (de Groot et al, 

2013; Banerjee et al, 2019), and most recently a new severe acute respiratory syndrome (known as 

COVID-19) associated with SARS-CoV-2 virus (Andersen et al, 2020). SARS associated with SARS-CoV-

1 first emerged in late 2002 in Guangdong Province, southern China, spreading rapidly to Hong Kong 

and then to another 29 countries (Hu et al, 2017). Bats including several species of Chinese 

horseshoe bats (Rhinolophus spp.) from different locations in southern China were found to be 

infected with SARS-CoV-1 and are now considered the reservoir hosts (Guan et al, 2003; Hu et al, 

2017). The seroprevalence to SARS-CoV-1 in some species of Chinese horseshoe bats was as high as 

84.0% (Hu et al, 2017). However, no pathology has been reported in bats infected with SARS-CoV-1. 

MERS emerged in Saudi Arabia and then spread to other countries in Africa, Asia, North America and 

Europe. There has been a total of 2,500 cases and more than 850 deaths with an estimated case-

fatality rate of 35.0% (Hu et al, 2017). The reservoir hosts of MERS are considered to be middle 

eastern insectivorous bats (Memish et al, 2013; Lau et al, 2018). In late 2019 – early 2020, a 

pandemic occurred associated with a new coronavirus, SARS-CoV-2, which most likely originated in 

(and recently spilled over from) insectivorous bats (Latinne et al, 2020) because it is part of a clade 

of closely-related SARS-related coronaviruses found in Rhinolophus spp. bats (Zhou at al, 2020). 

However, it is likely that a recombination event has occurred at some stage (Andersen et al, 2020). 

At the time of writing, there have been over 69 million reported human cases and over 1.573 million 

deaths in over 191 countries (Dong et al, 2020).  

 

1.3.2 Filoviruses 

Filoviruses have caused outbreaks of haemorrhagic disease in humans and nonhuman primates 

(Sanchez et al, 2001; Bempong et al, 2019) and there is a growing body of knowledge to suggest bats 

are the main reservoir hosts for these viruses (Chowell and Nishiura, 2014). Ebola virus disease first 
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appeared in 1976 with two concurrent outbreaks of acute viral haemorrhagic fever in humans in the 

Democratic Republic of Congo (DRC) (Laupland and Valiquette, 2014). Since these original cases, 

there have been many further outbreaks in east and west Africa (Bempong et al, 2019). Ebola virus 

has also been implicated as one of the most important causes of decline of African gorilla and 

chimpanzee populations in recent years (Vogel, 2003; Walsh et al, 2003; Walsh et al, 2005). Ebola 

virus is transmitted to humans through contact with bodily fluids and blood from another infected 

person or non-human primate, either by direct contact or indirectly from a contaminated 

environment (Walsh et al, 2005). Antibodies to Ebola viruses have been detected in three African 

fruit bat species (Leroy et al, 2005; Pourrut et al, 2009), in bats in Bangladesh (Olival et al, 2013), 

bats in Singapore (Laing et al, 2018) and in Chinese bat species (Yuan et al, 2012; Yang et al, 2017; 

Zhang et al, 2020). These studies provide a growing body of evidence that that infection with 

ebolaviruses or related filoviruses occur in bats not only from mainland Africa, but also Asia 

(Negredo et al, 2011; Olival and Hayman, 2014).  

 

1.3.3 Paramyxoviruses 

1.3.3.1 Hendra virus 

Hendra virus, from the Paramyxovirus family is a member of the genus, Henipavirus which also 

includes Nipah virus. It was first described in 1994 (Murray et al, 1995) when it was identified as the 

cause of an outbreak of respiratory disease in horses (Edson et al, 2015). As of June 2020, over sixty 

outbreaks of Hendra virus have occurred in Australia (Queensland and NSW only), all involving 

infection of one or more horses (Business Queensland, 2021). To date, the case fatality rate is 

estimated at 75% for horses and 60% for humans (Field et al, 2011). Hendra virus events have mainly 

occurred in the cooler months in winter (Martin et al, 2016). No disease events have been 

documented in the subtropics during summer. In the northern tropics, events have been reported 

throughout the year. Serological evidence of infection with Hendra virus has been shown in all four 

species of pteropid bat that occur on mainland Australia (Breed et al, 2011; Edson et al, 2015). From 
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a non-probability serosurvey of 1,043 flying foxes across northern Australia, a crude seroprevalence 

of anti-Hendra virus antibodies was estimated to be 47% in 1996-1998 (Field et al, 2001). Serological 

evidence of Hendra virus infection has also been reported in six species of flying foxes from Papua 

New Guinea (Halpin et al, 1999). In 2009, Henipaviruses were detected in the African straw-coloured 

fruit bat (Eidolon helvum) in West Africa for the first time which indicates that endemicity extends 

beyond the Australasian region (Drexler et al, 2009). Black flying foxes and Spectacled flying foxes 

play the most active role in the transmission of Hendra virus to horses (Edson et al, 2015) and are 

considered the main source of infection for horses and humans (Edson et al, 2015). The virus is most 

frequently shed in the urine, but there is no evidence so far of viral shedding in the urine of Grey-

headed flying foxes (Edson et al, 2015; Edson et al, 2019, Peel et al, 2019). In addition to urine spray 

and social grooming, direct contact with aborted foetuses and birthing fluids have been suggested as 

a route of virus shedding between flying foxes (Williamson et al, 1998). Despite only small amounts 

of virus being shed in urine, the use of pooled urine collected on tarpaulins under roost trees has 

proven effective for detection of the virus (Edson et al, 2015).  

 

Cedar virus, a close relative of Hendra and Nipah viruses, was first identified in flying fox urine during 

Hendra virus screening in Queensland in 2009 (Marsh et al, 2012). However, no illness was observed 

in challenged animals (guinea pigs and ferrets) susceptible to other paramyxoviruses and thus its 

infectiousness and virulence are likely limited. Animals were able to mount an effective response 

with neutralising antibodies (Marsh et al, 2012). 

 

1.3.3.2 Menangle Virus 

Menangle virus, another Paramyxovirus, was isolated in 1997 from stillborn piglets at a large 

commercial piggery near Menangle in Australia (Philbey et al, 1998; Barr et al, 2012). Most sows 

carried their litters to term, but abortions occurred occasionally. Affected litters included 

mummified, autolysing and fresh stillborn piglets (Philbey et al, 1998; Barr et al, 2012). Two out of 
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250 humans in contact with the affected pigs had high antibody titres to the new virus, and both 

reported fever with a measles-like rash. Neither had direct exposure to flying foxes (Chant et al, 

1998). A mixed camp of Grey-headed flying foxes and Little red flying foxes roosting seasonally 

within 200 m of the piggery carried neutralising antibodies (Philbey et al, 1998; Barr et al, 2012). 

However, other flying foxes in other camps, which were distant to and screened prior to the disease 

event at Menangle, also carried neutralising antibodies (Philbey et al, 1998; Barr et al, 2012). This 

suggests that the virus has been circulating in flying foxes for some time, but the virus needs a 

physically close intermediary species such as pigs for the spillover to occur. No known further cases 

have been reported. 

 

1.3.3.3 Nipah Virus 

Nipah virus was first isolated in 1999 from pigs and adult human males affected by fever and 

encephalitis during an outbreak in Malaysia and Singapore (Chua et al, 1999). Of 265 reported 

human cases, 105 were fatal (39.6 % case-fatality rate). Direct contact with infected pigs was 

identified as the main source of the human infection (Chua et al, 2000; Goh et al, 2000). Most of the 

humans affected in the Malaysian outbreak had a history of direct contact with live pigs, and most 

were adult male Chinese pig farmers (Chua et al, 1999). With suspicions that fruit bats were the 

most likely reservoir, Malaysian bats were targeted for surveillance. Consequently, the Large flying 

fox (Pteropus vampyrus) and the Small flying fox (Pteropus hypomelanus) were found to be the 

natural reservoir hosts for Nipah virus (Johara et al, 2001; Chua et al, 2002). Subsequently, it has 

been revealed that direct fruit bat-to-human and human-to-human transmission of Nipah virus has 

occurred in Bangladesh (Field et al, 2001; Yob et al, 2001; Gurley et al, 2007) and in India (Chatterjee 

2018). 
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1.3.4 Lyssaviruses 

1.3.4.1 Australian bat lyssavirus 

The health investigation of a female Black flying fox in 1996 that was unable to fly, resulted in the 

isolation of a new lyssavirus species, Australian bat lyssavirus (ABLV) which is one of the 16 classified 

species of lyssaviruses within the family Rhabdoviridae. Surveillance subsequently confirmed the 

presence of ABLV from five different bat species, all four species of flying foxes in Australia (Field et 

al, 2004) and from an insectivorous bat, the Yellow-bellied sheath-tailed bat (Saccolaimus 

flaviventris), with two distinct lineages apparently circulating in insectivorous and frugivorous bats 

(Warrilow et al, 2002; Guyatt et al, 2003). Clinically affected bats exhibit neurological signs including 

limb paralysis or weakness, rapid involuntary eye movements, inability to swallow, hypersensitivity, 

biting, vocalisation and a hoarse cry (Field, 2005). Since 1995, a total of 342 bats have been 

confirmed to be infected in Australia with most cases coming from Queensland (63.2%) and NSW 

(24.3%) (Cox-Witton, 2020). Only one case has been reported from South Australia in 2012 in a Grey-

headed flying fox (Cox-Witton, 2020). Recent research indicates evidence of exposure exists in six 

species of insectivorous bats in Australia (Prada et al, 2019). There have also been three reported 

human cases resulting from direct contact with bats (Warrilow et al, 2002; Francis et al, 2014), and 

two cases in horses (Annand and Reid, 2014). 

 

  



 
 

30 

1.4 Flying fox ecology with an emphasis on the Grey-headed flying fox (Pteropus 

poliocephalus) 

 

1.4.1 Distribution 

The size of the distribution range varies across the four Australian pteropodid species. The Little red 

flying fox having the largest range (3.6 million km2), followed by the Black flying fox (1.6 million km2), 

the Grey-headed flying fox (0.7 million km2), and the Spectacled flying fox, with the smallest range 

(0.1 million km2) (Webb and Tidemann, 1996). Since 2011, the range of the Grey-headed flying fox 

has extended into South Australia with a population established permanently in Adelaide (Westcott 

et al, 2011). This range expansion can also be described as a long-distance, jump dispersal as the 

species has moved large distances over a short time period and colonised new habitats. 

 

The Grey-headed flying fox is Australia's only mainland, endemic flying fox. It is found along the 

coastal regions of eastern Australia, with a distribution extending from central Queensland (~21 °S) 

to Melbourne, Victoria (~38 °S) (Roberts et al, 2012) and now to Adelaide (~35 °S) (Westcott et al, 

2011). Occasional individuals have been observed on Bass Strait islands (Tidemann, 1999) and 

mainland Tasmania. It can also be found infrequently west of the Great Dividing Range (Tidemann, 

1999). However, only a small part of this range is used at any one time, as the species selectively 

forages wherever food is available. As a result, the occurrence and relative abundance within its 

distribution range can vary widely between seasons and between years (Eby & Lunney, 2002).  

 

There is a degree of sympatry where different flying fox species can roost in mix-species camps 

(Garnett et al, 1999; Tidemann et al, 1999; Parsons et al, 2006; Welbergen, 2008) and there are 

instances where all four species of mainland Australian pteropodids can co-occur in the same camp 

e.g. Finch Hatton in Queensland (Parsons et al, 2010).  
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Fig 3: Distribution of Grey-headed flying foxes (Pteropus poliocephalus) (2019 data). 

http://www.environment.gov.au/webgis-framework/apps/ffc-wide/ffc-wide.jsf. Accessed 1 December 2020.  

Scale: 1:18,489,298 

 

 

 

http://www.environment.gov.au/webgis-framework/apps/ffc-wide/ffc-wide.jsf.%20Accessed%201%20December%202020
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1.4.2 Roost habitat 

Also known as ‘camps’, daytime roost sites of the Grey-headed flying fox often comprise thousands 

of individuals, and occur in rainforest, wetland, riparian or mangrove forests (Ratcliffe, 1931; Eby, 

1991; Tidemann, 1999). The population of bats within a camp can vary substantially, often 

associated with changes in the availability and seasonality of flowers and fruits (Eby, 1991, Parry-

Jones and Augee, 1992; Eby and Lunney, 2002). Large aggregations of bats can be linked to the 

flowering of nectar-rich species, particularly Eucalypts, over large areas (Parry-Jones and Augee, 

1992, Eby, 1996). At night, this species will feed on blossoms and fruits away from their roosts and 

will use remnant forest patches of vegetation on cleared land and in urban areas (Eby, 1991; 

Tidemann, 1999). Roost sites are normally located near water, such as streams or rivers or near the 

coast (van der Ree et al, 2006). Camp vegetation includes rainforest patches, stands of Melaleuca, 

mangroves and riparian foliage (Nelson 1965; Ratcliffe 1931), but camps also use modified plantings 

(Pinus spp) in urban and suburban areas (van der Ree et al, 2006). The species will show some 

fidelity to roost sites with some roosts being used for decades (Ratcliffe, 1931; Tidemann, 1999), 

although new sites may form regularly as abundant food resources become available elsewhere. 

 

1.4.3 Reproduction 

Generally, female Grey-headed flying foxes do not reach full sexual maturity until three years of age 

(Hall, 2002). However, for some, pregnancy may occur in the second year (McIlwee and Martin, 

2002). Mating occurs in autumn in the camp, after which time some larger camps can break up, 

reforming in late spring or early summer, as food resources become more abundant (Hall and 

Richards, 2000). Within a camp, males and females segregate in late September (L Collins 2020, pers. 

comm.) when females usually give birth after a six-month gestation, (Fig. 4), usually to single young, 

while twins are rare (L Collins 2020, pers. comm.). Lactation extends for four to five months or 

sometimes longer (L Collins 2020, pers. comm.) (Fig. 4). For four to five weeks after birth, the mother 

carries her single young when foraging (Tidemann, 1999). Once the young are completely furred, 
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they are left in maternal camps while their mothers forage and are then nursed by their mother 

after returning from foraging until they are independent at around 20 weeks (Hall & Richards, 2000). 

As adult female Grey-headed flying foxes conceive one young annually (Nelson, 1965), the 

population growth rate is slow relative to their size (Parry-Jones, 2001). This is further affected by 

the tendency of females to abort or abandon their young in response to food shortages (Tidemann, 

1999). As a result, mass abortions and premature birth events are known to occur (L Collins 2020, 

pers. comm.). 

 

 

Fig 4: Reproductive cycle of the Grey-headed flying fox (Source: P.Eby, unpublished data) 
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1.4.4 Foraging & Diets & the role of flying foxes in the provision of ecosystem services 

The Grey-headed flying fox has an important role in the health and maintenance of many 

ecosystems in eastern Australia. The species performs seed-dispersal and pollination ecosystem 

services for many native trees, including commercially important hardwood and rainforest species, 

such as native figs and palms (Tidemann, 1999; Shilton et al, 1999). The species contributes directly 

to the reproduction, regeneration and the evolution of forest environments. If the population size or 

range of Grey-headed flying foxes were to reduce further, then rainforest seed dispersal and 

pollination could be severely reduced (Richards, 2000). 

 

The Grey-headed flying fox has a diverse native diet, which it supplements with introduced (Eby, 

1996; Eby, 1998; Hall and Richards 2000; Parry-Jones and Augee, 1991) and cultivated plants (Hall 

and Richards 2000). It is a frugivore and nectarivore, which utilises many native vegetation 

communities including rainforests, open forests, closed and open woodlands, Banksia woodlands 

and Melaleuca swamps, rainforest fruits and nectar and pollen from the Eucalypt flowers (Genera: 

Eucalyptus, Corymbia and Angophora) (Duncan et al, 1999; Eby, 1996). Reliable resources during late 

gestation, birth and early lactation in winter and spring are required to avoid rapid weight loss in 

adults and poor reproductive success (Eby 1999; Parry-Jones and Augee 2001). Historically, in winter, 

resources for the Grey-headed flying fox were limited in distribution to a narrow coastal strip in 

Queensland and northern NSW (Eby, 1996). These coastal areas contained important winter and 

spring flowering species, particularly Broad-leaved Paper Bark (Melaleuca quinquenervia), Spotted 

Gum (Corymbia maculata), Swamp Mahogany (Eucalyptus robusta) and Forest Red Gum (Eucalyptus 

tereticornis) (Eby, 1996).  

 

Few of these forests provide continuous foraging resources throughout the year, which can often 

result in the species moving in response to temporary food resources (Duncan et al, 1999; Eby 1996; 

Nelson 1965; Parry-Jones and Augee, 1992). Many Eucalypts have regular seasonal flowering 
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patterns (Eby 1996) but, depending on environmental conditions such as rainfall, some may not 

flower every year or have earlier or later flowering seasons. Flying foxes are not physiologically 

adapted to withstand local food shortages but must move in response to changes in the amount of 

and location of flowering events (Eby 1991; Eby and Lunney 2002).  

 

1.4.5 Movement Patterns 

Grey-headed flying foxes travel nightly to foraging areas, usually within 15 km of their camp 

(Tidemann, 1998), but they are capable of nomadic flights of up to 80 km from their camp to 

different foraging areas as food resources change (Field et al, 2016). With suitable winds, Grey-

headed flying foxes can travel at speeds in excess of 35 km per hour for extended periods 

(Tidemann, 1998). Except in Spring and early Summer when pre-weaning juveniles stay, there is 

generally a complete exodus from the roost site at dusk (L Collins 2020, pers. comm.). During these 

times, juveniles fly in and out of the site throughout the night (Parry-Jones and Augee 1992). The 

Grey-headed flying fox is highly mobile and moves along the east and south-east coast of Australia in 

search of food (Tidemann 1998; Welbergen et al, 2020). Some individuals are estimated to move 

long distances (Tidemann and Nelson, 2004), moving nomadically among a network of roosts, up to 

12,000 km annually in some cases although the mean distance travelled annually is 1554 km 

(Welbergen et al, 2020). While fidelity of individuals to certain branches within specific trees has 

been documented, for example during mating periods (Welbergen, 2005), individuals are otherwise 

thought to exhibit low fidelity to roosts locally, resulting in high estimated daily camp turnover rates 

(17.5 ± 1.3%) (Welbergen et al, 2020). This suggests that flying fox roosts form nodes in a vast 

continental network of dynamic “staging posts” through which mobile individuals travel far and wide 

(Welbergen et al, 2020). 
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1.5 Threats to Grey-headed flying foxes 

 
1.5.1 Habitat loss, degradation and persecution 

Grey-headed flying fox populations are thought to be declining in abundance. Ratcliffe (1931) 

suggested that as much as half the Australian flying fox population was likely to have been lost since 

European settlement. Fly-out surveys conducted between 1998-2001 suggested a decline from 

566,000 to 400,000 animals, or approximately 30% (Threatened Species Scientific Committee, 

2001c). As a consequence, this decline led to the species’ being listed as Vulnerable under the EPBC 

Act (1999) under Criterion 1 – ‘decline in numbers only’ (Threatened Species Scientific Committee, 

2001c). Habitat clearing and degradation are currently thought to be the main threats to the Grey-

headed flying fox in particular and to flying foxes in general (Westcott et al, 2011). Since European 

settlement, significant habitat modification in the form of land clearing for both urbanisation and 

agriculture has occurred (Tidemann, 1999; Eby 2002) and Australia has lost approximately 38% of its 

native forests (Bradshaw et al, 2012). Habitat loss has resulted in a decrease in the variety of 

flowering and fruiting tree species, particularly those that usually have a high nectar output (Birt, 

2000). Melaleuca forests once provided an important food source for flying foxes, but over 70% have 

been cleared since European settlement (Bradshaw et al, 2012). In addition, large areas containing 

Forest Red Gum (Eucalyptus tereticornis) and Spotted Gum (Corymbia maculata) have been cleared, 

both of which are important winter-flowering tree species (Birt 2000). Habitat clearance and 

degradation has also impacted flying fox roosting sites (Lunney and Moon, 1997). Whilst the species' 

specific roosting requirements is not clearly understood, habitat loss has probably encouraged flying 

foxes to set up daytime roosts in suburban areas (Tait et al, 2014). On a physiological level, habitat 

loss causes an increase in the animal's energy expenditure, as individuals need to fly greater 

distances from campsites to feeding areas as well as between individual campsites. 
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It has been argued that, as a consequence of habitat degradation, Grey-headed flying foxes must 

rely more heavily on resources from non-native flora in urban settings (Williams et al, 2006; 

Schmelitschek et al, 2009) or from rural areas such as commercial fruit farms. This leads to more 

frequent interactions with growers which can result in reactionary culling to reduce crop losses 

(Teagle 2002) through electrocution, shooting, or poisoning (Vardon et al, 1995; Tidemann et al, 

1997; Birt, 2000). Flying foxes cause crop losses by puncturing fruit with their teeth and claws, soiling 

fruit from the orchard and damaging trees by breaking limbs, particularly new growth carrying next 

season's fruiting buds (Ullio, 2002). The Grey-headed flying fox is capable of causing direct losses to 

horticulturalists in NSW and is the main species responsible for crop losses in this state (Ullio, 2002). 

Shooting flying foxes has been the most common method in attempting to protect fruit crops 

(Teagle, 2002). Permit systems in NSW and Victoria currently enable culling of flying foxes whereas 

Queensland ceased issuing permits for shooting in 2008. However, the number of flying foxes shot 

illegally is unknown. As a result, the impact on population size and demographic structure of the 

Grey-headed flying fox remains difficult to quantify. The impact is more substantial than direct 

deaths alone would indicate, for a large proportion of animals shot in orchards are pregnant and 

lactating females (Parry-Jones 1993; Tidemann et al, 1997). Juveniles who remain in maternity 

camps and are dependent on their lactating females are known to die of starvation when lactating 

females are killed (Nelson 1965). 

 

Since the early days of European settlement, the Grey-headed flying fox has been persecuted not 

only because of its impact on orchards but also its impact on human amenity (Ratcliffe 1931; 

Tidemann et al, 1997). Impacts on amenity usually occur when camps are close to residential areas. 

When camps are large, typically >15,000 individuals, the accompanying noise, smell and faeces may 

be considered unpleasant for members of the public (Parry-Jones and Augee 1992). Negative media 

reports on their amenity impact are also exacerbated by the impression that flying foxes pose a high 

disease risk. Undoubtedly, bat-mediated disease does pose some risk, however, health authorities 
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indicate that the concern is generally out of proportion to the risk and that, for Hendra virus at least, 

it is not associated with camps (Edson et al, 2015; Edson et al, 2019). Though on occasions 

residential areas can often intrude on existing flying fox camps, Grey-headed flying foxes can readily 

form camps in urban and residential areas (Markus and Hall 2004; Williams et al, 2006). City camps 

tend to be located in habitat fragments or botanic parks, the small size of which constrains the camp 

footprint often leading to high densities of roosting individuals causing damage to vegetation 

(Tidemann, 1999). 

 

1.5.2 Climate change, heat stress events and electrocution 

Heat-related deaths in Australian flying foxes have been recognised many times since European 

settlement. In January 2004, a heatwave in north-east NSW, coincided with a field study of 

reproductive output in Grey-headed flying foxes, providing an opportunity to measure the relative 

impact of temperature on the species (Eby et al, 2004). During the study, the ambient temperature 

exceeded 45°C and an estimated 5,000–7,000 individuals died. There was a significant impact on 

dependent young less than 4 months old, which represented 33.6% of the pre-heat wave population 

but 94.3% of dead individuals, while the percentage of adult females with young reduced from 

84.1% to 66.5% (Eby et al, 2004). 

 

Heatwaves are now becoming hotter, longer and more frequent under anthropogenic climate 

change (Steffen et al, 2014), which poses an unprecedented threat to biodiversity in general and 

flying foxes in particular. Heat stress die-offs for flying foxes are likely to become more frequent and 

widespread in the future (Ratnayake et al 2019). Between 1994 and 2007, over 30,000 flying foxes 

(including at least 24,500 Grey-headed flying foxes) were killed during 19 heat-stress events 

(Welbergen, 2008). Climate models predict continued increases in the intensity, duration and 

frequency of such extremes heat events and with it the likelihood that mortality events in flying 

foxes will increase in frequency and extent (Welbergen, 2008; Cowan et al, 2014). The effects of 
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heat-stress events are compounded by the increased frequency of bushfires which results in the loss 

of food resources. During 2019–2020, unprecedented bushfires burnt an estimated 5.8 million 

hectares of forest within the range of the Grey-headed flying fox (Boer et al, 2020). In addition, 

another unquantified cause of death in flying foxes is electrocution on powerlines, particularly in 

urban areas where a disproportionately high number of lactating females are often killed (Duncan et 

al, 1999).  

 

1.6 Flying foxes in South Australia and issues associated with their arrival 

 

1.6.1 Historical perspective 

There are few historical records of flying foxes in South Australia. A flying fox was caught in Gawler 

in April 1920, but the species was unknown. A Little red flying fox was found in Vivonne Bay on 

Kangaroo Island in 1946 and another unknown species of flying fox was caught in Bordertown, SA in 

February 1954. In 1954 a flying fox, (likely a Little red flying fox) was photographed on Henley Beach. 

In 1998, a small temporary camp of Grey-headed flying foxes was recorded in Mt Gambier and again 

in Southeast South Australia in 2003 and 2007.  

 

1.6.2 Range expansion into South Australia 

Approximately twenty Grey-headed flying foxes were observed in the Botanic Gardens, Adelaide, in 

March 2010 (J Van Weenen 2020, pers. comm.). On the 1st April 2010, c. 600 Grey-headed flying 

foxes were identified in a patch of vegetation consisting of pine, eucalyptus and deciduous trees 

close to the Naracoorte Hospital, Naracoorte, South Australia. On 3rd May 2010, c. 50 bats were seen 

in a Pencil pine (Cupressus sempervirens) in a garden off Fullarton Rd, Adelaide. By 20th May 2010, 

the population in this location was estimated to c. 1,270, but by 28th May 2010 the flying foxes had 

vacated the area (J Van Weenen 2020, pers. comm.). On January 11th 2011, c.30 were observed in a 

American Cotton Palm (Washingtonia robusta) in the Adelaide Botanic Gardens (J Van Weenen 
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2018, pers. comm.). This population grew to c. 150 individuals on 7th April 2011 (J Van Weenen 2018, 

pers. comm.). After encouragement to leave the Botanic Gardens (using noise and light), by 11th June 

2011 c. 350 bats were located in Aleppo pine trees (Pinus halepensis) in Botanic Park, adjacent to the 

Adelaide Zoo entrance (J Van Weenen 2018, pers. comm.).  

 

1.6.3 Permanent camp establishment and population growth. 

By 28th June 2012, the Botanic Park population of flying foxes numbered c. 500 individuals, and by 7 

August 2013 the population had grown to c. 1,079 (J Van Weenen 2018, pers. comm.). Since that 

time, the Adelaide population count has waxed and waned depending on immigration, emigration, 

reproduction and heat stress events (Fig.5). Immigration in winter and emigration in summer has 

also been reported (L Collins 2020, pers. comm.). For example, the population size between June-

November 2018 was c. 27,000 individuals but had declined to c. 17,000 by December 2018 - January 

2019 (L Collins 2020, pers. comm.). A small camp has recently been established near Millicent in 

south-east South Australia (J Van Weenen 2018, pers. comm.). 
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Fig 5: Time-series of Grey-headed flying fox counts in the Adelaide Botanic Park Camp over the 2014-

2020 period with times of major recent heat-stress events (L Collins 2019, pers. comm.) 

 

1.6.4 Threats to South Australian Grey-headed flying foxes 

1.6.4.1 Heat-stress events 

There have been several heat-stress events where the temperature in the camp is such that many 

animals die due to heat exhaustion (L Collins 2020, pers. comm.). Morbidity and mortality rates 

increase markedly when the camp temperature exceeds 42°C. (Welbergen et al, 2009). There have 

been 11 recorded heat-stress events in the Adelaide camp since 2013 (Table 1). Since January 2019, 

over two summer seasons, there have been three events with an estimated combined mortality of 

13,500. On January 24th 2019, c. 4,000 bats died out of an estimated population of 20,000 when the 

temperature reached 46.6°C and between 17-20th December 2019, the temperature was >42°C for 

four consecutive days and c. 9,000 died out of a population of c. 25,000, with over c. 430 young bats 

taken into care. Since the summer of 2012-2013, a conservative number of 15,970 flying foxes are 

estimated to have died due to heat-stress. 
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Table 1: Reported numbers of Grey-headed flying foxes that have died during  

heat-stress events in Adelaide (L Collins 2020, pers. comm.) 

Season Event dates Approximate  
Camp count 

Maximum 
Temperature 

/OC 

Approximate 
Mortality Count 

Approximate 
Incidence risk 

Summer 2012-13 4-18 Jan 2013 unknown 44.1 90 - 

Summer 2013-14 18-21 Dec 2013 unknown 43.4 22 - 

14-24 Jan 2014 unknown 44.2 158 - 

14 Feb 2014 unknown 44.7 9 - 

Summer 2014-15 2-6 Jan 2015 3,000 44.1 555 18.50% 

1 Feb 2015 2,500 41.6 51 2.00% 

Summer 2017-18 6-7 Jan 2018 13,000 42.3 12 0.09% 

18-19 Jan 2018 13,000 42.2 73 0.60% 

24 Jan 2019 20,500 46.6 4,000  19.50% 

Summer 2018-19 20 Nov 2019 25,000 41.6 2,000  8.00% 

Summer 2019-20 17-20 Dec 2019 23,000 45.3 9,000  36.10% 

 

1.6.4.2 Electrocution and entanglement 

Historically, animals are involved in 6-7% of power outages in the distribution network, with birds 

responsible for about 4% and bats and possums comprising about 1% each (Energy Source and 

Distribution, 2018). The number of outages caused by animals is increasing and that increase is 

specifically related to the arrival and population growth of the Grey-headed flying fox camp in 

Adelaide particularly over the period between 2016 and 2021. In search of food, flying foxes often 

get entangled in power lines, killing the individual. Occasionally, offspring attached to mothers can 

still be alive (Energy Source and Distribution, 2018). The bats, which have a wide wingspan (over one 

metre) (Fig.6), can cause a power outage when they make contact between power lines and pole top 

equipment, including insulators, transformers and switches or when trapped by lightning arrestors. 

Power authorities need to remove the dead animal and restore power which can be disruptive to 

the electricity supply to affected areas. The power authorities look for spatial patterns in the 

outages, so where there are repeat incidents involving animals, they target solutions aimed at 

reducing the likelihood of further outages at that location (Energy Source and Distribution, 2018). 

Reports of entanglement of flying foxes in barbed-wire and also poor-quality netting has increased in 
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South Australia (L Collins 2021, pers.comm.), which may relate to the increasing numbers reported in 

the state. Often animals are found dead or so badly injured that euthanasia is necessary. 

 

 

Fig 6: Flying fox electrocuted on power lines (Source: John Martin) 

 

1.6.4.3 Plane strikes 

Plane strikes caused by collision with flying foxes are common (Parsons et al, 2009). There have been 

three known plane strikes (Fig 7) associated with flying foxes, twice at Parafield airport in the 

northern suburbs of Adelaide and once at Adelaide international airport between 2016 and 2018 (J 

Van Weenen 2019, pers. comm.). No substantial damage was done to the aircraft and its passengers, 

but mitigation strategies to minimise the risk of future strikes is being considered by the South 

Australian Department of Environment and Water and aviation authorities. 

 



 
 

44 

 

Fig 7: Damage to a light aeroplane, Socata TB-10 Tobago, caused  

by a collision with a Grey-headed flying fox (July 17, 2017) 

 

1.6.4.4 Primary producer concerns 

The Adelaide hills, east of the metropolitan area, are home to important primary production of 

apples, pears and cherries. Primary producers have been concerned for their crops with the 

presence of Grey-headed flying foxes nearby but, so far, their presence has caused little impact 

(Billington and Bailey, 2015). This is in part due to producers having increasingly used exclusion 

netting to protect crops from bird damage (J Van Weenen 2020, pers. comm.). While costs of netting 

can be prohibitive, e.g. AUD $43-72,000 per hectare (Billington and Bailey, 2015), some of the cost is 

recovered with enhanced productivity because of bird and bat exclusion as well as reduced heat, 

hail, sunburn and windburn. 
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1.6.4.5 Public health concerns 

Since the arrival of Grey-headed flying foxes in the Adelaide region, concerns have been raised that 

the bat camp may constitute a biohazard reservoir for the public and domestic animals. Since the 

report of ABLV in the camp in 2012 (Cox-Witton, 2019), twenty-six additional individuals have been 

opportunistically screened and all returned negative results (Cox-Witton, 2019). Uncertainty remains 

about the endemicity of ABLV in the Adelaide camp and the carriage of other zoonotic viruses. 

Furthermore, phylogenetic analysis of a new Hendra-like virus, of unknown pathogenicity detected 

in Grey-headed flying foxes in January 2013 at the University of Adelaide School of Animal and 

Veterinary Sciences, Roseworthy, Adelaide, indicated a henipavirus variant which is yet to be fully 

evaluated. 
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1.7 Thesis aims 

 

The aims of this thesis were to investigate the movement, dietary and viral potential of the Grey-

headed Flying foxes that have established a permanent camp in Adelaide, expanding the distribution 

range of the species. Specifically, I wished to understand why they have come to Adelaide; is it due 

to ‘pull’ factors (being attracted to Adelaide) or ‘push’ factors (loss of resources in their former 

range). While it is not within the remit of this PhD to assess ‘push factors’, I wanted to explore 

potential ‘pull factors’ and learn how they use their new landscape, what foraging species they 

utilise during the year and what emerging infectious diseases of zoonotic importance have 

accompanied the flying foxes into the Adelaide region. 

 

Specifically, I aimed: 

 

1 to characterise the foraging resources and habits of the Adelaide’s Grey-headed flying foxes 

that supported the establishment of a permanent camp; 

 

2 to investigate the potential public health threats associated with the establishment of a 

permanent Grey-headed flying fox population in an urban environment. 

 

Chapter 2 addresses aim number 1 and 2 by attaching GPS collars to selected flying foxes and 

monitoring their movements in the Adelaide district during Spring 2015. We investigated foraging 

range area and utilisation distribution, the most frequently visited foraging sites, the visitation 

frequency and duration of the most frequently visited sites and ground truthed forage plants from 

these sites. 
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Chapter 3 addresses aim number 1 using DNA metabarcoding of faeces collected from flying foxes 

captured in the camp. We used two plant chloroplast DNA primers; rbcL and ndhJ to investigate the 

taxonomy of foraging plants eaten by the flying foxes and compare with covariates such as season. 

 

Chapters 4 and 5 address aim number 2 by testing collected serum for exposure to several bat 

vectored viruses including Hendra virus, Tioman virus, Cedar virus, Australian bat lyssavirus, Ebola 

Zaire virus, Middle Eastern respiratory syndrome virus and Severe acute respiratory syndrome virus, 

from flying foxes sampled over six survey events across three years. We investigated the serostatus 

of each of the viruses with covariates such as season, year, age, sex, weight and body condition. 

 

Chapter 6 summarises my findings and highlights areas of research that should be continued to 

further understand the ecology and zoonotic potential of the Grey-headed flying foxes that have 

become established in Adelaide. 
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2.1 Abstract 
 
Flying foxes provide ecologically and economically important ecosystem services but extensive 

clearing and modification of habitat and drought combined with the planting of commercial and 

non-commercial trees across various landscapes, has meant flying foxes in Australia are increasingly 

seeking foraging resources in new areas. In 2011, Grey-headed flying foxes formed a camp in 

Adelaide, South Australia outside their previously recorded range. We used GPS telemetry to study 

the movements and foraging behaviour of this species in Adelaide in Spring (September - November) 

2015. High frequency location data was used to determine the foraging range and the most 

frequently visited foraging sites used by each bat which were ground-truthed to identify forage 

plants. A total of 7,239 valid locations were collected over 170 nights from four collars. Despite being 

a highly mobile species, the mean core foraging range estimate was only 7.30 km2 (range 3.3−11.2 

km2). Maximum foraging distance from the camp in the Botanic Park was 9.5 km but most foraging 

occurred within a 4 km radius. The most common foraging sites occurred within the residential area 

of Adelaide and included introduced forage plant species, Lemon-scented gum (Corymbia citriodora) 

and Port Jackson Fig (Ficus rubiginosa). Other observed movement activities included dipping 

behaviour on inland and marine waters and travel across flight paths around Adelaide airport. Our 

findings suggest that urban habitats in Adelaide provide sufficient foraging resources for Grey-

headed flying foxes to use these areas exclusively, at least in Spring. This creates substantial 

opportunities for bats to interact with humans and their infrastructure. 
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2.2 Introduction 

The distribution of Australian flying foxes (Pteropodidae, Chiroptera) is changing in response to 

habitat loss (Markus and Hall, 2004; McDonald-Madden et al, 2005; van der Ree et al, 2006), 

competition for resources (Webb and Tidemann 1995) and other global change phenomena 

including climate change (Parris and Hazell 2005; Kessler et al, 2018). In some instances, this has 

resulted in the expansion and establishment of flying fox camps in urban areas (Williams et al, 2006). 

Evidence from a range of urban-dwelling animals indicates that some of these urban visitors alter 

their ecological traits to adapt to urbanisation, including their movement and migratory behaviour 

(Lowry et al, 2013) and foraging preferences (Contesse et al, 2004). Flying foxes use most habitats in 

which suitable foraging resources are to be found and compared to natural forests, urban 

environments can provide increased availability and easier access of food resources (Nakamoto et al, 

2012; van der Ree et al, 2006; McDonald-Madden et al, 2005). At least 20 species of bats have found 

useful resources in urban environments (McFarlane et al, 2015) and some urban areas may support 

a greater diversity of bats than forested areas (Threlfall et al, 2013).  

 

The Grey-headed flying fox (Pteropus poliocephalus) is listed as Vulnerable under the Environment 

Protection and Biodiversity Conservation Act 1999 (Threatened Species Scientific Committee 2001). 

The species is endemic to the eastern states of Australia with the majority of the population found 

from southeast Victoria through to Mackay (Westcott et al, 2015). More recently, they have 

expanded their range, as far north as Innisfail in Queensland, along the western slopes of the Great 

Dividing Range (Westcott et al, 2015), and to the west, as far as the study camp in Adelaide.  

 
Grey-headed flying foxes are a generalist nectarivore and frugivore (Schmelitschek et al, 2009) and 

use food resources such as mangroves, coastal and montane woodlands (Woinarski et al, 2014; 

Westcott et al, 2015). The species is considered a sequential specialist, that is, within one area it will 

use a limited number of food sources hierarchically consuming a plentiful resource until it is 
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consumed or becomes unavailable (Parry-Jones and Augee 1991). Common food trees include the 

fruits of Moraceae, the blossom of Myrtaceae, Proteaceae and a variety of planted native and exotic 

trees in urban areas (Eby 1991; Parry Jones and Augee 1991; Tidemann 1999; van der Ree et al, 

2006; Williams et al, 2006; Schmelitschek et al, 2009; Griffiths et al, 2020). 

 

In 2011, Grey-headed flying foxes expanded their former range and formed a camp in Adelaide’s 

Botanic Park, South Australia, a popular recreational site for the city’s populace. Since that time, the 

camp has increased from an estimated 300 to 20,000 individuals (J Van Weenen 2020, pers. comm.) 

through breeding and seasonal immigration and is now classified as a nationally important 

permanent camp (Referral guideline, 2015). Adult counts tend to be highest in winter and lowest in 

summer (J Van Weenen 2020, pers. comm.). The increase in camp size has occurred despite seasonal 

emigration and large bat mortality events during extreme heat waves in the summers of 2017 and 

2019. The reason for the Grey-headed flying fox range expansion into an urban environment is 

unknown but it has been suggested that flying foxes aggregate in urban environments to exploit 

greater food resources (Kessler et al, 2018). The presence of large bat camps in urban areas can also 

lead to animal-human conflicts. Flying foxes from this camp have caused power outages, occasional 

plane strikes, foraged in orchards and gardens (J Van Weenen 2020, pers. comm.) and are known to 

carry a variety of viruses with zoonotic potential (Boardman et al, 2020).  

 

Telemetry studies have been undertaken on several Pteropus species in Australasia, Africa and Asia 

to investigate long distance movements, foraging patterns, food preferences, home range 

movements and roost selection (Tidemann and Nelson 2004; Breed at al. 2010; Roberts et al, 2012; 

Oleksy et al, 2015; Choden et al, 2018). Early studies used radiotracking to document long distance 

movements of the Grey-headed flying fox (Spencer et al, 1991) and Black flying fox (Pteropus alecto) 

(Palmer et al, 2000) on the east coast of Australia. The advent of satellite telemetry broadened our 

understanding of long-distance movements and the distribution of Black flying fox (Breed et al, 



 
 

78 

2010; Smith et al, 2011) and Grey-headed flying foxes (Tidemann and Nelson 2004; Roberts et al, 

2012). By incorporating a duty cycle which provides more frequent fixes, telemetry can be used to 

analyse fine scale movements and foraging activities of flying foxes across local landscapes. These 

fine scale foraging movements have been investigated in Madagascan flying foxes (Pteropus rufus) 

(Oleksy et al, 2019) and Lyle’s flying fox (Pteropus lylei) (Choden et al, 2019), however there is no 

report on fine-scale movements, foraging activities and ground-truthing of forage plants for flying 

foxes within urban landscapes in Australia. 

 

Apart from sporadic anecdotal reports, we have limited understanding of the foraging resource use 

by Adelaide’s Grey-headed flying foxes nor the extent of their nocturnal movements, and with it 

their potential interactions with the public. Here we documented the foraging movements of Grey-

headed flying foxes from the Adelaide’s camp using GPS telemetry. Our study objectives were to (i) 

characterise space use and foraging range over the greater Adelaide region, (ii) analyse foraging site 

use and (iii) ground-truth and identify foraged food plants. We expected that Grey-headed flying 

foxes would forage beyond the Adelaide boundaries to find sufficient and suitable food resources. 

 

2.3 Materials and Methods 

2.3.1 Ethics 

A permit to undertake scientific research was granted by the Government of South Australia 

Department of Environment, Water and Natural Resources (M26371). Field procedures were 

approved by the University of Adelaide Animal Ethics Committee (S-2015-028). 

 

2.3.2 Study site, animal capture and deployment of GPS tracking devices. 

The population used for this study was the Grey-headed flying fox camp (Fig 1) established in 

Adelaide’s Botanic Park, Adelaide, South Australia (-34.91588; 138.6065) in Aleppo pine (Pinus 

halopensis). Between 31 August and 3 September 2015, study animals were captured at the roost 
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site, using 12 or 18 m long mist nets (Ecotone, Gdynia, Poland) installed beneath the camp. Mist nets 

were raised 20 m above the ground before bats returned from their nightly foraging activity. As each 

bat became entrapped, the net was lowered, the bat carefully removed and placed securely in a 

pillowcase, and the net was then raised again to catch additional bats. The bagged bats were 

immediately relocated to the Animal Health Department of the adjacent Adelaide Zoo.  

 

We attached prototype CSIRO Camazotz data loggers (Jurdak et al, 2013) to five individuals using c. 

2-cm-wide neoprene collars with a kangaroo-leather lining. All selected bats were free from any 

clinical signs of disease or abnormalities and of sufficient size that the combined weight of 

transmitter and collar (23g) was <3% of bodyweight (Bander and Cochran. 1991). Collars were fitted 

to bats under general anaesthesia (Isoflurane, Laser Animal Health) following the protocol described 

by Jonsson et al, (2004). The collars were closed with superglue and the join sutured using synthetic 

absorbable suture. This served as a weak link, allowing for eventual shedding of the collar and 

tracking device without further handling or intervention. Each device contained a GPS module, a 

temperature and air pressure logger, audio recorder and inertial units to modulate recording when 

bats were stationary for long periods (Jurdak et al, 2013). Tracking devices were powered by a solar 

panel affixed to the exterior dorsal surface for recharging batteries of 300 milliamp-hour capacity, 

and an antenna projecting approximately 7cm dorsally and caudally to transmit data via short range 

UHF radio waves.  
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Fig 2.1: Location of the Grey-headed flying fox (Pteropus poliocephalus) camp in Adelaide’s Botanic Park 

showing camp extent (red line) and proximity to Adelaide Zoo where bats were tagged. Insets 

illustrate central Adelaide and Southern Australia to show geographical relationships. Geodata from 

OpenStreetMap was downloaded via the Maperitive application and the map was rendered with 

further information supplied by the author. 

 

2.3.3 Data acquisition and management 

Each GPS device recorded an individual’s three-dimensional position at one-second intervals unless 

battery life was low (<50%) when the units switched to a 10-minute or 1-hour recording interval. All 

times are Australian Central Standard Time and take no account of daylight-saving time. In addition 

to time and geolocation (longitude, latitude), each device records altitude (m) above mean sea level 

(AMSL), speed (m/s), number of satellites per fix and ‘position dilution of precision’ (PDOP). PDOP is 

a measure of location precision and is determined by the position of satellites in relation to the 

tracking device and associated imprecision in any of the four dimensions measured: time and three 

dimensions in space (Misra et al, 1999). Data was stored on the devices and downloaded by short-
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range radio transmission daily when bats moved to within approximately 300m radius of the 3G 

modem base station receiver in the camp (Jurdak et al, 2013). All fixes in the dataset were managed 

in Movebank (Kranstauber et al, 2011). We thinned the dataset to one fix per minute and, in 

addition, we removed all locations between sunrise and sunset, when bats were roosting in the 

camp, using the crespuscule function in the maptools package (v. 0.9.5, Lewin-Koh 2011) in R (v. 

3.6.2, R Core Team 2019).  

 

2.3.4 Foraging range estimation 

In ecology, kernel density estimation (KDE) is a widely used probabilistic method of home-range 

estimation that assumes data are independent and identically distributed. The high frequency of 

location fixes (every minute) in our study meant that any location fix was likely correlated with the 

previous or subsequent fix as individuals repeat behaviours or maintain directional movement. We 

therefore used a method that explicitly incorporates this autocorrelation into the estimation 

process, autocorrelated kernel density estimation (AKDE; Fleming et al, 2015) to estimate foraging 

ranges for each individual. Relocation data are ordered in time and can be modelled as a continuous-

time stochastic process, and for finely sampled data, the data will tend to exhibit positional and 

velocity autocorrelation (Calabrese et al, 2016). AKDE is an efficient nonparametric estimator that 

produces more accurate measurements of space use than other estimators of home-range (Noonan 

et al, 2019). We used the ctmm.select function in R package to examine candidate models using 

maximum likelihood (Fleming et al, 2014) and selected the best model based on the lowest Akaike 

information criterion (AIC; Akaike 1973; Akaike 1974). In all cases, the best model for individuals was 

the anisotropic Ornstein-Uhlenbeck F (OUF) process model for individuals that display limited space 

use and correlated velocities (Calabrese et al, 2016). We then calculated the weighted utilisation 

distribution using the akde function for both core area and extended foraging range area.  
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2.3.5 Foraging sites and visitation 

We used the recurse package (v. 1.1.0; Bracis et al, 2018) in R (v. 3.6.2; R Core Team 2019) to 

determine the location and frequency of visits to foraging sites. The recurse package counts the 

number of trajectory segments of the movement paths of individuals that intersect a circle specified 

by a radius set at 25 m around GPS fixes. It then counts the number of trajectory segments of the 

movement paths of one or many individuals that intersect the circle. Each such intersection was 

classified as one visit. The package used linear interpolation to estimate the entrance and exit times 

and calculated visit duration and time since previous visit. We used a frequency histogram to identify 

a foraging site visitation threshold of greater than 20 visits per location and selected the six most 

frequented foraging sites for each individual bat over the study period to ground truth what they 

had been eating. Further, we compared the visit frequency to each site, duration of each visitation 

and duration by week of the year to assess foraging site usage over time.  

 

2.3.6 Identification of foraging plants 

The most frequently visited GPS fixes selected above were ground-truthed (including 25 m radius 

around the fix) to identify foraging plants. Photographs were taken of trees of interest, and buds, 

flowers or fruiting bodies and leaf-branch structure were sampled for identification. These samples 

were identified, where possible to species, using expertise at the State Herbarium of South Australia 

and appropriate keys and identification guides. Confirmed (investigated) feeding sites were classified 

as park, street or private land types. “Park” was defined as a vegetated public space, sporting field, 

school, park and foreshore; “street” was defined as residential road frontage, curb-side, roadside 

footpath or median-strips and railway or highway screens, and “private land” was defined as 

privately owned vegetation in business premises, domestic gardens, rear yards or restricted access 

areas including, for example, the private off-road car park of a housing community. 
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2.4 Results 

2.4.1 GPS tracker performance 

Five adult males had tracking devices attached of which only four returned data (Table 2.1). Our GPS 

devices transmitted for 5-62 nights and a total of 7,239 valid locations were collected over 170 

nights from the four collars (Table 2.1). These fixes included some from within the camp itself when 

the individual departed after sunset or returned to camp before sunrise. The proportion of valid data 

(i.e. data with an actual geographic location) was 99.8%. Mean PDOP across all points was 3.06, and 

all were within the recommended range of 2 – 5 for reliable navigation. 

 
Table 2.1: Morphometrics, GPS collar deployment and thinned fixes and foraging distances of four 

adult male Grey-headed flying foxes from the Adelaide camp between 31 August 2015 and 2 

November 2015. FAL = forearm length. N/A = not applicable. 

Bat 

ID# 

Weight 

(g) 

FAL 

(mm) 

Tagging 

date 

First 

record 

date 

Last 

record 

date 

Tracking 

night 

count  

Location 

fix 

count 

Night time 

location fix 

count 

403 883 169 03/09/15 03/09/15 21/10/15 48 3,072 2,492 

657 854 166 31/08/15 31/08/15 24/10/15 55 3,684 2,901 

588 846 156 01/09/15 01/09/15 02/11/15 62 2,254 1,790 

684 944 173 03/09/15 03/09/15 09/09/15 5 68 46 

575 851 172 31/08/15 N/A N/A N/A N/A N/A 

Total      170 9,078 7,239 

 
2.4.2 Individual bat movements 

Each individual bat had preferred and distinct foraging pathways that included several foraging sites 

that they revisited multiple times (Fig 2.2). Two individuals appear to regularly follow major 

geographic landmarks, being Port Road (Bat #403) and the River Torrens (Bat #588), while the third 

followed a smaller drainage line to the foot of the Adelaide Hills (Bat #657) (Fig 2). Bat #403 ranged 
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mostly to the west of the camp in the Botanic Gardens with outward and return flights following the 

course of the River Torrens and often diverged north westerly to repeatedly visit the same foraging 

sites in the western suburbs. This routine remained throughout the tracking period from early 

September to late October. Bat #403 made two notable extensions to its regular route. One atypical 

flight took a path 9.6 km to the south flying across Adelaide International Airport (at ~40 m above 

mean sea level at ~22h10; 19 September 2015) and then a 10 km loop out to sea. On several 

occasions, bat #403 was recorded on the water surface of the River Torrens and made short 

excursions onto the sea at Henley Beach, approximately 6 km from its usual foraging sites. 

 

 
 

Fig 2.2: Flight paths of three Grey-headed flying foxes from the Adelaide camp between 31 August 

2015 and 2 November 2015. Each dot depicts a location at least 1 minute from the previous location. 
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Bat #657 ranged to the east of the city repeatedly following the course of First Creek (-34.92950 S; 

138.64430 E) to the eastern suburbs, with various short extensions of less than 2 km from its regular 

path. On two occasions it extended its route to a quarry dam at Slapes Gully (34.94690 S;  

138.68030 E) and is recorded close to the estimated water surface height. 

 

Bat #588 ranged mostly to the north-west of the camp, travelling out and back along a busy tree 

lined thoroughfare corresponding to Port Rd and the Port Adelaide railway line (-34.87830 S; 

138.53210 E). This individual repeatedly visited selected trees in residential suburbs. Two atypical 

extensions to its usual course were made on two consecutive nights, one to the south of Adelaide 

and southeast to Brown Hill Creek (-34.98590 S; 138.65120 E), and one west along the River Torrens. 

The first extension was made on the same night that Bat #657 travelled south. Bat #588 also visited 

wetlands at St. Clair (-34.86800 S; 138.53220 E) on six occasions. Bat #684 returned only limited data 

at 10-minute intervals for 5 days (suggesting that battery levels were persistently low) has been 

excluded from Figure 2.2 because it showed limited linear data only. It ranged to the north-east 

following the course of the River Torrens, a vegetated and landscaped park area on both banks. It 

took a similar route for all recorded flight periods and foraged along the River Torrens and adjacent 

suburbs either side of the river. However, there was insufficient data to further analyse foraging site 

range or visitation. 

 

2.4.3 Core and extended foraging-range and forage site visitation patterns 

The foraging range (weighted utilisation distribution) from the camp site varied between individuals. 

Of the three individuals that provided sufficient data, the mean core foraging area (AKDE50), the 

area used for 50% of the foraging time, was 7.30 km2 (range 3.3–11.2 km2) (Table 2.2; Fig 2.3). The 

mean extended foraging range (AKDE95), was 45.0 km2 (range 1.78–62.2 km2) (Table 2.2; Fig 2.3). 

Both of these areas included the camp site, but daytime locations were not used to calculate the 

utilisation distribution. The frequency and pattern of visitation is illustrated in Figs 2.4, 2.5 and 2.6 
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for bat #403, #657 and #588, respectively. Overall, 15 frequently visited foraging sites were 

identified (>20 visits over the period of observations). Bats #403, #657 and #588 had 5, 6 and 5 

frequently visited foraging sites, respectively. The most commonly visited foraging sites were on 

streets (7 of 15; 47%) and foraging plants were either not native to South Australia or exotic. 

 
One site in close proximity to the camp in the Botanic Gardens (-34.91690 S; 138.61180 E) was used 

by two of the tracked bats, #403 and #657. In weeks 37–42, bat #403 often visited this site 

immediately after leaving the camp and revisited again before returning to the camp, suggesting a 

reliable food resource during that period (Fig 2.7). Productive foraging sites were visited repeatedly. 

For example, bat #403 spent 42 hours in total at site 3 over four weeks (36-39) feeding on a Lemon-

scented gum (Corymbia citriodora) (Fig. 2.7). Visitation declined thereafter. Similarly, bat# 657 made 

visits to site 4, European olive (Olea europaea), during weeks 37–40 (Fig. 2.8) spending over 22 hours 

foraging in total at this site. This bat also foraged on Queensland box (Lophostermon confertus) 

flowers at site 6, close to site 4, during weeks 37-41 for approximately 31 hours overall. In contrast, 

bat #588 only visited a single site (site 2) during weeks 36–39, to forage on Port Jackson fig (Ficus 

rubiginosa) for ~41hours total (Fig. 2.9). Following foraging, all three bats regularly returned to the 

camp up to 2 hours before sunrise. 
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Table 2.2: Utilisation distribution (km2) with confidence intervals using weighted autocorrelated 

kernel density estimates (AKDE) for the foraging range of three Grey-headed flying foxes from the 

Adelaide camp between 31 August 2015 and 2 November 2015 with meaningful data. 

 

Bat ID # 

Core Utilisation distribution 

defined by AKDE 50 (km2) (95% CI) 

Extended Utilisation distribution 

defined by AKDE 95 (km2) (95% CI) 

403 11.2 (9.8-12.6) 62.2 (57.1-73.8) 

657 3.3 (2.9-3.6) 17.8 (15.8-19.9) 

588 7.4 (6.5-8.3) 55.0 (48.7-61.7) 
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Fig 2.3: Utilisation distribution (blue) and core and extended home-range estimates with confidence 

intervals for the period between 31 August 2015 and 2 November 2015. Core home-range (AKDE50) 

(left) and extended home-range (AKDE95) (right). Lighter contours represent confidence intervals 

and the grid lines provide a scale in kilometres.   
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Fig 2.4: Map of pattern of revisitation for bat #403, between 3rd September 2015 to 21st October 

2015 (weeks 36-42 of 2015) from the Adelaide camp. Circles mark locations: the warmer the colour 

of the circle is, the higher frequency of visitation. See Table 3 for GPS locations of the most visited 

foraging sites. The camp is represented by the cross. 
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Fig 2.5: Map of pattern of revisitation for bat #657 between 31st August 2015 to 24th October 2015 

(weeks 36-42 of 2015) from the Adelaide camp. Circles mark locations: the warmer the colour of the 

circle is, the higher the frequency of visitation. See Table 3 for GPS locations of the most visited 

foraging sites. The camp is represented by the cross. 
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Fig 2.6: Map of pattern of revisitation for bat #588 between 1st September 2015 to 2nd November 

2015 (weeks 35-44 of 2015) from the Adelaide camp. Circles mark locations: the warmer the colour 

of the circle is, the higher the frequency of visitation. See Table 3 for GPS locations of the most 

visited foraging sites. The camp is represented by the cross. 

.
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Fig 2.7: Foraging activity histogram for Grey-headed flying fox, bat #403 between 3rd September 

2015 to 21st October 2015 (weeks 36-42 of 2015) including for comparison camp location and most 

frequently visited sites including frequency, timing and duration of visitation. 
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Fig 2.8: Foraging activity histogram for Grey-headed flying fox, bat #657 between 31st August 2015 to 

24th October 2015 (weeks 36-42 of 2015) including for comparison, camp location (site 1) and most 

commonly visited sites including frequency, timing and duration of visitation. 
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Fig 2.9: Foraging activity histogram for Grey-headed flying fox, bat #588 between 1st September 

2015 to 2nd November 2015 (weeks 35-44 of 2015) including for comparison, camp location (site 1) 

and most commonly visited sites including frequency, timing and duration of visitation. 
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these sites, including the Flooded gum (E. grandis) and Sugar gum (E. cladocalyx), do not flower 

during Spring and were therefore unlikely to be a food source at the time of our study. Of the 

species identified at the foraging sites only River red gum (E. camaldulensis) and Sugar gum are 

native to South Australia and neither flower in Spring. All other species identified are either not 

Week 35 Week 36 Week 37 Week 38 Week 39 Week 40 Week 41 Week 42 Week 43 Week 44
C

a
m

p
S

ite
 1

0
S

ite
 1

1
S

ite
 1

2
S

ite
 1

3
S

ite
 1

4

182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6 182022 0 2 4 6

0

20

40

0

5

10

0

1

2

3

0.00

0.25

0.50

0.75

0.0

2.5

5.0

7.5

0

1

2

3

4

Hour of the day

D
u

ra
ti
o

n
 (

h
o

u
rs

)



 

 
 

95 

native to South Australia (10 species) or are exotic to Australia (2 species) and were introduced to 

the Adelaide region following European settlement. Plants at two locations (once each for bat #657 

and bat #588 could not be identified due to access restrictions.   
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Table 2.3: Ground-truthed plants associated with the most frequently visited foraging sites of Grey-headed flying foxes in Adelaide between 31 August 2015 

and 2 November 2015 inferred from GPS. Only trees accessed and identified are listed. Land type categories are determined by the location of the base of 

the tree. “Park” includes public spaces, sporting fields, schools, parks and foreshore.  “Street” includes residential curb-side streets, road frontage, median 

strip, or transport corridor screens. “Private” includes privately owned trees in domestic gardens, business premises or restricted-access areas. Bold type 

indicates plants known to flower or grow fruit during Spring. * denotes exotic to Australia. ** denotes this data could not be captured in foraging activity 

histograms (Figs 5 and 6). N/A denotes access to identify trees was not possible.  

Bat ID#  Site ID Longitude Latitude Type Forage Plants 

403 1  -34.9045 138.5077 Private Corymbia citriodora Eucalyptus sideroxylon   

403 2  -34.9065 138.5092 Private Callistemon sp    

403 3  -34.9233 138.5190 Street Ficus rubiginosa Eucalyptus camaldulensis   

403 4  -34.9169 138.6118 Park Ficus macrophylla Corymbia maculata Podocarpus elatus Eucalyptus grandis 

403 ** -34.9210 138.5228 Street *Phoenix canariensis   

657 **  -34.9169 138.6118 Park Ficus macrophylla Corymbia maculata Podocarpus elatus Eucalyptus grandis 

657 5  -34.9338 138.6496 Private N/A    

657 6  -34.9295 138.6443 Street *Olea europaea Eucalyptus sideroxylon   

657 7  -34.9323 138.6466 Private Eucalyptus melliodora    

657 8  -34.9264 138.6539 Street Lophostemon confertus Eucalyptus sideroxylon   

657 9  -34.9247 138.6512 Street Corymbia citriodora    

588 10  -34.8591 138.5343 Park Ficus rubiginosa    
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588 11  -34.8611 138.5321 Street N/A    

588 12  -34.9176 138.5902 Park Eucalyptus melliodora Eucalyptus camaldulensis Eucalyptus cladocalyx   

588 13  -34.9052 138.5830 Street Corymbia citriodora Eucalyptus salmonophloia    

588 14 -34.9564 138.6499 Park Ficus rubiginosa     
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2.5 Discussion 

Our study provides insights into the fine scale movements of Grey-headed flying foxes in an urban 

environment in Australia. Our data show that, during Spring 2015, the four tracked Grey-headed 

flying foxes foraged entirely within the urban area of Adelaide on tree species either non-native to 

South Australia or exotic trees. A similar preference for urban plantings of forage trees was observed 

in Cambodia in the only other study to examine fine-scale movements and foraging preferences of a 

large flying fox (Choden et al, 2019). Consistent with other studies across Australia, Grey-headed 

flying foxes repeatedly returned to the same foraging sites at similar times over several nights and 

weeks often for extended periods of time. Recorded distances covered nightly were consistent with 

those reported for individuals in Queensland and New South Wales which foraged within a 20 km 

radius of the camp (Eby 1991; Tidemann 1999). However, in these studies the primary foraging sites 

were remnant native forest patches areas within largely agricultural landscapes. We found that all 

collared bats had small core home ranges, with the most commonly visited foraging sites within 9.5 

km of the roost camp and most of regular foraging sites occurring within a 4 km radius of the camp. 

This relatively small foraging range suggests that food resources were plentiful for the Grey-headed 

flying fox population, estimated to be approximately 3000 (J Van Weenen 2020, pers. comm.). Bats 

often returned to the camp before sunrise suggesting they found sufficient food resources in the 

time that they were foraging. Consistently between 2015 and 2018, the body condition of flying 

foxes in this camp in Adelaide was better in spring than in summer (Boardman et al, 2020) which is 

opposite to the findings of Grey-headed flying foxes in Queensland and New South Wales (L Collins 

2019, pers. comm). This further indicates that food resources are relatively plentiful in residential 

Adelaide in spring. 

 

Optimising foraging activities, and ultimately survival, is contingent on an individual’s ability to 

locate and consume food at a rate sufficient to maintain physiological functions and improve fitness 

(Krebs 2009). Any change in the environment that allows improved foraging efficiency, such as 
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expansion of human-dominated urban development, is an opportunity to be exploited. Frugivores 

and nectarivores like flying foxes and birds can benefit from increased availability of resources in 

urban areas (Nakamoto et al, 2007; Nakamoto et al, 2012; Wood and Esaian 2020). Food 

predictability in urban landscapes shapes foraging patterns (Egert-Berg et al, 2018), and the 

predictability of the location of nectar and fruit resources emphasises the role played by spatial 

memory for guidance (Genzel et al 2018) and allows for fidelity to the same foraging sites over 

multiple nights (Egert-Berg et al, 2018) or weeks (Korine et al, 1999). This is reflected in frequently 

used flight routes from roost to foraging sites (Genzel et al, 2018) which was noted in our study. 

 

Our results suggest that Grey-headed flying foxes in Adelaide were feeding on species that are not 

native to South Australia but rather were feeding on the same species found in their previous known 

geographic range (Queensland and New South Wales) or on exotic species. This reflects studies of 

the Melbourne population of Grey-headed flying foxes where approximately 40% of feeding 

observations were in parks on exotic plant genera (McDonald-Madden et al, 2005). We found the 

most commonly visited foraging sites were on streets where 100% of the foraging plants were not 

native to South Australia. Of the 201 species of recorded foraging plants for Grey-headed flying foxes 

(Williams et al, 2006), 133 have been planted within Adelaide, including 39 species, exotic to 

Australia (M O’Leary 2020, pers. comm.). Only 16 species recorded in the diet of Grey-headed flying 

foxes are found naturally in Adelaide and these do not flower or fruit in Spring when this study was 

conducted. Hence the dependence of this population on introduced and exotic tree species during 

this study. By comparison in Victoria, Australia, Williams et al, (2006) found that 87 plant species 

that provide food for Grey-headed flying foxes have been planted in Melbourne, as compared to 

only 13 naturally occurring species. 

 
The two most common tree species frequented by Grey-headed flying foxes in this study were Port 

Jackson Fig and Lemon-scented gum flower each year (Table 2.3). The Port Jackson fig, native to the 
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eastern coastal forests of Queensland and northern New South Wales (Boland et al, 2006), is 

frequently used as a food source by Grey-headed flying foxes elsewhere (Williams et al, 2006; 

Schmelitschek et al, 2009). Foraging sites of this species in Adelaide occurred in parks and a school 

ground and were visited repeatedly. The natural distribution of the Lemon-scented gum is eastern 

Queensland (Brooker and Kleinig 2012) and is often planted in Adelaide as a municipal street tree. 

This species flowers from June to November (Boland et al, 2006) each year. Lesser used species such 

as the Yellow box occur naturally along the east coast of Australia from southern Queensland to 

northern Victoria (Brooker and Kleinig 2012). Yellow box is a common component of Grey-headed 

flying fox diet (Williams et al, 2006) and flowers from September to December (Boland et al, 2006), 

making it available as a foraging source in early spring in Adelaide. GPS data revealed individuals 

visited known water sources in the Adelaide Botanic Gardens and wide areas of the River Torrens 

close to the camp, as well as suburban drainage ponds, an artificial quarry dam and the sea. We 

presumed that bats were dipping or drinking on these occasions but the case of the movement over 

the sea could be considered as an aborted dispersion attempt (A McKeown 2019, pers. comm.) 

 

Conclusion 

Grey-headed flying foxes ranged and foraged on introduced plants across the Adelaide metropolitan 

area during spring 2015. The planting of street trees, in particular, provided foraging resources for 

the tracked individuals and likely for the camp as a whole. The establishment of urban camps of the 

Grey-headed flying fox raises numerous questions about their adaptive ecology and their potential 

to interact with human populations—most notably, during heat stress events or when individual 

bats stray into high-risk environments such as the flight paths around Adelaide airport. Further and 

extended satellite or GPS telemetry investigations would provide further insights into the fine scale 

movement ecology of this nationally important camp of flying foxes.  
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3.1 Abstract 

Flying foxes in Australia are increasingly using urban and agricultural landscapes as their natural 

habitat declines in quality and quantity. Characterisation of the diet of Grey-headed flying foxes has 

previously relied upon observation and the assumed ingestion of nectar and fruit of trees that they 

have been seen to frequent, along with microscopic examination of faeces. The main objective of 

this study was to investigate the diet of the newly established Grey-headed flying fox (Pteropus 

poliocephalus) population in Adelaide to understand what foraging resources are allowing the 

species to persist outside their former distribution range. We collected faeces from captured Grey-

headed flying foxes across two years and four sampling periods (August 2016, February 2017, August 

2017 and February 2018), extracted plant DNA from the samples, and used two DNA barcodes to 

identify ingested plants. A total of 40 plant operational taxonomic units (OTUs) were identified from 

the faeces including 15 orders, 15 families and 10 genera. Over 86% of all plant sequences belonged 

to just three orders: Rosales (54.35%; including the families Rosaceae and Moraceae, the latter 

incorporating the genus Ficus), Myrtales (21.63%; including the family Myrtaceae which includes the 

genera Eucalyptus, Angophora and Corymbia) and Malpighiales (10.26%; including the family 

Salicaceae which incorporates the genus Populus). Exotic species were particularly represented, with 

over 75% of sequences belonging to OTUs considered alien to South Australia. For example, the 

percentage of sequences of the genus Ficus (figs that are exotic to South Australia but native to 

other parts of Australia and Populus (aspen, cottonwood and poplar trees that are exotic to 

Australia) was 22.10% and 10.25%, respectively. The family Myrtaceae which is native to Australia 

was represented by 21.56% of all sequences. The relative abundance of sequences for the family 

Moraceae (including figs) was significantly greater in summer than winter. By contrast, the relative 

abundance of sequences for the family Myrtaceae (including Eucalypts), Arecaceae (including Palm 

trees) and Salicaceae (including Populus species) was significantly greater in winter than summer. 

Our results suggest that Grey-headed flying foxes have been able to persist in Adelaide as a result of 

plantings of non-native and exotic vegetation since European settlement. 
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3.2 Introduction 

Australian flying foxes (Order: Chiroptera, Family: Pteropodidae) provide important ecosystem 

services as pollinators and seed dispersers across their distribution (Hall and Richards 2000; Fleming 

et al, 2009). However, the ranges of these species are changing in response to habitat loss (Markus 

and Hall, 2004; McDonald-Madden et al. 2005; van der Ree et al. 2006), competition for resources 

(Webb and Tidemann 1995) and other global change phenomena including climate change (Kessler 

et al. 2018). In some instances, this has resulted in the expansion and establishment of flying fox 

camps in urban areas (Williams et al. 2006) where food resources can vary from those in their 

natural habitats.  

 

In 2011, Grey-headed flying foxes (Pteropus poliocephalus) expanded their former range and created 

a camp in Adelaide’s Botanic Park, South Australia, a popular recreational site (Schaer et al, 2019). 

The camp has since increased in size from c. 300 to a maximum of c. 31,000 individuals (L Collins 

2021, pers. comm.) through breeding and seasonal immigration, and is now classified as nationally 

important (Referral guideline, 2015). This increase in camp size has occurred despite emigration and 

substantial bat mortality during extreme heat waves in the summers of 2017 and 2019. It is possible 

that the range expansion of Grey-headed flying foxes into South Australia was driven by their need 

to find alternative food resources (Kessler et al. 2018).  

 

Understanding flying fox foraging (Paez et al, 2018) and diets can provide useful information about 

the plant species that attract them to new locations including the increased use of urban landscapes. 

Previously, fruits from 44 species of canopy and edge species mostly from the families Myrtaceae 

and Moraceae were identified, in north- eastern New South Wales, as food species for Grey-headed 

flying foxes (Eby 1998). Subsequent research identified Myrtaceae and Proteaceae as dominant 
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blossom species including 80% identified as eucalypts, and also 46 fruiting species representing 29 

families (Eby and Law 2008). In summary, over 187 species from 50 taxonomic families have been 

recorded as foraging plants for the Grey-headed flying fox across Australia (Williams et al, 2006). An 

estimated 50% of the species recorded belong to the Myrtaceae family, including many species from 

the order Myrtales which are native to Australia (e.g., Eucalyptus spp, Corymbia spp, Angophora spp, 

Callistemon spp and Melaleuca spp). In contrast, while only 5.3% of the species recorded belong to 

the Moraceae (e.g., figs) which are native to the eastern states of Australia or the exotic Rosaceae 

family (e.g., stone fruits of the genus Prunus) within the order Rosales (Williams et al, 2006).  

 

Conventionally, dietary studies for flying foxes in Australasia, Africa and Asia have used telemetry to 

identify sites where individuals dwell to forage (Eby 1991; Tidemann and Nelson 2004; Breed et al, 

2010; Roberts et al, 2012; Choden et al, 2018; Boardman et al, 2020). However, some studies have 

relied upon direct observation of flying fox feeding behaviour in the field (Parry-Jones and Augee 

1991; Eby 1998; Markus and Hall 2004) or the microscopic examination of plant parts in flying fox 

faeces (Parry-Jones and Augee 1991; Parry-Jones and Augee 2001; Griffith et al, 2020) or the 

germination of seeds of fruit-remains collected beneath day roosts (Eby 1998). All of these 

techniques are time consuming and costly, and further microscopic examination may not provide 

good taxonomic resolution if the specific diagnostic keys are not available to identify the plant 

species (Aziz et al. 2017). Over recent years there has been a growing interest in using DNA 

metabarcoding to investigate the diets of animals (Hebert et al, 2003; (Soininen et al, 2013; Kartzinel 

et al, 2015; Iwanowicz et al, 2016; Camp et al, 2020). DNA metabarcoding can aid in identification of 

digested plant material in faeces of bats (Hayward, 2013) without requiring the high level of 

taxonomic expertise necessary for microscopic identification of pollen grains (Pompanon et al, 

2012). Plant DNA can be extracted from faeces and target DNA sequences (“barcode”) amplified 

using primers through a polymerase chain reaction (PCR). The resulting DNA amplicons are then 
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sequenced and matched to taxonomically verified sequences to achieve species identification 

(Pompanon et al, 2012). 

 

DNA metabarcoding studies that aim to categorise the diets of predatory animals commonly use the 

universal animal barcode, cytochrome oxidase 1 (CO1) (Jakubaviciute et al, 2017; Leray et al, 2015). 

In the case of herbivore diets, however, some studies use the plant chloroplast barcodes (rbcL and 

matK) to distinguish dietary plants (Craine et al, 2015; Garcia-Robledo et al, 2013). However, matK is 

particularly difficult to amplify in some plant taxa (Heckenhauer et al, 2016; Camp et al, 2020) and it 

is too long (950bp) to sequence in its entirety using standard next-generation DNA sequencing 

approaches (Wilkinson et al, 2017). Many researchers have therefore chosen to work with the rbcL 

chloroplast barcode (Garcia-Robledo et al, 2013) and/or shorter non-coding loci such as trnL (Craine 

et al, 2015; Kartzinel et al 2015), ITS2 (Bell et al, 2016; Bell et al, 2019) or ndhJ (Bannister et al, 2019; 

Camp et al, 2020) which specifically delivers high universality and has good discriminating power 

(CBOL Plant Working Group, 2009; Hollingsworth et al, 2009). To date, metabarcoding studies of 

plant DNA in flying fox faeces have used the rbcL barcode in the Island Flying fox (Pteropus 

hypomelanus) (Aziz et al, 2017) and ITS2 and rbcL barcodes in the Cave Nectar bat (Eonycteris 

spelaea) (Lim et al, 2018). 

 

Here, we used two DNA barcode markers; rbcL and ndhJ, to identify the plant taxa present in the 

faeces collected from Grey-headed flying foxes at the Botanic Park camp in Adelaide, South 

Australia, over four sampling periods across two seasons, summer and winter, between 2016 and 

2018. Specifically, we sought to investigate whether Grey-headed flying foxes in Adelaide feed 

primarily on native plants or exploit introduced plant species as food resources, and to explore any 

differences in their diet across seasons. We hypothesised that the flying foxes would largely rely on 

foraging plants that are not native to South Australia. 
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3.3 Materials and Methods 

 

3.3.1 Ethics 

Prior to commencement of this project, we obtained animal ethics approval from The University of 

Adelaide (S-2015-028) and a wildlife scientific permit from the SA Department of Environment and 

Water (M-23671-1,2 and 3) to cover the capture and anaesthesia of Grey- headed flying foxes and 

the collection of faecal samples. 

 

3.3.2 Study site and sample collection 

Grey-headed flying foxes arrived in Adelaide in 2011 and since then there has been a constant 

presence at a camp adjacent to the Adelaide Zoo entrance in Adelaide’s Botanic Park. As part of 

ongoing research into the ecology and health of these bats, bats were captured using high-level mist 

nets under the camp as they returned from foraging early in the morning. Bats were caught in 2016 

and 2017 in February (summer) and August (winter). Captured bats were held in pillowcases/calico 

bags and taken to Adelaide Zoo to be anaesthetised. Faecal samples were collected from 

anaesthetised individuals or from the container in which they were held and stored in 5 ml tubes or 

cryopreservation tubes at -80C until they could be processed. Of the 161 samples collected, 55 were 

from males and 106 were from females (see Table 1). In addition to the faecal collection, details 

were recorded of the age, sex, pregnancy and lactation status of each individual. All animals were 

released within 5 hours of capture at the camp.  
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Table 1: Summary of faecal samples collected from Grey-headed flying foxes captured from the 

Adelaide Camp, Botanic Park over four sampling periods between August 2016 and February 2018. 

 

Date Males Females TOTAL 

8-10 Aug 2016 18 23 41 

8-22 Feb 2017 16 34 50 

11-12 Aug 2017 7 18 25 

11-13 Feb 2018 14 31 45 

   161 

 

3.3.3 DNA extraction 

Faecal samples were placed in separate 50mL falcon tubes and were lyophilised in a freeze drier to 

remove excess moisture (Camp et al, 2020). Samples were then homogenised using a blunt stainless-

steel instrument in the falcon tube. 20mg of homogenised material was taken from each sample and 

placed into separate micro-centrifuge tubes. DNA extraction was performed using the ISOLATE II 

Plant DNA extraction kit (Bioline, Australia), according to the manufacturer’s instructions. DNA was 

quantified using NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc, Australia) and all 

samples were diluted to 10ng/uL with nanopure water (Sigma, Australia). 

 

3.3.4 DNA metabarcoding of faecal samples 

Two DNA barcode markers were selected for this study: rbcL due to its relative universality (CBOL 

Plant Working Group, 2009) and ndhJ due its higher taxonomic resolution (Camp et al, 2020). A two-

step PCR was used to amplify rbcL and ndhJ barcodes from faecal samples. First, the following 

Illumina (Illumina, San Diego, USA) sequences were added to the 5’ end of the primers: 

F: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, 

R: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG. 
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Initial amplification was performed in 10uL volumes comprising 1x Biomix (Bioline, Australia), 0.2uM 

forward and reverse primers, nuclease-free water and 10ng DNA. All reactions were performed in a 

Biorad T100 Thermal Cycler (Thermo Fisher Scientific Inc, Australia). For the ndhJ marker, the 

protocol was the following: enzyme activation and DNA denaturation at 95⁰C for 1 minute, followed 

by 35 cycles of denaturation at 95⁰C for 15 seconds, an annealing phase at 50⁰C for 30 seconds and 

an extension phase at 72⁰C for 15 seconds. A final extension step was used at 72⁰C for 5 minutes. 

The PCR conditions for the rbcL were the same except an annealing temperature of 55⁰C was used. 

Amplified products were then run on a 1% agarose gel using gel electrophoresis to confirm the 

presence of DNA amplicons of expected size alongside a 50bp Hyperladder DNA ladder (Bioline, 

Australia).  

 

PCR products of both barcodes were pooled together for each sample and purified using the 

Agencourt AMPure XP bead system (Beckman and Coulter, USA), washed with 80% ethanol twice 

and eluted with 25 µl of nanopure water. Each sample was indexed (coded) with the Nextera XT 

Index Kit V2 (Set A, B, C and D) (Illumina, San Diego, USA) using two different primers (N7 and S5) to 

produce a unique and individual index to identify samples after sequencing. Indexing was performed 

in 12.5 µL volumes using 1x MyFi buffer (Bioline, Australia), 1x MyFi polymerase (Bioline, Australia), 

7.0 µl DNA template and 1.25 µl of each indexing primer. The MyFi PCR protocol for indexing 

involved an enzyme activation phase at 95⁰C for 1 minute followed by 5 cycles of denaturation 95⁰C 

for 15 seconds, annealing at 55⁰C for 30 seconds and an extension phase at 72⁰C for 15 seconds. The 

indexed products for each sample were then bulked together and purified using the Agencourt 

AMPure XP bead system as detailed above.  

 

To quantify the indexed library the bulked sample was diluted 1: 50 and analysed by real-time PCR 

(qPCR) using 1x KAPA SYBR FAST qPCR Universal Master Mix (Kapa Biosystems, South Africa), with 
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0.1 µM forward and reverse primers and 1.0 µl indexed DNA template. A standard curve was 

produced using three concentrations of PhiX library (Illumina, San Diego, USA) (0.1nM, 0.01nM and 

0.001nM) and the qPCR was performed using the Rotor Gene qPCR machine (Corbett, Australia.). 

Indexed samples were pooled, and 16 pM aliquots were paired-end sequenced on a MiSeq 

sequencer using a 600-cycle Version 3 kit (Illumina, San Diego, USA). The MiSeq Bcl output files were 

de-multiplexed and converted to FASTQ files using MiSeq Reporter v2.6 software (Illumina, San 

Diego, USA). 

 

3.3.5 Bioinformatics 

For the ndhJ barcode, forward and reverse sequences from each primer/sample set were paired 

using Mothur software (Schloss et al. 2009) and sequences that could not be joined or produced 

ambiguous base calls were discarded. For rbcL, however, we used the first 220 bp of the forward 

read only because read lengths did not allow for sufficient sequence for overlap. Primer sequences 

were then trimmed, and sequences with lengths > 10 bp different to that of the target amplicon 

length were removed. Identical sequences (PCR duplicates) were collapsed to a single consensus 

sequence for identification, but sequence counts were retained for relative abundance analysis. Any 

unique sequences that were present in a single sample only and were observed less than 5 times in 

that sample were discarded, since such sequences are unlikely to represent key diet species and 

could potentially result from PCR and/or sequencing error. We blasted sequences against NCBI’s 

non-redundant reference DNA database (https://blast.ncbi.nlm.nih.gov/Blast.cgi), retained the top 

20 blast matches, and then used MEGAN v. 6 software to classify sequences to the lowest possible 

taxonomic unit using the lowest common ancestor (LCA) method (Huson et al, 2016). We defined an 

operational taxonomic unit (OTU) as a DNA sequence cluster that corresponded to a unique 

taxonomic group, either order, family, genus or species (Blaxter et al. 2005) and calculated the 

relative abundance of each OTU for each barcode and sample. 
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3.3.6 Statistical analysis 
 
To compare seasonal changes in the relative sequence abundance of key families (Moraceae, 

Myrtaceae, Salicaceae and Arecaceae which constituted the largest proportion of sequences 

identified to family level), we pooled results from both barcodes for each sample. After pooling, we 

used the sequence count for each family in a sample and the total sequence count for each sample 

for subsequent analysis. Initially, we fitted a binomial regression model of the proportion of each 

family’s sequences present (with data for each flying fox individual considered a replicate 

observation) and included survey session as a fixed factor. We then compared the relative 

abundance of each family between seasons (winter and summer) using planned contrasts. These 

statistical analyses were run using R software (v. 3.4.0) and functions ‘glm’ from the ‘base’ package, 

and ‘glht’ from the package ‘multcomp’. 

 

3.4 Results 

 

3.4.1 Classification of OTUs and relative abundance of plant taxonomic groups 

The mean number of sequences per sample was 40,358 (SE=2,663) and 13,276 (SE=1,094) for the 

ndhJ and rbcL primers, respectively. DNA metabarcoding of plant DNA in flying fox faeces classified 

40 OTUs belonging to 15 orders, 15 families and 10 genera of plants (rbcL = 8, ndhJ = 4) (Table 2). At 

the order level, Rosales accounted for 54.35% of all sequences, while Myrtales and Malpighales 

accounted for 21.63% and 10.26% of all sequences respectively (Table 2). Together, these orders 

were represented by 86.24% of all sequences identified from 161 samples over both seasons and all 

sessions. Over 75% of all sequences could be considered either non-native to South Australia or 

exotic to Australia, while over 24% of sequences could be considered native to South Australia 

(Table 2). 
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Order Rosales. Within this order, figs of the genus Ficus (family Moraceae), which are not native to 

South Australia, accounted for 22.10% of all sequences identified across both seasons. However, the 

Ficus genus was only conclusively identified using the rbcL marker (74.97% of sequences for that 

barcode), while a large proportion of unclassified sequences from the Rosales order were detected 

using the ndhJ barcode (58.41 %) which probably represent fig sequences that could not be 

identified to genus level (Table 2). The Broussonetia genus (Paper mulberry, 0.23% of all sequences) 

was also identified using the rbcL primer only. The genus Prunus which includes cherries, plums and 

apricots, all of which are exotic to Australia, was also detected but at low relative abundance using 

the rbcL barcode (0.002% of all sequences). 

 

Order Myrtales. This order was represented by the Myrtaceae family but the only genus that could 

be identified was Eucalyptus (0.07% of all sequences), while significant unclassified Myrtaceae 

sequence was obtained from both barcodes (Table 2). 

 

Order Maliphagales. This order was overwhelmingly represented by the Salicaceae family, which is 

exotic to Australia, and in particular the Populus genus, representatives of which include aspen, 

cottonwood and poplar trees (Table 2). 

 

Other orders: The orders Arecales, Lamiales and Apiales were represented by 4.25%, 3.31% and 

0.11% of all sequences respectively (Table 2). Arecales was mostly represented by the family 

Arecaceae, including the genus Phoenix (Date palms). Lamiales was mostly represented by the family 

Oleaceae, exotic to Australia, which includes cultivated olives and some privets which were mostly 

eaten in winter. The Apiales order was dominated by the Pittosporaceae family which contains the 

genera Pittosporum and Billardiera, both of which are native to Australia. The genera, Vitis (Grapes) 

and Tamarix (Tamaricaceae family) were also represented at low levels (Table 2). 
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3.4.2 Statistical comparisons 

Regarding the relative abundance of specific taxa, using the planned seasonal contrast, we found a 

higher relative abundance of sequences from the Myrtaceae family (including Eucalypts) in winter 

(18.5%) than in summer (3.2%; p <0.001) (Fig 1). Similarly, relative sequence abundances were 

higher in winter than summer for the Arecaceae family (4.2 % c.f. 0.9%; p <0.001) and the Salicaceae 

family (6.5% c.f. 3.0%; p <0.001) (Fig 1). In contrast, relative sequence abundance was lower for the 

Moraceae (includes figs) in winter (4.9%) than in summer (16.9%; p <0.001) (Fig 1). When comparing 

the relative abundance of specific taxa with sex of the flying fox, there were no statistically 

significant differences (Fig 2). 
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Fig 1: Relative plant sequence abundance at Order/Family/Genus levels in the faeces of Grey-headed 

flying foxes between August 2016 and February 2018, using primers rbcL and ndhJ comparing 

summer and winter. Here, relative abundance was calculated as the average of the sample-level 

relative abundances. Note the different y-axis scales for each panel. * Indicates unclassified 

(a) Summer(a) Summer

(b) Winter(b) Winter
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Table 2: Total number and percentage of total sequences and Relative abundance of plant OTUs from 161 faecal samples collected from Grey-headed flying 

foxes between August 2016 and February 2018 for the ndhJ and rbcL barcodes. Where possible, each OTU is classified as native to South Australia, native to 

Australia but not South Australia, or exotic to Australia. Blank = unknown, ❌ = no, ✔️= yes 

Order Family Genus Common 
names of 

representative 
species  

(Family and 
Genus) 

Total No 
Sequences 
/ndhJ+rbcL 

% Of total 
sequences 

/ndhJ +rbcL 

Relative 
abundance 

/mean 

Relative 
abundance 

/ndhJ 

Relative 
Abundance 

/rbcL 

Native to 
South 

Australia 

Native to 
Australia 

Exotic to 
Australia 

Rosales1    4,729,559 54.35 67.62      

 Moraceae Ficus Figs 1,923,186 22.11 37.47 0 74.94 ❌ ✔️ ❌ 

 unclassified unclassified  2,777,961 31.93 29.24 58.41 0.07    

 Moraceae Broussonetia Paper 
mulberry 

19,939 0.23 0.41 0 0.82 ❌ ❌ ✔️ 

 Moraceae unclassified Mulberry 8,154 0.09 0.28 0.18 0.38    

 Moraceae Maclura Osage orange 137 0.001 0.01 0 0.02 ❌ ❌ ✔️ 

 Rosaceae Prunus Cherries, 
Plums and 
Apricots 

182 0.002 0.01 0 0.02 

❌ ❌ ✔️ 

Myrtales1    1,882,438 21.63 10.93      

 Myrtaceae unclassified Myrtles 1,876,250 21.56 10.38 16.92 3.83 ✔️ ✔️ ❌ 

 Myrtaceae Eucalyptus Gums 6,039 0.07 0.54 0.13 0.94 ✔️ ✔️ ❌ 

 unclassified unclassified  149 0.001 0.01 0 0.02    

Malpighiales1 

 
   892,535 10.26 10.69      

 Salicaceae Populus Poplar, Aspen 
and 

Cottonwoods 

892,070 10.25 10.66 12.55 8.78 

❌ ❌ ✔️ 

 Salicaceae unclassified Willows 417 0.005 0.02 0 0.03 ❌ ❌ ✔️ 

 
 

unclassified unclassified  48 0.001 0.01 0 0.02  
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Arecales2    369,859 4.25 3.83      

 Arecaceae unclassified Palm trees 369,497 4.25 3.77 4.44 3.09 ❌ ✔️ ❌ 

 Arecaceae Phoenix Date Palm 295 0.003 0.05 0 0.11 ❌ ❌ ✔️ 

 Arecaceae Cocos Coconut 267 0.003 0.01 0.01 0 ❌ ❌ ✔️ 

Lamiales2    287,495 3.31 1.97      

 Oleaceae unclassified Olives 157,558 1.81 1.2 1.92 0.48 ❌ ❌ ✔️ 

 unclassified unclassified  129,937 1.49 0.77 1.4 0.13    

Apiales1    9,783 0.11 1.11      

 Pittosporaceae unclassified Cheesewoods 9,592 0.11 1.07 0 2.14 ✔️ ✔️ ✔️ 

 unclassified unclassified  191 0.002 0.04 0 0.08    

Poales1 Poaceae unclassified Grasses 230,437 2.65 0.56 1.07 0.04 ✔️ ✔️ ✔️ 

Caryophyllales1    19,187 0.22 0.54      

 Caryophyllaceae unclassified Pinks 16,831 0.19 0.29 0.53 0.05 ✔️ ✔️ ✔️ 

 Tamaricaceae Tamarix Salt cedar 2,329 0.03 0.24 0 0.48 ❌ ✔️ ✔️ 

 unclassified unclassified  27 0.0003 0.01 0 0.03    

Solanales1 Solanaceae unclassified Nightshade 17,016 0.20 0.28 0.03 0.53 ❌ ✔️ ✔️ 

Fabales1 Fabaceae unclassified Legumes 9,362 0.11 0.09 0.02 0.17 ❌ ✔️ ✔️ 

Asterales1 Asteraceae unclassified Daisies 15,470 0.18 0.05 0.1 0 ❌ ✔️ ✔️ 

Cucurbitales1 Cucurbitaceae unclassified Gourds 2,125 0.02 0.05 0.04 0.06 ❌ ✔️ ✔️ 

Vitales2 Vitaceae Vitis Grapes 996 0.01 0.03 0.06 0 ❌ ❌ ✔️ 

Oxalidales1 Oxalidaceae unclassified Wood sorrels 2,210 0.03 0.02 0.04 0 ❌ ❌ ✔️ 

Unclassified    222,818 2.68 2.22 1.73 2.72    
1 Angiosperm Phylogeny Group (2009). An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants: APG III. Botanical Journal of the Linnean 
Society. 161 (2): 105–121. doi: 10.1111/j.1095-8339.2009.00996.x 
2 Angiosperm Phylogeny Group (2016). An update of the Angiosperm Phylogeny Group classification for the orders and families of flowering plants: APG IV. Botanical Journal of the Linnean 
Society, 181: 1–20, doi: 10.1111/boj.12385 

 

 

https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1111%2Fj.1095-8339.2009.00996.x
https://en.wikipedia.org/wiki/Doi_(identifier)
https://doi.org/10.1111%2Fboj.12385
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Fig 2: Relative sequence abundance at Order/ Family/Genus levels of plants in the faeces of Grey-

headed flying foxes between August 2016 and February 2018, using primers rbcL and ndhJ 

comparing summer and winter and sex. Here, relative abundance was calculated as the average of 

the sample-level relative abundances. * Indicates unclassified 
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3.5 Discussion 
 
DNA metabarcoding of Grey-headed flying fox faeces collected over two years identified a total of 40 

OTUs including 15 orders, 15 families and 10 genera. At the order level, Rosales was represented by 

54.35% of all sequences. Over 75% of all sequences were from OTUs either not native to South 

Australia or exotic to Australia which corroborated our initial hypothesis. The genus, Ficus, which is 

not native to South Australia, from the Moraceae family, accounted for at least 22% of all sequences 

identified. Ficus spp such as the Moreton Bay fig (Ficus macrophylla) and the Port Jackson fig (Ficus 

rubiginosa) can fruit all year round, while the Common fig (Ficus carica) fruits mostly in summer (K 

Smith 2020, pers.comm.). All of these species, and particularly the Moreton Bay fig, have been 

planted in Adelaide and surrounding areas since European settlement (K Smith 2020, pers.comm.). 

We also found some evidence that flying foxes consume species of the Prunus genus which includes 

commercial stone fruits including cherries, plums and apricots. The relative abundance of sequences 

for families; Myrtaceae (e.g., Eucalypts), Arecaceae (e.g., palm trees) and Salicaceae (e.g., willows 

and poplars) were significantly greater in winter than in summer, suggesting that flowering and 

nectar resources belonging to these families are more plentiful and that they contributed a relatively 

larger part of the diet at that time of the year. By contrast, the relative abundance of sequences for 

the family Moraceae (e.g., figs), was significantly greater in summer than in winter, suggesting 

fruiting of figs is more abundant and that they contributed a relatively larger part of the diet during 

this period. 

 

The family Myrtaceae was represented by 21.63% of all sequences but only 0.07% of all sequences 

could be assigned to the genus Eucalyptus. The remaining unclassified sequences could be 

considered native to South Australia although we cannot state that with certainty as many Eucalypts 

(including genera: Eucalyptus, Corymbia and Angophora) have been planted in South Australia since 

European settlement. A less abundant order, Arecales, was represented by 4.25% of all sequences. 

Arecales was mostly represented by the family Arecaceae, including the genus Phoenix (Date palms) 
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(4.25% of all sequences). The family Arecaceae is represented in Australia by some palms including 

Bangalow palm (Archontophoenix cunninghamiana) but many species are exotic including date 

palms (Phoenix spp). The order Lamiales (3.31% of all sequences) was mostly represented by the 

family Oleaceae (1.81% of all sequences), exotic to Australia, which includes cultivated olives and 

some privets which were mostly eaten in winter by females (Fig.2). Other unclassified Lamiales 

sequences are likely to be Myoporum spp, (M. floribundum or M. montanum) known to be a 

foraging plant of Grey-headed flying foxes based on direct observation (L Collins 2021, pers. comm.) 

in the Scrophulariaceae family which is native to Australia. An unexpected finding was that 10.26% 

of all sequences aligned with the family Salicaceae which includes Willows, Aspen, Cottonwood and 

the genus, Populus. While exotic to Australia, the latter genus has been recorded as a foraging tree 

used by Grey-headed flying foxes (Parry-Jones and Augee 2001). Lombardy poplars (Populus nigra) 

are considered to be a weed but have been planted commonly in South Australia since European 

times and may have contributed to the Populus sequence obtained. Other unexpected findings 

included 0.01% of all sequences were of the Vitis genus (Grape vines), which provides evidence that 

flying foxes were eating grapes or leaves despite vines growing close to the ground. Other 

interesting findings included the Tamarix genus (Tamaricaceae family) (0.03% of all sequences) 

which is exotic to Australia. Species in this family including Tamarix parviflora and Tamarix 

ramosissima are declared pest plants under South Australian Natural Resources Management Act, 

2004. 

 

Our research demonstrates that the Grey-headed flying foxes in Adelaide consume plant taxa that 

are exotic to South Australia in both summer and winter. In theory, DNA metabarcoding can provide 

greater insights into the diet of flying foxes than the usual microscopic techniques by detecting a 

wider range of plant taxa, and it can allow identification of plants when no physical plant parts are 

found in the faeces (Aziz et al, 2017). Unfortunately, however, we were unable to classify many DNA 

sequences to the genus or species level using the rbcL and ndhJ barcodes which may be due to an 
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inadequate reference database (Dormontt et al, 2018) or phylogenetic mismatch due to 

introgression (Schuster et al, 2018). In contrast to our study, DNA metabarcoding studies on the 

Island flying fox (Pteropus hypomelanus) using the rbcL barcode only detected 29 OTUs which were 

mostly classified to the family level (Aziz et al, 2017), although species-level identification based 

solely on this barcode proved difficult. Further, a study on the diet of the Cave Nectar bat (Eonycteris 

spelaea) using ITS2 and rbcL primers provided improved taxonomic resolution and was able to 

detect 55 plant species (Lim et al, 2018). 

 

As in the current study, Aziz et al, (2017) found species-level plant identification based solely on 

chloroplast DNA metabarcoding is not straightforward (The Consortium for the Barcode of Life, 

CBOL). Plant Working group recommended barcode loci rbcL and matK as standard DNA barcode 

markers, based on the availability of universal primers and the high level of taxonomic resolution 

(CBOL Plant Working Group, 2009; Hollingsworth et al., 2009). The bar code ndhJ can also deliver 

high universality and has good discriminating power (CBOL Plant Working Group, 2009; 

Hollingsworth et al., 2009). However, another primer, trnL as well as the nuclear ribosomal ITS2 

region have been widely used as DNA barcodes (Sickel et al, 2015), either separately or in 

combination with rbcL (Bell et al, 2017) and matK (Kowalczyk et al, 2011). Concerns have been raised 

that the rbcL + matK barcodes are less effective because >5% ‘false’ species-unique barcodes occur 

(Wilkinson et al, 2017). Additional issues can relate to the effectiveness of the DNA extraction which 

may vary between food items and some PCR primers may target specific taxa more effectively than 

others and each PCR from the same extraction is capable of returning different taxa (Alberdi et al, 

2019). 

 

The accuracy of DNA barcoding is associated with the taxonomic relatedness of plant species, 

because related species may have identical DNA sequences in the chosen barcode region 

(Hollingsworth et al, 2009). Some species cannot be identified at the species level because they may 
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have identical or similar sequences (Bell et al, 2019) particularly Eucalyptus and Corymbia species 

(Schuster et al, 2018), which are common foraging taxa for flying foxes. In fact, only 53% of 

Australian plant species listed in the Australian Plant Census (12,278/23,057) have been included in 

reference databases, with only 14% of all species having data for all three of the core DNA barcodes 

(matK, rbcL, and ITS) (Dormontt et al. 2018). There is also a tendency for barcode loci to fail or only 

weakly amplify some taxonomic groups (CBOL Plant Working Group, 2011). This produces the 

opportunity for some dietary components to be omitted or under-represented from inefficiently 

amplified species (Camp et al, 2020). A further issue for precise plant DNA barcoding in Australia 

relates to a large number of species in the Myrtaceae family, to regularly hybridise leading to 

introgression which can lead to phylogenetic mismatch between chloroplast DNA and taxonomic 

classification (Schuster et al. 2018).  

 

Optimising cut‐off scores for taxonomic matching in bioinformatics pipelines can also be a trade‐off 

between maximizing the resolution and minimizing the number of misidentifications (Richardson et 

al., 2017). A small number of misidentifications can be the result of sequencing error (Bell et al 

2019). False results may also occur as a result of cross contamination among samples, index 

swapping and contamination from the laboratory environment or contaminated reagents (Bell et al, 

2019). Furthermore, results can be due to contamination of samples prior to laboratory processing. 

Typically, these false results cannot be recognised, as negative controls detect only contamination 

that occurs during the DNA isolation, PCR and sequencing processes (Bell et al, 2019). 

 

Flying foxes have quick gastrointestinal transit times of approximately 30 minutes (Oleksy et al, 

2017) or 44 minutes for cultivated fruits (Tedman and Hall, 1985), and while the faeces were 

collected from anaesthetised animals in our study, the sequences detected by DNA metabarcoding 

are only likely to reference the forage plants eaten within two-three hours of collection. We know 

that flying foxes will forage at many sites during the night and so the sequences detected may not 
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truly reflect what the flying foxes had been eating throughout the entire night only the food items 

consumed towards the end of the foraging period. 

 
The use of DNA metabarcoding in this study has provided important baseline data for future 

research into the diet of Australian flying foxes. We stress the importance of developing site-specific 

or region-specific foraging plant DNA reference database or barcode library to aid in the dietary 

reconstruction using metabarcoding (Aziz et al, 2017; Camp et al, 2020). We would suggest the use 

of the barcode ITS2 in addition to ndhJ and rbcL for improved taxonomic discrimination (Lim et al, 

2018) to the species level. Furthermore, collecting faecal samples weekly throughout the year and 

over subsequent years will allow for a more detailed construction of the diet and detection of the 

main taxa ingested by flying foxes in Adelaide over an annual cycle. 

In conclusion, we have been able to determine that the Grey-headed flying foxes in Adelaide during 

summer and winter seasons between 2016 and 2018 were eating foraging species, mostly non-

native or exotic to South Australia. This indicates that plantings since European settlement may have 

provided a ‘pull-factor’ attracting them into Adelaide in 2011 and subsequently an opportunity for 

the population to persist and grow. 
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4.1 Abstract 
 
Habitat-mediated global change is driving shifts in species’ distributions which can alter the spatial 

risks associated with emerging zoonotic pathogens. Many emerging infectious pathogens are 

transmitted by highly mobile species, including bats, which can act as spill-over hosts for pathogenic 

viruses. Over three years, we investigated the seroepidemiology of paramyxoviruses and Australian 

bat lyssavirus in a range-expanding fruit bat, the Grey-headed flying fox (Pteropus poliocephalus), in 

a new camp in Adelaide, South Australia. Over six, biannual, sampling sessions, we quantified 

median florescent intensity (MFI) antibody levels for four viruses for a total of 297 individual bats 

using a multiplex Luminex binding assay. Where appropriate, fluorescence thresholds were 

determined using finite mixture modelling to classify bats’ serological status. Overall, apparent 

seroprevalence of antibodies directed at Hendra, Cedar and Tioman virus antigens was 43.2%, 26.6% 

and 95.7%, respectively. We used hurdle models to explore correlates of seropositivity and antibody 

levels when seropositive. Increased body condition was significantly associated with Hendra 

seropositivity (Odds ratio = 3.67; p = 0.002) and Hendra virus antibody levels were significantly 

higher in pregnant females (p = 0.002). While most bats were seropositive for Tioman virus, antibody 

levels for this virus were significantly higher in adults (p < 0.001). Unexpectedly, all sera were 

negative for Australian bat lyssavirus. Temporal variation in antibody levels suggests that antibodies 

to Hendra virus and Tioman virus may wax and wane on a seasonal basis. These findings suggest a 

common exposure to Hendra virus and other paramyxoviruses in this flying fox camp in South 

Australia. 
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4.2 Introduction 
 
The emergence of zoonoses from wildlife represents an increasingly significant threat to global 

public health (Jones et al, 2008). Bats (Order Chiroptera) are the reservoir host of several significant 

groups of emerging zoonotic viruses including the paramyxoviruses, (e.g., Hendra virus and Nipah 

virus), coronaviruses, filoviruses and lyssaviruses (Calisher et al, 2006; Halpin et al, 2011; Smith and 

Wang, 2013; Wong et al, 2019). In Australia, spill-over of three viruses associated with bats of the 

genus Pteropus, also known as flying foxes, has led to morbidity and mortality in domestic animals 

and humans. They include two paramyxoviruses, Hendra virus and Menangle virus, and a 

rhabdovirus, Australian bat lyssavirus [Fraser et al, 1996; Philbey et al, 2008; Field et al, 2011; Barr et 

al, 2012; Edson et al, 2019). Research into the ecology of these viruses led subsequently to the 

discovery of several new paramyxoviruses, including Cedar virus, Hervey virus, Yeppoon virus, Grove 

virus, Teviot virus (Barr et al, 2015) and Tioman virus (Chua et al, 2001). Tioman virus, closely related 

to Menangle virus (Barr et al, 2015) is the only one of these viruses to be associated with disease. It 

has been associated with sub-clinical infection in humans and still births and fetal abnormalities in 

pigs (Yaiw et al, 2007). 

 

The Grey-headed flying fox (Pteropus poliocephalus), one of four species of flying foxes found on 

mainland Australia, is classified nationally as Vulnerable under the Environment Protection and 

Biodiversity Conservation Act 1999 (Threatened Species Scientific Committee, 2001). The 

geographical distribution and migration of Grey-headed flying foxes and other pteropodids is 

dictated by the distribution and phenology of food plants. These bats regularly move long distances 

in search of ephemeral floral and fruit resources in native forests (Breed at al, 2010; Kessler et al, 

2018). Aggregations of flying foxes can increase rapidly during highly productive flowering events 

(Eby et al, 1999). Recently, Grey-headed flying foxes were distributed from Ingham in Queensland 

along the coastal belt of eastern Australia to Melbourne in Victoria. As natural food resources have 

declined coincident with substantial (c. 75%) loss of native forest throughout the south-eastern 
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coastal areas of Australia, Grey-headed flying foxes have sought alternative food sources, sometimes 

forming new colonies in urban landscapes (Williams et al, 2006; Tait et al, 2014). 

 

Habitat loss and fragmentation reduce not only the quantity of food available to wildlife, but also 

the connectivity of foraging patches, particularly if seasonally important resources have been 

removed (Kessler et al, 2018). In contrast, anthropogenic resource subsidies, which favour 

monoculture (e.g., fruit orchards) and introduced species, change the composition and seasonality 

of available food and the overall nutritional landscape (Kessler et al, 2018). Recently, Grey-headed 

flying foxes formed camps in Canberra and western parts of Victoria and, during 2011, 

approximately 1300 individuals migrated to Adelaide, South Australia, thereby expanding the former 

range of the species. Since that time, the population in Adelaide’s Botanic Park, which is a popular 

recreational location, has increased to approximately 20,000 individuals due to births and continued 

immigration (November 2019), despite seasonal emigration and substantial bat mortality events 

during extreme heat waves in summer. Concerns have been raised that the bat camp may constitute 

a biohazard to the public and to domestic animals. Indeed, Australian bat lyssavirus was detected in 

a Grey-headed flying fox from the camp in 2012 (Cox-Witton, 2019). Since then, another twenty-six 

Grey-headed flying foxes from the camp were opportunistically tested for the virus of which none 

tested positive. However, uncertainty remains about the endemicity of Australian bat lyssavirus in 

the Adelaide camp. 

 

When investigating the infection dynamics of emerging viruses in bat colonies, direct viral detection 

and identification is important but is technically limited due to restricted distribution of the virus in 

organs and transient viral shedding in biological fluids. Complementing virus detection, the exposure 

to specific viruses can be measured by detecting antibodies against those viruses in bat sera. 

Antibodies are generally present for months or even years even if the virus is scarcely distributed or 

even after it is cleared from the animal. As a result, viral seroprevalence monitoring has often been 
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the first line of investigation for emerging bat zoonoses (Breed et al, 2011; Hayman et al, 2008; 

Plowright et al, 2008; Pourrut et al, 2007; Plowright et al, 2016). However, interpreting serological 

results is challenging (Epstein et al, 2008) in part due to variation in the magnitude and longevity of 

antibody responses to different viruses, and the time of collection of serum post infection (Gilbert et 

al, 2013). Furthermore, antibodies may cross-react with or cross-neutralize related viral antigens, 

which can limit the specificity of assays.  

 

Serum viral neutralization tests (SNTs) have been considered the reference method for detecting 

specific antibodies to Hendra virus (Daniels et al, 2001). However, the use of SNTs is logistically 

constraining because the highest level of biocontainment (Biosafety level 4) is required to maintain 

the live viral cultures used for the neutralization assays. Instead, IgG enzyme-linked immunosorbant 

assays (ELISAs) and Luminex based assays (Bossart et al, 2007) have been favoured because they can 

be performed under standard biosafety conditions (Epstein et al, 2013). Luminex based fluorescent 

microsphere binding assays (Bossart et al, 2007) are a sensitive method for detection and 

quantification of antibodies against Hendra and Nipah viruses (Breed et al, 2010; Hayman et al, 

2008; Burroughs et al, 2016; McNabb et al, 2014) and Australian bat lyssavirus (Prada et al, 2019) in 

bat sera. The target antigen for Hendra virus and Cedar virus is recombinant soluble G protein 

(McNabb et al, 2014) while the target antigens for Tioman virus and Australian bat lyssavirus are 

nucleoproteins. Luminex assays have been used internationally to detect henipavirus antibodies in 

bats and other species; including West African fruit bats and domestic pigs [Hayman et al, 2008; 

Hayman et al, 2011; Peel et al, 2012; Peel et al, 2013), pteropodid bats in Papua New Guinea (Breed 

et al, 2010) and Pteropus vampyrus bats in Indonesia (Sendow et al, 2013).  

 

Serological evidence of infection with Hendra virus has been shown in all four species of pteropodid 

bat that occur on mainland Australia, throughout their respective ranges (Breed et al, 2011; Edson et 

al, 2015). There is evidence to suggest that two species, namely the Black flying fox (Pteropus alecto) 
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and the Spectacled flying fox (P. conspicillatus), play the most active role in the transmission of 

Hendra virus to horses (Edson et al, 2015). Hendra virus is shed in the urine, an important vehicle for 

transmission in Black flying foxes [Edson et al, 2015, Edson et al, 2019; Peel et al, 2019), and the 

virus has been detected in Grey-headed flying fox uterine fluid which provides evidence for possible 

transmission at birthing period which lasts from late September to early December (Hall and 

Richards, 2000) in this species (Williamson et al, 1999; Halpin et al, 2000).  

 

Here, we surveyed the exposure of Adelaide’s recently established Grey-headed flying fox 

population to protein antigens of Hendra virus, Cedar virus, Tioman virus and Australian bat 

lyssavirus over a three-year period. We used results from Luminex antibody binding assays to 

develop a finite-mixture model to identify thresholds for defining seropositive flying foxes to 

characterise seroprevalence for these four viruses. Next, we used a negative-binomial hurdle model 

and investigated individual-level correlates of (i) seropositivity and (ii) antibody level following 

seroconversion. We hypothesised that Hendra virus seroprevalence and antibody levels would be 

associated with reproductive status as previously reported (Breed et al, 2011; Plowright et al, 2008) 

and that Australian bat lyssavirus seroprevalence would be apparent given the prior finding of an 

individual carrying the virus in 2012 (Cox-Witton, 2019).  
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4.3 Materials and methods 
 
We followed the Consortium for the Standardization of Influenza Seroepidemiology (CONSISE) 

guidelines (Horby et al, 2017) for the reporting of seroepidemiologic studies which presents items 

that can be used as a checklist of information that should be included in the results of published 

seroepidemiologic studies, and which can also serve as a guide to items that need to be considered 

during study design and implementation. Animal Ethics approval was obtained from The University 

of Adelaide (S-2015-028) and a wildlife scientific permit from the SA Department of Environment 

and Water (M-23671-1,2 and 3) prior to commencement of this project. 

 

4.3.1 Sampling 

 

4.3.1.1 Study population 

The target and source population were the Grey-headed flying foxes from the only known camp in 

SA (Fig 4.1) and established in Adelaide’s Botanic Park [approximate GPS coordinates: 34°54'56 S, 

138°36'24 E]. The camp was sampled over six surveys at approximately six-month intervals between 

August 2015 (winter) and February 2018 (summer), with the aim of trapping > 50 animals per 

survey, which constituted our study population.  
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Fig 4.1. Location of the Grey-headed flying fox camp in Adelaide’s Botanic Park and relationship to 

central Adelaide and Southern Australia. Location and extent (red line) of the Grey-headed flying fox 

camp in Adelaide’s Botanic park, showing proximity to Adelaide Zoo where bats were processed. 

Insets illustrate central Adelaide and Southern Australia to show geographical relationships. Geodata 

from OpenStreetMap was downloaded via the Maperitive application and the map was rendered 

with further information supplied by the author. 

 

4.3.1.2 Bat handling, serum and data collection 

Study animals were captured at the roost site using 12 or 18 m long mist nets (Ecotone, Gdynia, 

Poland) installed beneath the camp. Mist nets were raised 20 m above the ground before bats 

returned from their nightly foraging activity. As each bat became entrapped, the net was lowered, 

the bat handled with care using thick leather gloves to assure handlers’ health and safety, then 

transferred into pillowcases and relocated to the Animal Health Department of the adjacent 
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Adelaide Zoo. The net was then elevated to 20 m above the ground to catch further bats. This 

continued until all bats had returned to the camp. Isoflurane (Isoflurane, Laser Animal Health) was 

used to anaesthetise bats during data and sample collection following the protocol described by 

Jonsson et al, 2004. Each bat was permanently identified using a passive integrated transponder tag 

(Trovan, Microchips Australia Pty, Keysborough, Victoria) inserted subcutaneously between the 

scapulae. A small amount of fur was clipped from the chest to rapidly identify recaptures at a given 

survey. In order to prevent dehydration during their short-term confinement, 20-40 mL Hartmann’s 

fluid were injected subcutaneously between the scapulae. Approximately 3-4 mL of blood was 

collected via venepuncture of the propatagial or brachial vein into 4 mL serum tubes using 22-gauge 

needles and 3-5 mL syringes. These were allowed to clot overnight at room temperature and then at 

4°C before centrifugation (5,000 rpm for 5 minutes) and separation of serum, which was 

subsequently stored at -80°C. After sampling, bats were placed into pillowcases to fully recover from 

the anaesthesia before release into the camp. 

 

For each bat, we recorded: (i) sex, (ii) body weight (BW; g), (iii) body condition score (scale of 1 to 5 

based on physical palpation of the pectoral musculature by the same person), (iv) forearm length 

(FAL; mm); elbow to wrist length using vernier callipers, (v) estimated age as described by Hall and 

Richards [40] (including teeth wear, nipple size for females and enlarged penis/testes for males), (vi) 

reproductive status (for females; pregnant vs not pregnant by abdominal palpation, lactating vs non 

lactating by expression of milk and for males; enlarged penis/testes vs small penis/testes). For an 

objective estimate of the body condition, we also derived a body condition index (BCI) for each 

individual, calculated subsequently as BCI = 1,000*(BW/FAL2).  

 

4.3.2 Serology for Hendra virus, Cedar virus, Tioman virus and Rabies virus  
 
Serum samples experienced two freeze/thaw cycles prior to testing. Antibodies against Hendra virus, 

Cedar virus, Tioman virus, and Australian bat lyssavirus antigens were detected at the Australian 
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Animal Health Laboratory in Geelong, Victoria using  multiplex microsphere assays (Luminex, Austin, 

USA) as described previously (Bossart et al, 2007). The conformational status of the viruses used 

were the following; soluble native-like oligomeric G envelope glycoproteins of HeV and CedV (sGtet) 

were produced from stable expressing FreeStyleTM 293F cell lines (Schulz et al, 2020; Laing et al, 

2016), Tioman virus was a nucleocapsid protein expressed in the yeast Saccharomyces cerevisiae 

[Petraityte et al, 2009), and Australian bat lyssavirus was a nucleocapsid protein prepared in E.coli 

(Rahmadane et al, 2017). Briefly, prior to analysis, serum samples were first heat treated at 56°C for 

30 minutes to inactivate complement then the assay proteins were coupled to individual 

microsphere bead sets, of predetermined numbers of magnetic beads, MagPlex® (Luminex, 

Northbrook, USA). These were added to each well and then mixed with bat sera at a dilution of 1:50. 

The bound antibody was detected using biotinylated Protein A (Pierce, Rockford, USA) together with 

biotinylated Protein G (Pierce, Rockford, USA) followed by streptavidin–phycoerythrin (Qiagen Pty 

Ltd, Australia). The assay was read using a Bio-Plex Protein 200 Array System integrated with Bio-

Plex Manager Software (v 6.2) (Bio Rad Laboratories, CA, USA) calibrated on the high setting. Each 

sample was tested in a well with thousands of beads and the florescence results of 100 beads were 

recorded as the median florescent intensity (MFI) that excludes outliers and are correlated with 

antibody concentration. Positivity thresholds for the Luminex serological assay have not been 

defined for Australian flying foxes due to the lack of negative and single-infection control serum 

(McNabb et al, 2014) and were therefore estimated using finite mixture modelling (see below). 

 

4.3.3 Statistical analysis 

 

4.3.3.1 Demographic analysis 

Two-sample t-test statistics were used to identify any differences in BW, FAL and BCI across 

demographic classes (sub-adult males and females and adult males and adult pregnant and non-

pregnant females) and between winter and summer. 
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4.3.3.2 Estimating MFI thresholds for classifying seropositive animals 

MFI values were log-transformed prior to analysis to approximate a normal distribution and enable 

parametric analyses. We used finite mixture modelling in the statistical package Stata v15.1 (College 

Station, Texas, USA) to identify the presence of more than one sub-population under the assumption 

of normal distribution. Models assuming up to three mixed distributions were run and their 

parsimony compared using Akaike Information Criterion (AIC) and Bayesian Information Criterion 

(BIC). The model with the lowest AIC and/or BIC was selected as final. When the single distribution 

model fitted best, the distribution was assumed to be the non-seroconverted bats if MFI values were 

in the lower end of the range and seroconverted bats if in the higher end of the range. When the 

two distributions model fitted best, the distributions were considered as the non-seroconverted and 

the seroconverted bats, respectively, according to their values’ range. When the three distributions 

model fitted best, the distribution with the lowest value range was considered as the non-

seroconverted bats and the other two distributions (with higher value ranges) as two sub-groups of 

seroconverted bats. When two distributions fully overlapped, these were considered as one single 

distribution because the readings had no discriminative ability. For best fit models with more than 

one mixed distribution that overlapped partially, threshold values were determined visually at the 

MFI value for which two predicted normal distributions intersected. These threshold values were 

used to classify (imperfectly) individual bats as ‘seronegative’ or ‘seropositive’ (or ‘intermediate 

positive’ when three distributions were identified). 

 

4.3.3.3 Hurdle modelling of seropositivity and antibody levels 

To investigate correlates of seropositivity and MFI levels, we used a hurdle regression model which 

included two components; (i) the ‘hurdle’ component, which modelled the probability of being 

seropositive (as defined using the estimated lower threshold value); and (ii) a negative binomial 

count component, which modelled the antibody value (expressed as MFI) conditional on 

seropositivity. Explanatory variables investigated were those measured or observed during the 
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trapping i.e. sex (male or female), age class (subadult < 2.5 years or adult ≥ 2.5 years), body weight 

(g), forearm length (mm), catching session (1-6), season (winter or summer), pregnancy status, 

lactation status, and body condition index (BCI). However, we excluded the effect of season from the 

final model due to strong collinearity between season and time of survey. Hurdle models were 

implemented within the R software for statistical computing (version 3.2.3) using the package pscl. 

The extent of co-seropositivity for all four viruses was also assessed using the negative binomial 

hurdle regression model investigating the same explanatory variables.   

 

4.3.3.4 Demonstration of zero seroprevalence for Australian bat lyssavirus 

The probability that the Adelaide camp is free from Australian bat lyssavirus was estimated using the 

historical survey analysis outlined by Cameron (2015). The probability of freedom from Australian 

bat lyssavirus was uncertain before the first survey and a prior value of 50% was used. In the 

absence of published information on the diagnostic accuracy of the multiplex Luminex assay, we 

optimistically assumed that this method had perfect accuracy for Australian bat lyssavirus 

antibodies. Similarly, little information is available on differential risks of Australian bat lyssavirus 

exposure across bat demographics. Therefore, the risk of Australian bat lyssavirus ‘exposure’ was 

assumed constant across the bat camp strata (i.e. risk independent modelling). The ’open’ nature of 

our study population was taken into account by including a ‘between-survey’ probability of exposure 

from and/or introduction of immigrating exposed bats into the model. Freedom from Australian bat 

lyssavirus seroprevalence was deemed achieved if the estimated probability of freedom was ≥ 95%. 

 

4.4 Results 

 

4.4.1 Demographic information 

A total of 301 Grey-headed flying foxes were captured over six surveys. Four individual flying foxes 

were recaptured once each during this period. Demographics including sex, age, weight, forearm 
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length and BCI varied across seasons reflecting the seasonality of the species’ reproduction and 

feeding opportunities (Table 4.1 and 4.2). Approximately, two thirds were females and two thirds 

were adults. The overall percentage of adults was similar between sexes (61.7% vs 69.9%). Among 

the adult females, 31.9% (37/116) were pregnant at capture. Sex and age-class representation was 

similar across sampling and seasons. Overall the BCI was higher in winter (mean = 28.2, range = 20.2 

– 36.1) than summer (mean = 25.3, range = 13.8 – 35.8) (+ 2.9 units, p < 0.001) mainly driven by the 

sub-adult BCI being higher in winter (n = 52, mean = 25.8, range = 20.2 – 29.6) than summer (n=52, 

mean = 21.1, range = 13.8 – 29.2) (+4.7 units, p < 0.001).  
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Table 4.1. Summary demographic statistics – all captures 

Summary demography statistics (number (n), mean, standard deviation (SD), range) of 301 Grey-headed flying foxes captured over six surveys between 

September 2015 and February 2018 from the Adelaide Camp, Botanic Park, Adelaide. BW = Body weight, FAL = forearm length, BCI = body condition index = 

1,000*(BW/FAL2) 

 
 BW (g)  FAL (mm)  BCI 

Demographic 
Classes  

n Mean (SD) Range 
 

n Mean (SD) Range 
 

n Mean (SD) Range 

Sub-adult (all) 106 550 (115.4) 266-772  104 153.0 (7.3) 127.0-171.0  104 23.5 (3.6) 13.8-29.6 

Sub-adult Females 72 566 (110.8) 291-739  70 153.8 (6.8) 140.0-170.5  70 23.9 (3.6) 13.8-29.6 

Sub-adult Males 34 517 (119.5) 266-772  34 151.7 (7.8) 127.3-162.6  34 22.6 (3.4) 16.4-29.2 

Adult (all) 195 764 (90.0) 563-1,008  193 164.0 (4.8) 152.0-176.8  104 23.5 (3.6) 13.8-29.6 

Adult Females 116 743 (78.7) 563-1,005  114 163.0 (4.7) 152.0-174.4  114 27.9 (2.8) 22.0-35.1 

     Pregnant 37 792 (91.6) 600-1005  37 162.3(5.0) 152.0-171.4  37 30.0 (2.7) 22.8-34.9 

     Not Pregnant 79 720 (60.0) 563-963  79 164.0 (4.6) 154.0-173.0  79 27.0 (2.3) 22.0-35.2 

Adult Males 79 794 (96.0) 585-1,008  79 165.2 (4.7) 155.1-176.8  34 29.1 (2.8) 22.6-36.1 

All Females 188 676 (126.1) 291-1,005  184 159.5 (7.2) 140.0-173.4  184 26.4(3.7) 13.8-35.2 

All Males 113 711 (164.2) 266-1,008  113 160.6 (9.0) 127.3-176.8  113 27.1 (4.2) 16.4-36.1 

Total 301 689 (142.4) 266-1,008  297 160.0 (8.0) 127.3-176.8  297 26.7 (3.9) 13.8-36.1 
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Table 4.2. Summary demographic statistics – winter versus summer 

Seasonal demography statistics (number (n), mean, standard deviation (SD), range, winter and summer) of 301 Grey-headed flying foxes captured over six 

surveys between September 2015 and February 2018 from the Adelaide Camp, Botanic Park, Adelaide. BW = Body weight, FAL = forearm length, BCI = body 

condition index = 1,000*(BW/FAL)2 

 

  WINTER SUMMER 

  BW (g) FAL (mm) BCI BW (g) FAL (mm) BCI 

Demographic Classes 
n Mean (SD) Range n Mean (SD) Range n Mean (SD) Range n Mean (SD) Range n Mean (SD) Range n Mean (SD) Range 

Sub-adult 
53 629 (42.8) 516-695 52 156.3 (4.1) 146.0-166.0 52 25.8 (2.0) 20.2-29.6 53 472(112.0) 266-772 52 149 (7.8) 127.0-161.0 52 21.1(3.3) 13.8-29.2 

Females 
40 629 (44.5) 516-695 39 156.2 (4.2) 147.0-166.0 39 25.9 (2.1) 20.2-29.6 32 486 (118.0) 291-739 31 150.5 (8.0) 140.0-170.5 31 21.3 (3.5) 13.8-29.0 

Males 
13 626 (38.6) 559-675 13 156.4 (3.8) 147.8-162.0 13 25.6 (1.6) 22.7-28.4 21 449 (100.7) 266-772 21 146.1 (7.0) 127.3-162.6 21 20.8 (2.8) 16.4-29.2 

Adult 
90 790 (99.2) 585-1008 90 163.3 (5.0) 152.0-173.0 90 29.5 (2.9) 22.6-36.1 105 741 (77.3) 563-992 103 164.5 (4.6) 153.5-176.8 103 27.4 (2.4) 22.0-35.8 

     Females 
46 780 (92.5) 600-1005 46 162.1 (4.9) 152.0-171.4 46 29.6 (2.8) 22.8-34.9  70 719 (56.7) 563-963 68 163.8 (4.5) 153.5-173.4 68 26.8 (2.2) 22.0-35.2 

     Pregnant 
37 792 (91.6) 600-1005 37 162.3 (5.0) 152.0-171.4 37 30 (2.7) 22.8-34.9 N/A N/A N/A. N/A. N/A. N/A. N/A. N/A. N/A. 

      Not Pregnant 
9 732 (84.9) 645-844 9 161.1 (4.4) 155.1-168.4 9 28.2 (2.8) 24.1-32.6 70 719 (56.7) 563-963 68 164 (4.5) 154.0-173.0 68 26.8 (2.2) 22.0-35.2 

Males 
44 800 (105.8) 585-1,008 44 164.6 (4.8) 155.1-173.1 44 29.4 (3.0) 22.6-36.1 35 787 (82.9) 622-992 35 165.8 (4.6) 158.1-176.8 35 28.6 (3.1) 24.0-35.8 

Total Females 
86 710(105.5) 516-1,005 85 159.4 (5.4) 147.0-171.4 85 27.9 (3.1) 20.2-34.9 102 646 (134.7) 291-963 99 160 (8.5) 140.0-173.0 99 25.1 (3.7) 13.7-35.1 

Total Males 
57 761 (119.9) 559-1,008 57 162.8 (5.7) 147.8-173.1 57 28.6 (3.2) 22.6-36.1 56 660 (187.4) 266-992 56 158.5 (11.1) 127.3-176.8 56 25.7 (4.6) 16.4-35.8 

TOTAL 143 730 (113.8) 516-1,008 142 160.7 (5.8) 147.0-173.1 142 28.2 (3.1) 20.2-36.1 158 651 (155.0) 266-992 155 159.2 (9.5) 127.3-176.8 155 25.3 (4.0) 13.8-35.8 
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4.4.2 Serology thresholds and serological prevalence 

Multiplex serology was conducted on 301 serum samples (comprising 297 individual bats, with 4 

recaptures). With the exception of Australian bat lyssavirus, these assays yielded multi-modal 

distributions for log-transformed MFI (Fig 4.2). Three mixed distributions were identified for Hendra 

virus, Cedar virus and Tioman virus, and two cut-offs, a lower and upper, were determined visually 

(Fig 4.2). Upper and lower thresholds for the Hendra virus serology were determined as the natural 

antilogarithms of 5.85 and 8.67, respectively (MFI 347 and 5825, respectively). Upper and lower 

thresholds for the Cedar virus serology were determined as the natural antilogarithms of 5.76 and 

7.44, respectively (MFI 317 and 1702, respectively). Upper and lower thresholds for the Tioman virus 

serology were determined as the natural antilogarithms of 6.37 and 7.38 respectively (MFI 584 and 

1603, respectively). A single distribution of assumed non-seroconverted animals was identified for 

Australian bat lyssavirus. Using the lower threshold values, 26.6% of the bats were seropositive for 

Cedar virus, 43.2% of the bats for Hendra virus and 95.7% of the bats for Tioman virus were 

seropositive (Table 4.3). 
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Fig 4.2 Density histogram and overlaid mixture of modelled distributions  

Density histogram and overlaid mixture of modelled distributions for MFI and the natural log MFI of 

A) Hendra virus, B) Cedar virus, C) Tioman virus and D) Australian bat lyssavirus serological readings. 

Thresholds (dashed vertical lines) correspond to the intersection between a pair of predicted 

distributions. Upper and lower thresholds for the Hendra virus serology were determined as the 

natural antilogarithm of 5.85 and 8.67, respectively (MFI 347 and 5,825, respectively). Upper and 

lower thresholds for the Cedar virus serology was determined as the natural antilogarithm of 5.76 

and 7.44 respectively (MFI 317 and 1,702 respectively). Upper and lower thresholds for the Tioman 

virus serology was determined as the natural antilogarithm of 6.37 and 7.38 respectively (MFI 584 

and 1,603 respectively). Upper and lower thresholds could not be calculated for Australian bat 

lyssavirus as it was determined that all animals belong to the same exposure sub-population. 
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Table 4.3. Lower threshold MFI scores with corresponding % seroprevalence 

Lower thresholds including median fluorescence intensity (MFI) and log MFI and seroprevalence 

with confidence intervals (CI) for Hendra virus, Cedar virus, Tioman virus and Australian bat 

lyssavirus for Grey-headed flying foxes sampled in Adelaide, South Australia between September 

2015 and February 2018 (n=301). na = not applicable. 

 

Virus 

Lower MFI 
threshold 
(log MFI) 

% seroprevalence 
(Binomial exact 95% 

CI) 

MFI median values 
(range) for 

seropositive animals 

Hendra virus 347 (5.85) 43.2% (37.5%-49%) 6,813 (353 – 23,922) 
Cedar virus 317 (5.76) 26.6% (21.7%-31.9%) 3,074 (326 – 13,759) 
Tioman virus 584 (6.37) 95.7% (92.7%-97.7%) 2,121 (629 – 4,972) 
Australian bat lyssavirus na 0% (0.0%- 1.22%) na 

 

4.4.3 Hurdle modelling of seropositivity and antibody levels  

Using lower threshold levels, the probability of Hendra virus seropositivity was positively and 

significantly associated with body condition index (Odds ratio = 3.67, p = 0.002). Cedar virus 

seropositivity was not associated with any of the investigated factors. 95.7% of all bats were Tioman 

virus seropositive and the hurdle model could not converge because of saturation (Table 4.4 and Fig 

4.3). Using the antibody level model, Hendra virus antibody MFI levels were significantly higher in 

pregnant seropositive females and at the second survey in February 2016 (when 57.4% of individuals 

were seropositive). However, Hendra virus antibody MFI levels were significantly lower at the fifth 

survey in September 2017 when 37.0% of individuals were seropositive. Tioman virus MFI antibody 

levels were significantly higher in adults than sub-adults and at the fifth catching session in 

September 2017 (Table 4.4 and Fig 4.3). 
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Fig 4.3. Effect plots for hurdle and antibody level models 

Effect plots for the estimates and P values for negative binomial hurdle and antibody level models 

for Hendra virus, Cedar virus and Tioman virus serology for Grey-headed flying foxes sampled 

between August 2015 and February 2018. 
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Table 4.4 Statistics for hurdle and antibody level models 

Odds ratios (OR), estimates, standard errors (SE), Z values and P values for negative binomial hurdle and antibody level models for Hendra virus, Cedar virus 

and Tioman virus serology for Grey-headed flying foxes sampled between August 2015 and February 2018. Reference values relate to sub-adults (both male 

and female) for the hurdle and antibody level model and for the first catching session (August 2015) for the antibody level model. Preg = pregnant. BCI 

centred = body condition index centred around the mean values. CI = confidence interval. 

 
 MODEL  Hendra virus  Cedar virus  Tioman virus 

 HURDLE Estimate 

OR 
(95% 

CI) SE 
Z 

value 
P 

value Estimate 

OR 
(95% 

CI) SE Z value P value Estimate 

OR 
(95% 

CI) SE 
Z 

value P value 

Intercept -0.311 -  0.204 -1.526 0.127 -0.996 - 0.221 -4.500 <0.001 . . . . . 

Adult male 
-0.036 -1.04 0.308 -0.118 0.906 -0.298 

-
1.34 0.352 -0.847 0.397 . . . . . 

Female Not Preg 0.040 1.04 0.313 0.127 0.899 0.407 1.50 0.330 1.235 0.217 . . . . . 

Female Preg 
0.057 1.05 0.379 0.151 0.880 -0.587 

-
1.80 0.471 -1.246 0.213 . . . . . 

BCI centred 1.300 3.67  0.416 3.126 0.002 -0.270 1.31 0.451 -0.598 0.550 . . . . . 

 

ANTIBODY LEVEL Estimate SE Z value P value Estimate SE Z value P value Estimate SE 
Z  

value P value 

Intercept 8.717 0.218 40.027 <0.001 7.616 0.347 21.960 <0.001 7.543 0.070 108.318 <0.001 

Adult male 0.067 0.228 0.295 0.768 0.365 0.308 1.185 0.236 0.227 0.062 3.667 <0.001 

Female Not Preg -0.150 0.205 -0.732 0.464 0.133 0.316 0.420 0.675 0.161 0.068 2.374 0.018 

Female Preg 0.865 0.281 3.073 0.002 0.797 0.446 1.787 0.074 0.394 0.084 4.685 0.000 

BCI centred 0.346 0.315 1.099 0.272 -0.113 0.461 -0.245 0.806 0.097 0.091 1.064 0.287 

Feb-16 0.715 0.258 2.766 0.006 0.436 0.469 0.930 0.353 -0.107 0.087 -1.231 0.218 

Aug-16 -0.218 0.295 -0.739 0.460 -0.045 0.489 -0.092 0.927 -0.066 0.086 -0.761 0.447 
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Feb-17 -0.209 0.291 -0.719 0.472 0.780 0.430 1.813 0.070 -0.122 0.091 -1.341 0.180 

Aug-17 -0.583 0.271 -2.152 0.031 0.093 0.477 0.194 0.846 -0.192 0.088 -2.191 0.028 

Feb-18 0.374 0.336 1.113 0.266 0.645 0.531 1.213 0.225 0.087 0.096 0.907 0.365 
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4.4.4 Investigation of freedom from Australian bat lyssavirus seroprevalence. 

None of the tested bats yielded a MFI high enough to imply seroconversion. Accounting for the 

number of bats captured at each sampling session, there was enough evidence to demonstrate, with 

95% confidence, that the Australian bat lyssavirus seroprevalence is less that 2%, assuming that the 

probability of the camp to be exposed (or an immigrating bat being exposed) between samplings 

was ≤ 5% (Table 4.5). There was not enough evidence to demonstrate with confidence a 

seroprevalence ≤ 1% regardless of the probability of exposure. 

 

Table 4.5 Probability of freedom from Australian bat lyssavirus exposure  

Summary of final probability of freedom from Australian bat lyssavirus exposure after 6 surveys of a 

total 301 bats (all seronegative) from the Adelaide Grey-headed flying fox camp. Bold types 

represent values of probability of freedom where a minimum threshold of 95% was reached. 

 Probability of exposure 

Design prevalence (P*) 0.5% 1% 2% 5% 10.0% 

1% 94.6% 93.8% 92.2% 87.2% 78.4% 

2% 99.5% 99.2% 98.6% 96.7% 93.3% 

5% 100.0% 99.9% 99.8% 99.6% 99.1% 

10% 100.0% 100.0% 100.0% 100.0% 99.9% 

 

4.4.5 Recapture seroprevalence analysis 

Over the six sessions, four bats were recaught: three males and one female (Table 4.6). Between 

survey one and two, September 2015 and February 2016, respectively, the Hendra virus MFI 

antibody level for one male almost doubled from MFI 9428 to 16929, suggesting exposure occurred 

prior to September 2015 and continued until February 2016 or reinfection or recrudescence of 

Hendra virus occurred during this same period. This male’s weight also increased as it was classified 

as a sub-adult in September 2015 and an adult in February 2016. Another male seroconverted for 

Cedar virus between Sept 2015 and Feb 2016, suggesting exposure occurred during that period. All 

four animals were seropositive for Tioman virus at both sampling periods while two males did not 

seroconvert for Hendra virus and thus remained seronegative between the two six-month time 
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periods. Furthermore, two males and one female did not show evidence of exposure to Cedar virus 

between sampling periods.
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Table 4.6 Seroprevalence changes in recaptured Grey-headed flying foxes 

The sex, weight (Wt), body condition index (BCI) and study identification number (Bat ID) of four Grey-headed flying foxes recaptured between August 2015 

and August 2017 at the Adelaide Camp, Adelaide, South Australia and their median fluorescence intensity (MFI) serostatus for Hendra virus, Cedar virus, 

Tioman virus (using lower thresholds) and Australian bat lyssavirus. M= Male; F=Female; Seropositive = +; Seronegative = - . 

 
Bat ID Date of 

capture 
Sex Wt /g BCI Hendra 

virus 
MFI 

Hendra 
virus 

seropositive 

Cedar 
virus 
MFI 

Cedar 
virus 

seropositive 

Tioman 
virus 
MFI 

Tioman 
virus 

seropositive 

Australian 
bat 

lyssavirus 
MFI 

Australian 
bat lyssavirus 
seropositive 

6 & 72 
31 Aug 2015 

F 
844 29.8 772 - 139 - 2797 + 136 - 

26 Feb 2016 763 26.9 745 - 153 - 2355 + 91 - 

23 & 70 
2 Sept 2015 

M 
820 30.1 172 - 181 - 2592 + 130 - 

26 Feb 2016 744 26.6 128 - 3073 + 1248 + 115 - 

46 & 81 
3 Sept 2015 

M 
666 25.4 9428 + 175 - 2820 + 92 - 

26 Feb 2016 773 28.0 16929 + 191 - 2979 + 141 - 

145 & 
252 

10 Aug 2016 
M 

818 30.7 8710 + 257 - 2217 + 204 - 

13 Aug 2017 830 30.8 6335 + 210 - 3111 + 207 - 
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4.5 Discussion 
 
Our study showed strong evidence of exposure of the Adelaide Grey-headed flying fox camp to 

Hendra virus, Cedar virus and Tioman virus and no evidence of exposure to Australian bat lyssavirus. 

The semiquantitative results provided by Luminex binding assays also identified individual-level 

correlates of seropositivity and antibody levels. Hendra virus seroprevalence in this study (43.2%, 

95%CI: 37.5%-49%) is similar to that reported previously (44.5%) (Burroughs et al, 2016) using a 

Luminex binding assay and compares with an overall seroprevalence of 23.6% using a serum 

neutralisation test in Little red flying foxes (P.scapulatus) (Plowright et al, 2008) and an overall 

seroprevalence of 56% using a serum neutralisation test in Spectacled flying foxes (Breed et al, 

2011). Cedar virus seroprevalence was half than previously reported; 26.6% (95%: 21.7%-31.9%) 

versus 51.1% in Grey-headed flying foxes (Burroughs et al, 2016). There were some differences in 

the exposure rates within the camp and across the study sampling times. 

 

Hendra seropositivity was also positively associated with BCI. This contrasts with a previous study 

(Plowright et al, 2008) which found increased seropositivity in nutritionally stressed Little-red flying 

foxes but concurs with a study (Edson et al, 2019) in Black flying foxes and Grey-headed flying foxes. 

In our study, the body condition index of bats was significantly higher in winter than summer (Table 

4.2). Food quantity and quality for Grey-headed flying foxes are usually inferior in winter elsewhere 

in their normal range (Eby et al, 2008). Winter immigration of approximately 5-10,000 extra Grey-

headed flying foxes into the Adelaide camp (J Van Weenen 2020, pers. comm.) in 2018 and 2019 

suggests that Adelaide is an attractive feeding ground during winter. Other studies indicate acute 

food shortages may be associated with El Nino/La Nina climate cycles (Giles et al, 2016) leading to 

nutritionally stressed animals and this may be the driver for the seasonal patterns of Hendra virus 

seroprevalence (Plowright et al, 2008; Plowright et al, 2015). Late gestation was positively associated 

with higher Hendra virus MFI antibody levels in comparison to non-pregnant females and males. 

Similar evidence is seen in serological surveys of Spectacled flying foxes (Breed et al, 2011) and Little 
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red flying foxes (Plowright et al, 2008) which showed increased detection of Hendra virus antibodies 

associated with late-stage gestation or early lactation but is in contrast to recent research in Grey-

headed flying foxes (Edson et al, 2019) where there is no association.  

 

Hendra virus and Tioman virus seropositivity varied across surveys (Fig 4.3) with Hendra virus 

seroprevalence significantly increasing between August 2015 and February 2016. This pattern could 

be explained by: i) “exposure and spread in a sedentary camp” where a Hendra virus exposure event 

that occurred before August 2015 (seroprevalence = 49%) and resulted in an increase in 

seroprevalence of captured animals in February 2016 (seroprevalence = 57%) without any further 

exposure occurring in this period (i.e. within camp spread) and negligible emigration/immigration; or 

ii) “exposure and re-exposure in a sedentary camp” where additional Hendra virus exposure 

occurred between the two sampling periods which led to a higher seroprevalence at the second 

sampling period and negligible emigration/immigration; or iii) “periodic emigration” of non-exposed 

animals and/or “periodic immigration” of previously exposed flying foxes occurred during this 

period. Previous studies have suggested that Hendra virus is maintained in flying fox populations 

through episodic infection in a metapopulation structure, and do not persist endemically within a 

single population (Plowright et al, 2008). Most hypotheses emphasize horizontal transmission within 

colonies via urine and other secretions, especially during pregnancy and mating (Plowright et al, 

2008), or via migration, with the magnitude of migration affected by the spatial connectivity among 

colonies, resulting in episodic infection (Wang et al, 2013).  

 

The recaptures of four individuals over the sampling period provided some information on the 

immunity dynamics of these viruses within this species. Two of these animals were not exposed to 

Hendra virus and thus remained seronegative between the two captures (six-month time period for 

both). However, one animal’s Hendra virus seropositive MFI antibody level nearly doubled over a six 

month time period; between September 2015 and February 2016 which could mean: i) it was 
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recently exposed just before the first sampling and the antibody level continued to rise in response 

to the second sampling; ii) it was exposed some time before the first sampling and the antibody level 

peaked between the two captures and was waning at the second; or iii) it was exposed some time 

before the first sampling and was re-exposed between captures and mounted a further antibody 

response. Epstein et al, 2013 suggests maternal antibodies to Hendra virus in Black flying foxes last 

between 7.5 and 8.5 months and acquired immunity to African henipaviruses may last up to 4 years 

in adult Eidolon helvum adults (Peel et al, 2018) but evidence on Grey-headed flying fox’s immune 

response to viruses is sparse. The antibody level of another seropositive animal waned over one year 

between August 2016 and 2017, suggesting that the animal was less likely to have become further 

infected (August 2016 to August 2017). The fourth animal was seropositive, and its antibody level 

waned over one year (August 2016 to August 2017), suggesting that this animal was unlikely re-

exposed during this period. 

 

None of the explored explanatory variables predicted Cedar virus serostatus which is consistent with 

previous reports (Burroughs et al, 2016). Furthermore, there was no evidence of association 

between the serostatuses of any pair of viruses. Adult bats showed significantly higher antibody 

levels against Tioman virus in comparison to subadults which may suggest there is a cumulative age-

related antibody response to multiple exposures of the virus. Additionally, immunofluorescent 

antibody and immunoelectron microscopic data suggested that Tioman virus is antigenically related 

to Menangle virus (Chua et al, 2001) so it is possible that the high seropositivity to Tioman virus 

could result from the cross reactivity with Menangle virus exposure. 

 

No evidence of Australian bat lyssavirus exposure was found over our study period despite a 

previous finding of a positive diagnosis in a Grey-headed flying fox in the Adelaide camp in 

September 2012 (Cox-Witton, 2019). Previous serological surveys have found a 3.0% Australian bat 

lyssavirus seroprevalence in flying foxes (95% CI: 1.5-5.8%) (Field, 2018) using the rapid fluorescent 
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focus inhibition test and 2.9% seroprevalence (95% CI: 1.8–4.5%) in six insectivorous species in 

Western Australia using a Luminex multiplex binding assay (Prada et al, 2019). Rabies virus 

neutralising antibodies have been shown to wane in experimentally-infected bats within 6 months 

after an initial inoculation, but persisted for longer (6–12 months) after a second inoculation of 

surviving bats (Turmelle et al, 2010). Our results suggest that either (i) Australian bat lyssavirus has 

not been circulating in the camp over this time period; (ii) seropositivity is very short lived; or (iii) 

infected flying foxes died suddenly and were thus not sampled at surveys. However, bats are 

thought to be the ancestral reservoir of lyssaviruses (Badrane et al, 2001) and are the only taxa in 

which antibodies are detected with sufficient frequency to support serosurveillance (Prada et al, 

2019) which could indicate that the virus is unlikely to be circulating in the Adelaide camp.  

 

As with all flying fox camps, the population dynamics can often be very fluid with regular patterns of 

immigration, emigration and range expansions. Some studies show flying foxes can travel hundreds 

of kilometres (Breed et al, 2010; Field 2015), moving regularly between different camps over their 

distribution range. Furthermore, there is evidence that all four species of mainland Australian 

pteropodids can co-occur in the same camp (Parsons et al, 2010). Range expansions and 

contractions have been noted in both Black flying foxes and Grey-headed flying foxes (Williams et al, 

2006; Tidemann, 1999; van der Ree et al, 2006). The range of Black flying foxes has increased 

southwards greater than 1000km during the twentieth century (Roberts et al, 2012) and this has 

been proposed as a possible contributing factor to a contraction of Grey-headed flying foxes’ 

distribution range. In its southernmost distribution, Grey-headed flying foxes now live in the urban 

environments of Melbourne (van der Ree et al, 2006) and Adelaide. While these areas are not 

thought to be part of the ‘climatic niche’ of the species during winter, increased temperature due to 

the ‘urban heat island effect’ and climate change may have created an environment that is now 

tolerable (Parris and Hazell, 2005). Therefore, it is conceivable that through this overlap of flying fox 
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species, transmission and infection may occur anywhere along the distribution range continuum at 

any time. 

 

Microsphere assays provide a sensitive method to detect henipavirus antibody binding in fruit bat 

plasma and serum (Breed et al, 2010; McNabb et al, 2014; Peel et al, 2013). The output of these 

assays, median fluorescence intensity (MFI), are continuous data and present a challenge in 

determining meaningful threshold values that categorise bats as seropositive or seronegative (Peel 

et al, 2013). A MFI > 1,000 for Australian bat lyssavirus has been considered positive and < 250 

negative. Our use of mixture models to determine threshold values reflects that of Burroughs et al 

2016 (Prada et al, 2019) in that we accept that a single threshold is not possible for the serological 

profile obtained for the Adelaide bats. We looked for ‘natural’ groupings of binding activity and used 

two threshold values to divide these groups into negative, intermediate and positive categories. We 

recognise that binding in the intermediate category may represent an important intermediate stage 

in antiviral protection, the shift from a seronegative to a seropositive state or vice versa or may 

represent a susceptible state. Even using the more specific threshold (MFI 5825, 1702, 1603 for 

Hendra virus, Cedar virus and Tioman virus, respectively), 25.2% of bats caught from the Adelaide 

camp showed evidence of prior infection with Hendra virus, 16.6% with Cedar virus and 63.8% with 

Tioman virus which all suggest common exposures at both the individual and camp level. 

 

We acknowledge certain limitations to our study. The most effective technique to capture bats in 

the Adelaide camp requires nets to be placed from suitable trees under the camp as they return 

from foraging. The entire footprint of bat roost trees could not be sampled using a formal random 

sampling approach because of the topography and may therefore constitute a potential sampling 

bias. Utilising the same capture sites across the whole study period attempted to standardise any 

potential sampling bias and protect the comparability of samples.  
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Conclusion 

In contrast to other studies, good body condition rather than nutritional stress was an indicator of 

increased Hendra virus seroconversion. Substantiating other studies, Hendra virus antibody levels 

were higher in pregnant females. Unexpectedly, there was no evidence of Australian bat lyssavirus 

seroconversion. This study highlighted the successful use of a multiplexed Luminex binding assay for 

serological surveys in flying foxes but also the need to expand the research to include more sampling 

periods over an annual cycle and to compare with viral presence and diversity. 
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5.1 Abstract 
 
Coronaviruses and filoviruses are emerging pathogens that have caused several disease outbreaks 

including the ongoing pandemic caused by Severe acute respiratory syndrome virus 2 (which causes 

the human disease termed Covid – 19). Bats have been implicated as reservoir hosts for many 

coronaviruses and filoviruses but evidence flying foxes play a role in the transmission dynamics of 

these viruses is currently lacking. In this study, we followed-up on the serosurvey reported in 

Chapter 4 and investigated the seroepidemiology of protein antigens to Ebola Zaire virus, Severe 

acute respiratory syndrome virus (SARS-CoV-1) and Middle Eastern respiratory syndrome virus 

(MERS-CoV) in the Grey-headed flying fox (Pteropus poliocephalus) camp in Adelaide, South 

Australia. The same 301 serum samples collected over six, biannual sampling sessions, were 

screened using a multiplex Luminex binding assay using nucleocapsid proteins to all three viruses 

and median fluorescence intensity thresholds for defining seropositivity were determined using 

finite mixture modelling. We estimated the true seroprevalence of antibodies directed at 

nucleoprotein antigens to Ebola Zaire virus and SARS-CoV-1 as 26.7% (CI: 19.9%-34.4%) and 42.5% 

(CI: 34.3%-51.2%), respectively. However, we found insufficient evidence of prior exposure to MERS-

CoV-like antigen in the flying fox camp. Exposure of the flying foxes in Adelaide to Ebola Zaire virus 

and SARS-CoV-1 could have occurred anywhere along the multi-species flying fox distribution range 

continuum. 

 

Key words:  seroprevalence, Ebola Zaire virus, SARS-CoV-1, MERS-CoV, Luminex binding assay 
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5.2 Introduction 
 
Long identified as likely reservoirs of zoonotic pathogens, bats have been associated with numerous 

emerging infectious viruses, including Henipaviruses, Ebola viruses, Severe acute respiratory 

syndrome coronavirus (SARS-CoV-1) and Middle Eastern respiratory syndrome coronavirus (MERS-

CoV) (Plowright et al, 2016; Holz et al, 2018) and in 2019-2020, Covid – 19 (SARS-CoV-2) (Andersen 

et al, 2020). Global change processes such as habitat destruction and climate change are driving 

shifts in the distribution of species and also alter the spatial risks of co-associated viruses (Carlson et 

al, 2020). Bats, considered viral reservoirs, are predicted to account for the majority of novel virus 

sharing that could facilitate future emergence in humans particularly in areas of high human 

population density (Carlson et al, 2020). In Australia, fruit bats from the genus Pteropus have been 

identified as the reservoir host of Hendra virus and Menangle virus (Field et al 2011; Philbey et al, 

2008; Barr et al, 2012; Boardman et al, 2020) and considerable research has been undertaken to 

investigate the viral disease ecology and transmission dynamics (Breed et al, 2011; Field et al, 2011; 

Edson et al, 2015, Edson et al, 2019). However, our understanding of the occurrence and prevalence 

of other viral taxa, including coronaviruses and filoviruses, in Australian bats is limited (Smith et al, 

2016; Prada et al, 2019).   

 

Coronaviruses are critical emerging pathogens of humans and domestic animals and have caused 

outbreaks of Severe acute respiratory syndrome (SARS) and Middle East Respiratory Syndrome 

(MERS), avian infectious bronchitis, transmissible gastroenteritis and porcine epidemic diarrhea (de 

Groot et al, 2013; Banerjee et al, 2019), and most recently a new severe acute respiratory syndrome 

(known as COVID-19) associated with SARS-CoV-2 virus (Andersen et al, 2020). Coronaviruses are 

classified into four genera, alphacoronavirus (alphaCoV), betacoronavirus (betaCoV), 

gammacoronavirus and deltacoronavirus. Only alphaCoVs and betaCoVs are found in bats (Cui et al, 

2007; Anthony et al, 2017), whereas gammacoronaviruses and deltacoronaviruses are primarily 

found in birds (Banerjee et al, 2019). Within betaCoV, they are further classified into subgenera; 
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embecovirus, hibecovirus, merbecovirus (including MERS CoV), nobecovirus and sarbecovirus 

(including SARS-CoV-1 and SARS CoV-2) (ICTV 2019). Many of the human and animal coronaviruses 

appear to have an origin in bats (Trivedi et al, 2019; Latinne et al, 2020) which corroborates the 

virus-host coevolution hypothesis (Cui et al, 2007; Anthony et al, 2017) which asserts that many 

coronaviruses co-evolved with bats. These viruses have a high frequency of recombination (Drexler 

et al, 2014) and high mutation rates, and like other RNA viruses they may adapt rapidly to new 

ecological and host niches (Holmes et al, 2004) allowing host shifting to occur (Smith et al, 2016; 

Leopardi et al, 2018, Wong et al, 2019) which can lead to disease epidemics. To date, over 200 novel 

coronaviruses have been identified in bats (Chen et al, 2010, Banerjee et al, 2019) and genetically 

diverse alphaCoVs and betaCoVs have been detected in bats in many continents including Asia (Lau 

et al, 2010; Li et al, 2016; Lau et al, 2018) and Australasia (Smith et al, 2016; Jeong et al, 2017).  

 

Filoviruses are also often considered zoonotic pathogens, some of which have caused episodic 

outbreaks of haemorrhagic disease among humans and non-human primates (Sanchez et al, 2002; 

Bempong et al, 2019). The family Filoviridae contains RNA viruses and comprise four genera, 

including two genera of zoonotic importance: Marburgvirus, which includes Marburg virus and Ravn 

virus, and Ebolavirus, which contains six distinct species including Bundibugyo, Reston, Sudan, Tai 

Forest, Bombali and Zaire viruses (Wang and Anderson, 2019). Pathogenicity varies among Ebola 

viruses, from Zaire virus, which is highly lethal in humans, to Reston virus which causes disease in 

pigs and macaques but asymptomatically infects humans (Olival et al, 2013). A third genus, 

Cuevavirus, contains only one species, Lloviu virus, which was detected in the Common bent-wing 

bat (Miniopterus schreibersii) in Spain (Negredo et al, 2011). A fourth genus, Dianlovirus, contains 

Mengla virus and has recently been characterised from Rousettus bats in China (Yang et al, 2017). 

 

Anti-ebolavirus antibodies have been detected in three African fruit bat species (the Hammer-

headed bat Hypsignathus monstrosus, Franquet’s epauletted fruit bat Epomops franqueti, Little 
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collared fruit bat Myonycteris torquate; Leroy et al, 2005; Pourrut et al, 2009), in Leschenault’s 

rousette (Rousettus leschenaultia), Cynopterus spp and Greater false vampire bat (Megaderma lyra) 

in Bangladesh (Olival et al, 2013) and in Chinese bat species (Yuan et al, 2012; He et al, 2015; Yang et 

al, 2017; Zhang et al, 2020). These studies provide evidence that Ebola virus exposure occurs in bats 

from mainland Africa, Asia and Europe and confirms the observation that the reservoirs for 

filoviruses exist across a much larger geographic range than Africa, where the majority of recent 

human Ebola haemorrhagic disease has occurred (Negredo et al, 2011; Olival and Hayman, 2014).  

 

Because of the sensitive nature of the Ebola Zaire serology results, publication is under embargo at 

the time of thesis submission. Instead, we published the results on paramyxoviruses and ABLV 

serology (Chapter 4) first and then published on SARS-CoV-1 and MERS-CoV separately (because of 

the significance of the findings; see List of included publications arising from this research, page 13 

of this thesis). For the purpose of the thesis, we used the samples collected in Chapter 4 to 

investigate if the Grey-headed flying foxes in Adelaide had been exposed to nucleocapsid antigens of 

Ebola Zaire virus and, the coronaviruses, SARS-CoV-1 and MERS-CoV. Using the same methodologies 

reported in Chapter 4, we used the results from Luminex antibody binding assays to develop a finite-

mixture model to identify seroprevalence thresholds and then we used a negative-binomial hurdle 

model to investigate individual-level correlates of a) seropositivity and b) antibody level following 

seroconversion. A priori, we hypothesised that filovirus and coronavirus seroprevalence would be nil 

in this flying fox population. 

 

5.3 Materials and methods 

The same 301 sera collected from the Grey-headed flying foxes in the Adelaide camp were used and 

analysed using the same methodology as reported in Chapter 4. The same analytical approach was 

also used to estimate the thresholds for median fluorescence intensity (MFI) and to classify animals 

and construct a hurdle model of seropositive animals and antibody levels conditional on 
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seropositivity. We present below a brief overview of the serology and analytical methodologies 

covered in detail in Chapter 4 as well as original analytical approaches used for this work. 

 

5.3.1 Serology for Ebola Zaire virus, SARS-CoV-1 and MERS-CoV 

Collected sera were screened at the Australian Centre for Disease Preparedness in Geelong, Victoria 

using recombinant Ebola Zaire N, SARS-CoV-1 N (Biorbyt orb 171606) and MERS-CoV N nucleocapsid 

proteins (produced in E. coli and purified directly from SDS-PAGE gels) (Yu et al., 2008) in an indirect 

binding multiplex sphere assay (Luminex, Austin, USA) (Bossart et al., 2007). In the absence of 

confirmed thresholds for Ebola Zaire virus, SARS-CoV-1 and MERS-CoV in bat serum, we used 

methods developed previously (Burroughs et al, 2016; Peel et al, 2013) to establish a MFI threshold 

value using finite mixture modelling. 

 

5.3.2 Estimation of true prevalence for prevalent viruses 

 
For viruses where the apparent seroprevalence was not null (i.e. prevalent), we corrected for test 

misclassification by calculating the true seroprevalence using the apparent seroprevalence, 

diagnostic sensitivity (DSe) and diagnostic specificity (DSp) using the following formula (Dohoo et al, 

2009) 

 

𝑇𝑟𝑢𝑒 𝑆𝑒𝑟𝑜𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒 =  
𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑆𝑒𝑟𝑜𝑝𝑟𝑒𝑣𝑎𝑙𝑒𝑛𝑐𝑒+𝐷𝑆𝑝−1

𝐷𝑆𝑒+𝐷𝑆𝑝−1
    (Eq. 1) 

 

We implemented the calculation using the Epitools online platform to obtain 95% confidence 

interval as well (Epitools, 2020a). For each virus, the diagnostic sensitivity (DSe) was estimated as the 

fraction of the distribution of the seroconverted flying foxes which was classified as seropositive (i.e. 

MFI value ≥ the defined threshold) and the diagnostic specificity (DSp) as the fraction of the 
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distribution of non-seroconverted flying foxes which was classified as seronegative (i.e. MFI value < 

the defined threshold).  

 

5.3.3 Determination of freedom of exposure for non-prevalent viruses 

For viruses where there was no evidence of seroconversion (i.e. non-prevalent), we estimated the 

probability of the flying foxes to be free from viral exposure based on the achieved sample size and 

the accuracy of the assay estimated with DSe and DSp as described above. The estimation of the 

probability of freedom from a given virus was implemented, we used the Freecalc analysis function 

from the Epitools online platform to perform this estimation (Epitools, 2020b).  

 

5.4 Results 

 

5.4.1 Serological thresholds and seroprevalence 

The bimodal distribution of the 301 log-MFI values for both Ebola Zaire virus and SARS-CoV-1 

suggested a mixture of two normal distributions from two sub-populations of seroconverted and 

non-seroconverted flying foxes. We selected an MFI threshold at the intersection of the two 

modelled distributions for each of the viruses (Fig 5.1). this results in estimated MFI thresholds of 

544.0 and 497.7 for Ebola Zaire virus and SARS-CoV-1 seropositivity, respectively. The selected 

threshold for Ebola Zaire virus corresponded to an estimated DSe of 65.1% (95% CI: 47.5%-75.2%)) 

and DSp of 97.9% (95% CI: (94.3%-99.5%). For SARS-CoV-1 serology, the selected threshold 

corresponded to a DSe of 67.3% (95% CI:53.2%-99.2%) and a DSp of 94.8% (95% CI: 86.1%-99.2%). 

No evidence of a mixed distribution was found for MERS-CoV. 

 

A total of 57 bat sera were classified as seropositive to Ebola Zaire virus, providing an apparent 

seroprevalence of 18.9% (Clopper-Pearson exact 95% CI: 14.7% - 23.8%). After accounting for the 

imperfect test accuracy, we estimated the true seroprevalence for the Ebola Zaire virus antigen in 
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the camp to be 26.7% (Clopper-Pearson exact 95% CI: 19.9% - 34.4%) (Table 5.3). A total of 95 bat 

sera had an MFI which were classified as seropositive to SARS-CoV-1 virus providing evidence that 

31.6% of bats had antibodies reactive to SARS-CoV-1 antigen (Clopper-Pearson exact 95% CI: 26.4% - 

37.1%). After accounting for the imperfect test accuracy, we estimated the true seroprevalence 

against the SARS-CoV-1 antigen to be 42.5% (Clopper-Pearson exact 95% CI: 34.3% - 51.2%) (Table 

5.2) in the camp.  

 

In contrast, there was no evidence of bi-modality in log-MFI values for reactivity against the MERS-

CoV antigen (Fig 5.1). Therefore, we used the laboratory’s analytical threshold for seropositivity of 

MFI ≥ 1,000 (Crameri et al, 2015) which was set such that 97.5% of the non-seroconverted standards 

would be classified as seronegative. Accordingly, we assumed a DSp of 97.5% for this threshold and 

allocated a DSe sensitivity of 100.0%. Two bats had MFI > 1,000 which translated into an apparent 

seroprevalence for MERS-CoV of 0.7% (Clopper-Pearson exact 95% CI: 0.01%-2.4%). True 

seroprevalence calculation was not possible because the number of seropositive bats was too low. 

The FreeCalc calculation (Epitools) indicated that there was insufficient evidence (confidence < 

0.01%) of prior exposure to MERS-CoV-like antigen in the camp (Table 5.1). 
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Table 5.1: Median fluorescence intensity (MFI) thresholds, screening results, seroprevalence estimation and analysis of camp freedom from exposure, for 

Ebola Zaire virus, SARS-CoV-1 and MERS CoV for Grey-headed flying foxes in Adelaide, South Australia, Australia, 2015-2018 

Features Ebola Zaire serology SARS-CoV-1 serology MERS-CoV serology 
MFI threshold      
Selection method Finite mixture modelling Finite mixture modelling Analytical  

(provided by laboratory) 
MFI threshold value (natural antilog) 544 (6.30) 498 (6.21) 1,000 (6.91) 
Diagnostic sensitivity 65.1% (47.5%, 75.2%) 67.3% (53.2%, 76.0%) 100.0%# 
Diagnostic specificity 97.9% (94.3%, 99.5%) 94.8% (86.1%, 99.2%) 97.5%# 
Screening results      
Number of screened bat sera 301 301 301 
Number of seropositive sera 
Range of seropositive MFI levels  

57 
565 - 4627 

95 
498 - 4447 

2 
1018 - 1444 

Seroprevalence estimation      
Apparent seroprevalence (95% CI) 18.9% (14.7%, 23.8%) 31.6% (26.4%, 37.1%) 0.7% (0.01%, 2.4%) 
True seroprevalence (95% CI)* 26.7% (19.9%, 34.4%) 42.5% (34.3%, 51.2%) na 
Analysis of camp freedom from exposure using 
FreeCalc** 

     

Estimation method Modified  
hypergeometric exact 

Modified  
hypergeometric exact 

Modified  
hypergeometric exact 

Design prevalence (the hypothetical seroprevalence 
to be detected) 

5% 5% 5% 

Type-I-error (false negative camp exposure) 5% 5% 5% 
Type-II-error (false positive camp exposure) 5% 5% 5% 
Exposure confidence (probability of observing this 
many positive bats or more if the camp was truly 
exposed) 

>99.99% >99.99% <0.01% 

Number of positive bats required to consider the 
camp exposed given the sample size and assay 
accuracy 

≥ 12 ≥ 23 ≥ 13 

* Estimating prevalence calculator available at https://epitools.ausvet.com.au/trueprevalence. 

**FreeCalc calculator available at https://epitools.ausvet.com.au/freecalcone. na – not achievable 
#theorical values for which 95% CIs are not relevant

https://epitools.ausvet.com.au/freecalcone
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Fig 5.1: Density histogram and overlaid mixture of modelled distributions.  

Density histograms (bars) estimated gaussian mixture model components (lines) for MFI and the 

natural log MFI for SARS-CoV-1 and MERS-CoV serological responses. For SARS-CoV-1 and Ebola 

Zaire serology, the threshold (dashed vertical line) corresponds to the intersection between the pair 

of predicted distributions. The threshold for SARS-CoV-1 serology and Ebola Zaire serology was 

determined as the natural antilog of 6.21 (MFI 497.7) and 6.30 (MFI 544.0) respectively. Finite 

mixture modelling was run in the statistical package Stata v15.1 (College Station, Texas, USA). An 

analytical threshold (dashed vertical line) for MERS-CoV was set at 1,000 MFI (natural antilog 6.91).  

544.0 
(6.30) 
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5.4.2 Hurdle modelling of seropositive animals and antibody levels  

Results from binomial component of the fitted hurdle models indicated that seropositivity to Ebola 

Zaire and SARS-CoV-1 was not significantly associated with any of the measured individual-level 

covariates. Using the antibody level component of the hurdle models, Ebola Zaire antibody levels 

were significantly lower overall at the final catching session in February 2018 (p = 0.018) and SARS-

CoV-1 antibody levels were significantly lower in non-pregnant seropositive females (p = 0.011) and 

at the second catching session in February 2016 (p= 0.038) and fifth catching session in August 2017 

(p = 0.006) (Table 5.2 and Fig 5.2).  

 

 
 
Fig 5.2: Effect plots for hurdle and antibody level models. Effects plots (estimates ± 95 % confidence 

intervals) from the negative binomial hurdle models for Ebola Zaire virus and SARS virus serology for 

Grey-headed flying foxes sampled between August 2015 and February 2018. 
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Table 5.2: Statistics for the hurdle and antibody level models 

Odds ratios (OR), estimates, standard errors (SE), Z values and p values for negative binomial hurdle and antibody levels models for Ebola Zaire and SARS 

serology for Grey-headed flying foxes sampled between August 2015 and February 2018. Reference values relate to subadults (both male and female) for 

the hurdle and antibody levels model and for the first catching session (August 2015) for the antibody levels model. Preg = pregnant. BCI centred = Body 

condition index centred around the mean values. CI = confidence interval. 

 MODEL Ebola Zaire SARS 

 HURDLE Estimate 
OR  

(95% CI) SE  Z value p value Estimate 
OR  

(95% CI) SE  Z value p value 

Intercept -1.720 -  0.204 -1.526 3.250 -0.970 - 0.221 -4.393 <0.001 

Adult male 0.263 1.30 0.308 -0.118 0.507 0.526 1.69 0.319 1.650 0.098 

Female Not Preg 0.667 1.94 0.313 0.127 0.080 -0.236 -1.26 0.353 -0.667 0.504 

Female Preg 0.135 1.14 0.379 0.151 0.786 0.520 1.68 0.389 1.335 0.181 

BCI centred 0.413  1.51  0.416 3.126 0.421 0.560 1.75 0.429 1.300 0.193 

 

ANTIBODY LEVEL Estimate SE  Z value p value Estimate SE  Z value p value 

Intercept 7.290 0.206 35.322 2.649 7.250 0.144 50.365 1.113 

Adult male -0.043 0.178 -0.241 0.809 0.099 0.137 -0.830 0.406 

Female Not Preg -0.094 0.204 -0.460 0.646 0.505 0.184 -2.520 0.011 

Female Preg -0.329 0.250 -1.313 0.189 0.181 0.166 -1.500 0.133 

BCI centred -0.150 0.235 -0.644 0.520 0.193 0.186 -0.215 0.829 

Feb-16 -0.249 0.260 -0.953 0.340 -0.408 0.197 -0.207 0.038 

Aug-16 -0.133 0.271 -0.489 0.625 -0.330 0.170 -1.939 0.052 

Feb-17 0.094 0.281 -0.335 0.737 0.046 0.224 0.207 0.836 

Aug-17 -0.444 0.242 -1.835 0.066 -0.436 0.160 -2.732 0.006 

Feb-18 -0.639 0.271 -2.360 0.018 -0.070 0.199 -0.351 0.725 
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5.4.3 Recapture seroprevalence analysis 

Over the six sampling sessions, four bats were recaught - three males and one female (Table 5.3). No 

changes to serostatus in these individuals were seen for Ebola Zaire virus across catching sessions. 

However, one male individual transitioned from seropositive to seronegative over 6 months for 

SARS-CoV-1 between September 2015 and February 2016, and another became (marginally) 

seropositive over 12 months between August 2016 and August 2017. 

 

Table 5.3: Seroprevalence changes in recaptured Grey-headed flying foxes  

The sex, weight (Wt), body condition index (BCI) and study identification number (Bat ID) of four 

Grey-headed flying foxes recaptured between August 2015 and August 2017 at the Adelaide Camp, 

Adelaide, South Australia and their median fluorescence intensity (MFI) serostatus for Ebola Zaire 

virus, SARS-CoV-1 and MERS-CoV. M= Male; F=Female. 

 
Bat 

Project 
ID 

Date of 
capture 

Sex Wt       
/ g 

BCI Ebola 
Zaire 
MFI 

Ebola 
Zaire 

positive 

SARS-
CoV-1 
MFI 

SARS-
CoV-1 

positive 

MERS-
CoV MFI 

MERS-
CoV 

positive 

6 & 72 
31 Aug 2015 

F 
844 29.8 259 - 205 - 140 - 

26 Feb 2016 763 26.9 328 - 348 - 118 - 

23 & 70 
2 Sept 2015 

M 
820 30.1 222 - 1174 + 172 - 

26 Feb 2016 744 26.6 358 - 208 - 94 - 

46 & 81 
3 Sept 2015 

M 
666 25.4 396 - 281 - 121 - 

26 Feb 2016 773 28.0 389 - 309 - 154 - 

145 & 
252 

10 Aug 2016 
M 

818 30.7 301 - 407 - 337 - 
13 Aug 2017 830 30.8 320 - 591 + 321 - 
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5.5 Discussion 
 
Our study indicates that the Grey-headed flying foxes in Adelaide show significant exposure to 

protein antigens of Ebola Zaire virus and SARS-CoV-1. Overall true seroprevalence to protein 

antigens to Ebola Zaire virus and SARS-CoV-1 was estimated to be 26.7% (CI: 19.9%-34.4%) and 

42.5% (CI: 34.3%-51.2%), respectively. These results indicate that this population of flying foxes has 

been exposed to both Ebola Zaire-like and SARS-like viruses that cross-react with the Ebola Zaire and 

SARS viral antigens used in this study. Seroprevalence to these two viruses has not hitherto been 

reported from Australia.  

 

In contrast, no substantial evidence of exposure to MERS-CoV was detected. Based on the 

determination of exposure sub-populations using finite mixture modelling, seroprevalence to MERS-

CoV was considered negative, however if an analytical cut off > 1000 MFI is used, then two 

individuals were marginally positive (MFI 1018 and 1444). To date, no betaCoVs from the sub-genus 

merbecovirus (within which MERS-CoV belongs) have been detected in fruit bats (Wong et al, 2019). 

This may be the reason why there was no evidence of MERS-CoV seroprevalence in the Grey-headed 

flying fox camp in Adelaide.  

 

The seroprevalence of Ebola Zaire virus in the Grey-headed flying fox camp using our Luminex 

multiplex binding assay is much higher than reported using ELISA IgG in bat species from Congo (5%) 

(Pourrut et al, 2007), Gabon (4%) (Pourrut et al, 2009) and Zambia (9%) (Ogawa et al, 2015), and 

using ELISA IgG and Western blots in fruit bats from Bangladesh (3.5%) (Olival et al, 2013). However, 

our seroprevalence estimate is lower than that reported using ELISA IgG in four bat species in Ghana 

(36.3%) (Hayman at al, 2012). Using a similar multiplex assay to our study, two large studies 

detected Ebola virus antibodies in six fruit bat and one insectivorous bat species (De Nys et al, 2018) 

and primates (Ayouba et al, 2019) in Central Africa. A further study in pteropodid fruit bats in 

Singapore detected antigen proteins to Bundibugyo, Ebola and Sudan viruses indicating filovirus 
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circulation among three bat species widely distributed throughout South East Asia (Laing et al, 

2018).  

 

Coronavirus antibodies have been detected in twenty-three species of bats from East Timor, 

Indonesia, Malaysia, and Papua New Guinea across the microbat genera Miniopterus, Myotis, 

Rhinolophus, Vespadelus as well as the Black flying fox in Australia (Smith et al., 2016). Luminex 

multiplex antibody assays have also been used to detect coronaviruses in camels (Crameri et al, 

2015) and humans (Trivedi et al, 2018). The phylogeography of bat coronaviruses suggests that bat 

SARS-like coronaviruses form a monophyletic clade that is both phylogenetically distinct from other 

bat coronaviruses and geographically isolated (Cui et al, 2007). Ecological and epidemiologic 

analyses show that patterns of coronavirus diversity correlate with those of bat diversity (Anthony et 

al, 2017). Furthermore, co-phylogenetic reconciliation analysis showed that host switching has 

contributed to coronavirus evolution, and a preliminary analysis suggests that regional variation 

exists in the dynamics of this process (Anthony et al, 2017). Our results raise questions about the 

origins of the filovirus and coronavirus to which the Adelaide camp has been exposed, and how and 

when this might have occurred. It is conceivable that an Ebola Zaire-like virus and a SARS-CoV-1- 

virus coevolved with bats and have been circulating in the Grey-headed flying fox population or 

sympatric populations historically, or that infection has occurred relatively recently, or that these 

viruses resulted from recombination events relatively recently. 

 

In 2016, a novel coronavirus, Ro-Bat CoV GCCDC1, was discovered in the Dawn bat (Eonycteris 

spelaea), a member of the Pteropodid family from South-East Asia (Mendenhall et al, 2016). This 

species also had an Ebola virus seroprevalence of 9.1 % (Laing et al, 2018) and is sympatric with the 

Black flying fox (Pteropus alecto) on Sumba Island in Indonesia. The distribution of the Grey-headed 

flying foxes overlaps considerably with that of the Black flying fox. Consequently, it is conceivable 
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that circulation of and exposure to coronaviruses could occur across the multi-bat species 

distribution range continuum from Southeast Asia to Queensland through to South Australia.  

 

We found that SARS-CoV-1 antibody levels were significantly lower in non-pregnant seropositive 

females. Although the reason for this result is unknown, it is possible that sexual maturity, sexual 

activity, and/or pregnancy contribute to the infection dynamics of SARS-CoV-1 in this population. 

During our study, the SARS-CoV-1 antibody levels of one male switched from distinctively 

seropositive to seronegative over a six-month period between September 2015 and February 2016. 

This suggests waning immunity to SARS-CoV-1 and no viral exposure over that period. However, 

more frequent serological testing could improve our understanding of the periodicity of infection 

and longevity of antibody presence. Unfortunately, it was not possible to evaluate viral presence 

particularly in urine, faeces and oral swabs and to compare results with seroprevalence status. In the 

future, longitudinal sampling coupled with viral detection could allow estimation of viral sequence 

diversity which may help to elucidate transmission pathways (Plowright et al, 2016). However, in this 

study we used bi-annual sampling to minimise capture stress and potential mismothering during 

October to December and mating disruption in April to May.  

 

Conclusion 

Our results suggest an uncharacterised bat-borne filovirus and coronavirus that are antigenically 

related to Ebola Zaire virus and SARS virus are circulating in the Grey-headed flying fox population in 

Adelaide. In turn, this suggests this species may contribute a role in cross-species filovirus and 

coronavirus infection dynamics across fruit bats in Australia and Asia. This corroborates previous 

evidence which suggests that filoviruses and coronaviruses are harboured across a much larger 

geographic range than previously assumed (Negredo et al, 2011). To date, these viruses may have 

remained undetected due to their inability to cross the species barrier, the rarity of spillovers into 

humans or domestic animals, or the fact that spillover events cause mild or no disease (Laing et al, 
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2018). The zoonotic potential of filoviruses (like Ebola Zaire virus) and beta coronaviruses (like SARS-

CoV-1 and MERS-CoV) should not be underestimated and comprehensive surveillance of 

pteropodids and other bat species, including serology and detection of viral nucleic acid, along with 

virus isolation, would help elucidate the ecology of these viruses in Australia and South East Asia and 

identify which bat species function as maintenance or reservoir hosts. Furthermore, we concur with 

Anthony et al, (2017) in that our study attempts to advance our understanding of the natural history 

of viruses, not to create alarm for humans or to instigate reactive dispersal of bats. Indeed, such 

dispersals may have unanticipated consequences, possibly even boosting viral shedding (Streicker et 

al, 2012). We highlight the need to consider any public health risk analysis carefully and until further 

research has been undertaken, we suggest high standards of biosecurity are warranted when close 

human-flying fox contact occurs. 
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Chapter 6: Discussion 

 

In 2011, several hundred individuals of the nationally threatened Grey-headed flying fox formed a 

camp in Adelaide’s Botanic Park, expanding on the species’ previous distribution range across 

Victoria, NSW and Queensland. Since then, the size of the camp has grown considerably, and it is 

now a camp of ‘national significance’ (Referral guideline, 2015). But why did this species expand its 

range into South Australia and how did it establish in this new location so successfully? Because they 

are volant, bats are easily capable of ‘jump dispersal’ into new areas. However, it has been difficult 

to disentangle the relative contribution of ‘pull’ factors drawing flying foxes into South Australia and 

Adelaide and ‘push’ factors driving the flying foxes to leave their normal habitats. 

 

A variety of ‘push’ factors have been previously attributed to flying fox range expansions, including a 

reduction in resources (Tidemann 1999; van der Ree et al, 2006), direct competition with other flying 

fox species (Webb and Tidemann 1995) and anthropogenic alteration of ecosystems (Ancilloto et al, 

2016) including human-induced climate change (Parris and Hazell 2005, Bradshaw et al, 2006). 

However, ‘pull’ factors associated with immigration into the Adelaide region and the establishment 

of a permanent camp have remained poorly understood. The first purpose of my work was to shed 

light on some of the factors that enabled the permanent establishment of a camp in Adelaide, in 

particular the sourcing of sustainable food resources by Grey-headed flying foxes in this new 

environment. Furthermore, the range expansion of any species can have consequences for 

biodiversity and humans within the newly occupied regions. In the case of flying foxes, in general, as 

they have become more urbanised, they can have impacts on amenities including plane strikes, 

power outages and commercial fruit consumption all of which can bring them into conflict with 

humans. Of concern is the additional perceived risk to public health through their carriage of 

potentially zoonotic viruses. The second purpose of my work was, therefore, to investigate the 

extent of the overlap of the space use as well as to assess the bio-hazard potential of the camp.  
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6.1. Aim 1. To characterise the foraging resources and habits of the Adelaide’s Grey-headed flying 

foxes that supported the establishment of a permanent camp 

 

We showed that, during spring, the flying foxes remained within Adelaide’s residential area and 

foraged rarely beyond the city’s boundaries (Chapter 2). Ground-truthing revealed that flying foxes 

were eating plants that are not native to South Australia (but are found elsewhere in Australia), as 

well as plants that are exotic to Australia. All of these foraging resources were found on streets, 

parks and in private residencies. This was further confirmed by metabarcoding of plant DNA with 

flying fox faeces (Chapter 3), with over 81% of DNA sequences identified belonging to plants that are 

alien to South Australia. Taken together, these results suggest that Grey-headed flying foxes have 

been able to persist in Adelaide as a result of human-modified changes to the landscape. Individuals 

visited the same urban sites over several days which suggests they were finding abundant food 

resources during Spring 2015. This conclusion was further supported by the fact that Adelaide’s 

flying foxes were in significantly better condition in winter than in summer (Chapter 4), in contrast 

to results from NSW and Queensland. It appears that food resources, mainly planted by humans 

after European settlement, could be acting as a ‘pull factor’ to encourage flying foxes to visit and 

ultimately stay in Adelaide. Other interesting behavioural findings (Chapter 2) included: movements 

across Adelaide airport at night which may pose a risk to aircraft which may increase as the 

population increases; and the use of many water sources across Adelaide most likely so they can dip 

for cooling and hydration, but which could potentially lead to environmental contamination with 

pathogens with zoonotic potential. 
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6.2 Aim 2:  To investigate the potential public health threats associated with the establishment of 

a permanent Grey-headed flying fox population in the Adelaide area. 

 

Grey-headed flying foxes, like other flying foxes and bats in general, are known to be vectors of 

viruses with zoonotic potential. In Australia, Hendra virus and Australian bat lyssavirus have 

emerged as new zoonotic viruses of public health significance. In Chapter 4, we estimated the 

seroprevalence of Hendra virus in Grey-headed flying foxes in Adelaide was over 43%, which was 

similar to other studies in flying foxes in Australia (Plowright et al, 2008; Breed et al, 2011; 

Burroughs et al, 2016). Antibody levels of seropositive individuals were significantly associated with 

late pregnancy, as seen in flying foxes in other studies (Plowright et al, 2008; Breed et al, 2011). 

Since the inception of our study, Edson et al, (2015) discovered the main species shedding Hendra 

virus in urine was the Black flying fox, while noting no shedding in 2958 samples from 1168 Grey-

headed flying foxes. Consequently, this species has been considered less important 

epidemiologically than the Black flying fox in Hendra virus infection dynamics. Although the Grey-

headed flying fox population shows significant evidence of exposure to Hendra virus, the risk to 

public and animal health is more difficult to assess. Unexpectedly, we found there was no evidence 

of Australian bat lyssavirus seroconversion over our study period despite a previous finding of a 

positive diagnosis in a Grey-headed flying fox in the Adelaide camp in September 2012 (Cox-Witton, 

2019). Our results suggest that either Australian bat lyssavirus was not circulating within the camp 

over the sampling period; that seropositivity is very short lived; or that infected flying foxes suffer 

rapid mortality and were thus not sampled at surveys.  

 

Following on from this study, we showed in Chapter 5 that 57 flying foxes were seropositive to 

protein antigens related to Ebola Zaire virus and 95 were seropositive to protein antigens related to 

Severe acute respiratory syndrome virus, which corresponded to an estimated true seroprevalence 

of 26.7% and 42.5% respectively. However, we found insufficient evidence of any exposure to 
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Middle Eastern Respiratory syndrome virus in the Adelaide camp. It is clear that an uncharacterised 

bat-borne filovirus and coronavirus that are antigenically related to Ebola Zaire virus and SARS virus 

are circulating in the Grey-headed flying fox population in Adelaide. In turn, this suggests this species 

may play a role in cross-species filovirus and coronavirus infection dynamics in fruit bats including 

flying foxes, across Australia and Asia. This substantiates previous evidence suggesting that 

filoviruses (Negredo et al, 2011) and coronaviruses are found across a much larger geographic range 

than previously assumed. This is not surprising considering the large and overlapping geographic 

distribution ranges of many bat species (Olival and Hayman, 2014).  

 

In conclusion, we suggest Grey-headed flying foxes have been subject to mostly ‘pull factors’, 

specifically the foraging resources provided by alien plant species which have been introduced into 

the Adelaide region since European settlement, but we cannot discount ‘push factors’ caused by 

changes in the foraging resource availability in the rest of their distribution. These resources may 

have encouraged Grey-headed flying foxes to disperse to Adelaide and enabled them to establish 

and persist. This range expansion is associated with increased public health risk due to zoonotic 

viruses to which we now know these flying foxes have been exposed. We suggest high standards of 

biosecurity are warranted when humans handle flying foxes in Adelaide and elsewhere in Australia. 

 

Our findings also highlight further questions to be considered by future research to deepen our 

understanding of Grey-headed flying fox ecology. Deploying GPS collars on more individuals over 

longer periods to further investigate fine-scale movements would provide more detailed information 

on landscape utilisation distribution and foraging preferences. This could help to clarify the risks to 

human amenities such as power outages and air transportation which could then be used to develop 

effective mitigation strategies and further clarify how foraging movements and activities have 

contributed to their persistence in Adelaide. For improved dietary understanding, random sampling 

of faeces collected weekly from beneath the camp over an annual cycle, together with fine tuning 
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methodologies to include barcodes such as ITS2, would allow for a more detailed characterisation of 

the seasonal variation in the species’ diet and possibly provide improved taxonomic resolution of the 

foraging plants ingested. This would help to further clarify how foraging resources have contributed 

to their persistence in Adelaide. Developing a species distribution model for Grey-headed flying 

foxes could also provide information on the likelihood that the species will expand its range further 

into additional regions (e.g., south-east South Australia, Kangaroo Island and Tasmania) as the 

earth’s climate changes. More comprehensive surveillance of individuals every three months 

including virus detection and isolation would help elucidate the ecology and source(s) of these 

viruses and add to the growing body of knowledge of the zoonotic risks posed by Australian flying 

foxes.  
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