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Abstract 

Australian bent-winged bats are small, cave-roosting, insectivorous bats. There are two 

subspecies: the southern bent-winged bat (Miniopterus orianae bassanii) which occurs only 

in south-western Victoria and south-eastern South Australia, and the eastern bent-winged bat 

(M. orianae oceanensis) which is more common and widespread, being distributed along the 

east coast of Australia. In the last 50 years, the population of southern bent-winged bats has 

declined to the point where the subspecies was listed as critically endangered in 2007. The 

cause of the population decline is not clear. This project compared the health status of both 

bent-winged bat subspecies to investigate the role that disease may have on the southern bent-

winged bat population decline.  

 

Morphometric data was gathered for the two subspecies. Southern bent-winged bats were 

heavier, but forearm length was not significantly different. This suggests that southern bent-

winged bats may require more energy to fly and forage than eastern bent-winged bats.  

 

Oral swabs were tested by PCR for adenoviruses, coronaviruses, filoviruses, henipaviruses, 

herpesviruses and lyssaviruses. Six novel herpesviruses (five betaherpesviruses and one 

gammaherpesvirus) were identified, with the greatest infection prevalence occurring in 

Victorian southern bent-winged bats. No other viruses were detected.  

 

Both bat subspecies and their environment were sampled for Pseudogymnoascus destructans, 

the fungus that causes white nose syndrome, which has killed millions of bats in North 

America. All results were negative. Bats and their environment were sampled for 
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Histoplasma capsulatum, a potential human pathogen associated with bat caves. A 

prevalence of 0-19% was detected on the bats, but environmental results were negative, 

indicative of a low zoonotic risk. A large number of fungi were found on the skin and fur of 

bats, most of which were environmental or plant associated, and none of which were likely to 

be of significant pathogenicity for bats.  

 

A risk assessment for the introduction of P. destructans into Australia concluded that it is 

very likely/almost certain that P. destructans will enter Australia, and likely that bats will be 

exposed to the fungus over the next ten years. Eight cave-dwelling bats from southern 

Australia are the ones most likely to be affected. The risk was assessed as medium for the 

southern bent-winged bat, as any increase in mortality could impact its long term survival. 

The risk to the other species was deemed to range from low to very low, due to their wider 

distribution and/or more stable populations.  

 

Bats were examined for the presence of bat flies, mites, ticks, Riouxgolvania beveridgei 

(previously associated with skin nodules in bent-winged bats), Polychromophilus 

melanipherus and haemoplasmas. While all parasites were present in both subspecies, 

prevalence varied seasonally and by location group, Victorian southern bent-winged bats 

having a significantly greater prevalence of infection with ticks, R. beveridgei and P. 

melanipherus.  

 

Twenty-seven southern bent-winged bats and one eastern bent-winged bat were 

opportunistically necropsied and examined histologically. Trauma was the most common 
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cause of death in the southern bent-winged bats, which mostly occurred at one site where 

infrastructure is positioned around a key breeding cave. In response to these findings, 

management actions were implemented to reduce mortality rates. The single eastern bent-

winged bat examined had a severe dermatitis caused by the mite, Notoedres muris.  

 

No association was found between any of the infectious and parasitic agents surveyed and 

body weight, blood parameters or any signs of ill health. However, Victorian southern bent-

winged bats had a greater prevalence of herpesviruses, ticks, R. beveridgei and P. 

melanipherus infections, possibly indicative of some type of chronic stress impacting the 

immune system of this population.   

 

  



iv 
 

Declaration 

 

 

This is to certify that 

i.  the thesis comprises only my original work towards the PhD except where 

indicated in the Preface 

ii. due acknowledgement has been made in the text to all other material used,  

iii. the thesis is less than 100,000 words in length, exclusive of tables, maps, 

bibliographies and appendices 

 

 

 

Peter Holz 

  



v 
 

Preface 

Julian Druce at the Victorian Infectious Diseases Reference Laboratory conducted the PCR 

testing on the oral swabs for adenovirus, Australian bat lyssavirus, coronavirus, filovirus and 

henipavirus. 

Paola Vaz constructed herpesvirus consensus sequences. Alistair Legione constructed the 

herpesvirus, Polychromophilus melanipherus and haemoplasma phylogenetic trees.  

Fungal diversity profiling and DNA sequencing were conducted by the Australian Genome 

Research Facility. 

The Australian Animal Health Laboratory conducted additional testing on the two PCR 

positive Pseudogymnoascus destructans samples. 

The white nose syndrome risk analysis was the result of a collaborative workshop involving 

all co-authors. My total contribution was approximately 65%. 

Stephen Barker at the University of Queensland identified tick species.  

David McLelland collected 31 blood samples during the sampling trip to Naracoorte in 

September 2016. 

Andrew Stent, in conjunction with me, examined histological sections of bat tissues.  



vi 
 

Acknowledgements 

It is well known that it takes a village to raise a child. It also takes a village, or possibly a 

small city, to raise a PhD. After many years in the zoo system it was time for a new 

challenge. This project, and my subsequent return to the hallowed halls of academia, was 

hatched over a lunch time discussion with Jasmin Hufschmid. Needless to say, any project 

with bats at its centre would involve Lindy Lumsden, bat biologist extraordinaire. The 

prospect of working with these two outstanding individuals was too great a carrot to resist 

and so I was drawn into the murky world of bent-winged bats, spending three and a half years 

in and out of caves, wallowing in bat guano (and loving it). 

 

Jasmin has been incredibly patient and supportive throughout the entire project, guiding me 

through a myriad of bureaucratic, technological and technical issues and always making time 

to help me solve them. Her input into the design of the project and the thesis itself has been 

immeasurable. Thanks to her I now also have at least a passing understanding of the words 

linear and logistic regression.  

 

Lindy’s extraordinary passion and enthusiasm for bats is incredibly infectious. She was 

always happy to discuss bat related topics and issues and gave unstintingly of her time. 

Fieldwork was conducted on weekends, all in her own time. Her knowledge and attention to 

detail turned a vague concept into a rigorous work of science. 

 

I would also like to thank my other two supervisors, Jo Devlin and Glenn Browning, and my 

session chair, Marc Marenda. Together they walked me through the terrors of PCR, tolerating 

an endless barrage of naïve questions. I would not say that I have mastered the concept but at 

least I know how to spell it. I am also extremely grateful to all the people on the ground that 



vii 
 

assisted me through all my PCR disasters: Anthony Chamings, Mauricio Coppo, Barbara 

Konsak-Ilievski, Alistair Legione, Martins Olaogun, Pollob Shil, Penelope Steer-Cope and 

Paola Vaz and. I am sure they must have despaired as they watched the glazed expression 

grow on my face as they tried explaining it all to me. 

 

I am extremely grateful to all the people who happily devoted their time, knowledge and 

experience in order to bring this project to fruition: Melanie Archer, Stephen Barker, Ian 

Beveridge, Rhys Bushell, Phillip Clark, Julian Druce, Bruce Halliday, Abdul Jabbar, Alistair 

Legione, Daniel Pilbeam, Terry Reardon, Andrew Stent and Paola Vaz. 

 

Thank you to all the people who gave of their time and energy and thought it might be fun to 

sit up all night playing with bats: Amanda Bush, Sarah Frith, Yvonne Ingeme, David 

McLelland, Jenny McLelland, Tony Mitchell, Franciscus Scheelings, Emmi van Harten, Jess 

Whinfield, Reto Zollinger and the endless stream of volunteers. It would also be negligent of 

me not to thank the bats themselves. Hopefully both of us will benefit from the experience. 

 

I would like to thank those I shared space with for the past three and a half years, grad 

students Zeeshan Akbar, Amanda Breidahl, Somi Kordafshari, Deepthi Leelamany, Jawad 

Sabir and non-grad students, Denise O’Rourke and Pam Whiteley, who dragged me out of 

my self-absorbed reveries.  

 

Thank you to the Australian Wildlife Health Centre at Healesville Sanctuary for the use of 

their lab facilities. 

 



viii 
 

Thank you to Julien Dandrieux, Robert Turner and Charlie El-Hage, the running buddies who 

kept me sane and always moving forward. 

 

Thank you to the organisations and people who provided the funding so that this project 

could take place: the Holsworth Wildlife Research Endowment, Wildlife Disease Association 

Australasia, Australian Government’s Threatened Species Discretionary Grants Program, 

Nicholas White and the Karst Conservation Fund and David Middleton. I would particularly 

like to thank David for his incredible support, friendship and humour over the years that we 

have known each other. I have travelled far on his shoulders.  

 

Finally, it would be remiss of me not to thank my wonderful family Ros, John and Lucy for 

supporting yet another one of my bizarre ideas, and particularly to Lucy for coming along to 

my completion seminar and whooping it up. 

 

The support and encouragement I have received throughout this project has been truly 

amazing and I could not have completed it without it. While this thesis carries my name, it is 

so much more than just my work. All I did was molest a few bats. Everyone else turned it 

into the thesis it is today. 

  



ix 
 

Table of Contents 

Abstract ....................................................................................................................................... i 

Declaration ................................................................................................................................ iv 

Preface........................................................................................................................................ v 

Acknowledgements ................................................................................................................... vi 

List of figures ......................................................................................................................... xiii 

List of tables ............................................................................................................................ xvi 

Chapter 1 .................................................................................................................................. 1 

Literature review of bent-winged bats and bat diseases……………………………………….1 

1.1. General introduction ........................................................................................................... 1 

1.2. Bats as reservoirs of disease ............................................................................................... 2 

1.3. Diseases of bats ................................................................................................................... 5 

1.4. Australian large bent-winged bats ...................................................................................... 8 

1.5. Potential causes of bent-winged bat population declines ................................................. 12 

1.6. Aims and objectives of this study ..................................................................................... 19 

1.7. Thesis outline .................................................................................................................... 20 

Appendix Chapter 1 ................................................................................................................. 21 

Organochlorine levels in southern and eastern bent-winged bats from southern Australia .... 21 

Chapter 2 ................................................................................................................................ 24 

Does size matter? Morphometrics of southern bent-winged bats (Miniopterus orianae 

bassanii) and eastern bent-winged bats (Miniopterus orianae oceanensis) ............................ 24 

2.1. Abstract ............................................................................................................................. 24 

2.2. Introduction ....................................................................................................................... 25 

2.3. Methods............................................................................................................................. 26 

2.3.1. Sample collection ....................................................................................................... 26 

2.3.2. Statistical analyses...................................................................................................... 28 

2.4. Results ............................................................................................................................... 29 

2.4.1. Weight ........................................................................................................................ 32 

2.4.2. Forearm length ........................................................................................................... 35 

2.5. Discussion ......................................................................................................................... 37 

2.6. Permits .............................................................................................................................. 41 

2.7. Acknowledgments............................................................................................................. 41 

 



x 
 

Chapter 3 ................................................................................................................................ 43 

Virus survey in populations of two subspecies of bent-winged bats (Miniopterus orianae 

bassanii and oceanensis) in south-eastern Australia reveals a high prevalence of diverse 

herpesviruses ............................................................................................................................ 43 

3.1. Abstract ............................................................................................................................. 43 

3.2. Introduction ....................................................................................................................... 44 

3.3. Materials and methods ...................................................................................................... 48 

3.3.1. Sample collection ....................................................................................................... 48 

3.3.2. Extraction of viral DNA and RNA ............................................................................. 49 

3.3.3. Detection of Viral DNA and RNA by PCR ............................................................... 50 

3.3.4. Sequence and phylogenetic analyses.......................................................................... 51 

3.3.5. Statistical analyses...................................................................................................... 52 

3.4. Results ............................................................................................................................... 53 

3.5. Discussion ......................................................................................................................... 62 

3.6. Permits .............................................................................................................................. 66 

3.7. Supporting information ..................................................................................................... 68 

3.8. Acknowledgments............................................................................................................. 70 

Chapter 4 ................................................................................................................................ 71 

Two subspecies of bent-winged bats (Miniopterus orianae bassanii and oceanensis) in 

southern Australia have diverse fungal skin flora but not Pseudogymnoascus destructans.... 71 

4.1. Abstract ............................................................................................................................. 71 

4.2. Introduction ....................................................................................................................... 72 

4.3. Materials and methods ...................................................................................................... 75 

4.3.1. Study population and sites ......................................................................................... 75 

4.3.2. Sample collection and laboratory processing ............................................................. 77 

4.3.3. Necropsies .................................................................................................................. 80 

4.3.4. Air sampling ............................................................................................................... 82 

4.3.5. Laboratory methods.................................................................................................... 82 

4.3.6. Statistical analyses...................................................................................................... 85 

4.4. Results ............................................................................................................................... 86 

4.5. Discussion ......................................................................................................................... 98  

4.6. Permits ............................................................................................................................ 104 

4.7. Acknowledgments........................................................................................................... 104 

 



xi 
 

Chapter 5 .............................................................................................................................. 105 

Does the fungus causing white nose syndrome pose a significant risk to Australian bats? .. 105 

5.1. Abstract ........................................................................................................................... 105 

5.2. Introduction ..................................................................................................................... 107 

5.3. Materials and methods .................................................................................................... 108 

5.4. Results and Discussion ................................................................................................... 112 

5.4.1. Entry assessment ...................................................................................................... 112 

5.4.2. Exposure assessment ................................................................................................ 116 

5.4.3. Likelihood of occurrence ......................................................................................... 118 

5.4.4. Consequence assessment .......................................................................................... 119 

5.4.5. Rating of environmental consequences .................................................................... 127 

5.5. Conclusions ..................................................................................................................... 131 

Chapter 6 .............................................................................................................................. 133 

Don’t blame the creepy bat flies – no association found between declining numbers of bent-

winged bats and ectoparasite infections ................................................................................. 133 

6.1. Abstract ........................................................................................................................... 133 

6.2. Introduction ..................................................................................................................... 134 

6.3. Material and methods ...................................................................................................... 137 

6.3.1. Study population and sites ....................................................................................... 137 

6.3.2. Sample collection ..................................................................................................... 140 

6.3.3. Statistical analyses.................................................................................................... 141 

6.4. Results ............................................................................................................................. 142 

6.5. Discussion ....................................................................................................................... 149 

6.6. Permits ............................................................................................................................ 152 

6.7. Conflict of interest .......................................................................................................... 153 

6.8. Acknowledgments........................................................................................................... 153 

Chapter 7 .............................................................................................................................. 155 

Polychromophilus melanipherus and haemoplasma infections not associated with clinical 

signs in southern bent-winged bats (Miniopterus orianae bassanii) and eastern bent-winged 

bats (Miniopterus orianae oceanensis) .................................................................................. 155 

7.1. Abstract ........................................................................................................................... 155 

7.2. Introduction ..................................................................................................................... 156 

7.3. Material and methods ...................................................................................................... 161 

7.3.1. Study population and sites ....................................................................................... 161 



xii 
 

7.3.2. Sample collection ..................................................................................................... 162 

7.3.3. Laboratory methods.................................................................................................. 163 

7.3.4. Sequence and phylogenetic analyses........................................................................ 165 

7.3.5. Statistical analyses.................................................................................................... 165 

7.4. Results ............................................................................................................................. 166 

7.5. Discussion ....................................................................................................................... 174 

7.6. Conclusions ..................................................................................................................... 178 

7.7. Permits ............................................................................................................................ 178 

7.8. Conflict of interest .......................................................................................................... 179 

7.9. Acknowledgments........................................................................................................... 179 

Chapter 8 .............................................................................................................................. 181 

Trauma and misfortune found to be a major cause of death in a pathological investigation of 

two subspecies of bent-winged bats (Miniopterus orianae bassanii and oceanensis) .......... 181 

8.1. Abstract ........................................................................................................................... 181 

8.2. Introduction ..................................................................................................................... 182 

8.3. Case reports ..................................................................................................................... 183 

8.4. Discussion ....................................................................................................................... 190 

8.5. Permits ............................................................................................................................ 193 

8.6. Acknowledgments........................................................................................................... 194 

Chapter 9 .............................................................................................................................. 195 

9.1. General discussion .......................................................................................................... 195 

9.2. Short summary of findings.............................................................................................. 195 

9.3. Significance of findings and study limitations................................................................ 197 

9.4. Potential causes of southern bent-winged bat population decline .................................. 199 

9.5. Future directions ............................................................................................................. 203 

References ............................................................................................................................. 205 

 

 

 

 

 

  



xiii 
 

List of figures 

Figure 2.1. The weights of southern bent-winged bat and eastern bent-winged bat males 

(blue) and females (red) against season. Bars represent 95% confidence intervals. 

Individual standard deviations were used to calculate the intervals. ............................... 34 

Figure 3.1. Phylogenetic tree demonstrating the relationship between six bent-winged bat 

herpesviruses detected in southern and eastern bent-winged bats from south-eastern 

Australia using PCR, and a selection of viruses from the Alpha- (red), Beta- (blue) and 

Gammaherpesvirinae (purple) subfamilies. The tree was generated from the 45 amino 

acid long alignment using MrBayes v3.2.6 (Huelsenbeck & Ronquist, 2001) with four 

heated chains, a chain length of 1,000,000, sampling every 10,000 iterations, and a burn 

in of 10%. GenBank accession numbers are located to the right of each virus. .............. 57 

Figure 3.2. Distribution of herpesviruses detected in each of the seven bent-winged bat 

locations sampled across Victoria and South Australia (southern bent-winged bat: 

Naracoorte, Portland 1 & 2, Allansford; and eastern bent-winged bat: Christmas Hills, 

Eildon and Lakes Entrance). Numbers represent the number of viruses of each type 

present in the population. D15-like viruses = green.  NG46-like viruses = orange. 

N7050-like viruses = blue. CH20-like viruses = maroon. E22-like viruses = lilac. CH6-

like viruses = salmon. ...................................................................................................... 61 

Figure 4.1. Photograph of the dead southern bent-winged bat covered in white fungal material 

that was found in Portland 2 cave (‘UBat’). .................................................................... 81 

Figure 5.1. Temperature maps of Australia and the US, highlighting US states where WNS 

has been recorded (black outline) and northern limit of possible Pseudogymnoascus 

destructans growth in Australia, as shown by 20°C isotherm (Expert opinion). .......... 122 



xiv 
 

Figures 5.2-5.7. Distribution of Australian cave dwelling bats that live within the potential 

habitable zone for Pseudogymnoascus destructans (Van Dyck et al., 2013). No species 

of cave-dwelling bats occur in Tasmania (not shown on map). .................................... 123 

Figure 6.1. Dorsal view of Penicillidia tectisentis. Note notopleural setae (Arrow). ............ 143 

Figure 6.2. Dorsal view of Penicillidia oceanica. Note absence of notopleural setae (Arrow).

 ....................................................................................................................................... 144 

Figure 6.3. Ventral view of idiosoma of female Spinturnix loricata. Rectangle in inset 

photograph denotes position of sternal shield. Note elongate sternal shield (Arrow). .. 145 

Figure 6.4. Ventral view of idiosoma of female Spinturnix psi. Rectangle in inset photograph 

denotes position of sternal shield. Note subcircular sternal shield (Arrow). ................. 146 

Figure 7.1. Blood smear showing Polychomophilus melanipherus gametocytes within 

erythrocytes (Arrows). Diff Quik stain. x 400 magnification. ....................................... 160 

Figure 7.2. Phylogenetic tree demonstrating the relationship between seven 

Polychromophilus melanipherus isolates detected using PCR in Victorian southern bent-

winged bats (D23, D26, D33 and D39), South Australian southern bent-winged bats 

(N42) and eastern bent-winged bats (E4 and E19) and a selection of other haematozoa. 

GenBank accession numbers are located to the right of each organism. ....................... 172 

Figure 7.3. Phylogenetic tree demonstrating the relationship between a haemoplasma isolate 

detected using PCR in a Victorian southern bent-winged bat (D19) and a selection of 

other haemoplasmas. GenBank accession numbers are located to the right of each 

organism. ........................................................................................................................ 173 

Figure 8.1. Eastern bent-winged bat with hyperkeratotic lesions on the dorsal surface of both 

wings and the uropatagium. ........................................................................................... 188 



xv 
 

Figure 8.2. Histological image of the skin of the eastern bent-winged bat with Notoedres 

muris infection. Black arrow = cross section of mite. White arrows = mite eggs. 

Haematoxylin and eosin stain. ....................................................................................... 189 

Figure 8.3. Notoedres muris. Rectangle in inset photograph denotes position of posterior 

genital setae (indicated by arrow), which are characteristic of N. muris (Domrow, 1992).

 ....................................................................................................................................... 190 

 
  



xvi 
 

List of tables 

Table 2.1. Sex, weight and forearm length of southern and eastern bent-winged bats 

examined from south-eastern Australia. All individuals are adults. n = total sample size; 

Jan = January; Feb = February; Mar = March; Apr = April; Aug = August; Sep = 

September. ....................................................................................................................... 30 

Table 2.2. Linear regression models predicting the weight of southern (SBWB) and eastern 

(EBWB) bent-winged bats from South Australia (SA) and Victoria (Vic), based on 

subspecies, location group, season and sex. In all models, spring and female were the 

comparison variables. Significant p-values are bold. n=sample size; SE=standard error 

of coefficient. ................................................................................................................... 33 

Table 2.3. Comparison of mean weights (g) and standard deviations (SD) of South Australian 

southern bent-winged bats (SA SBWB) sampled at the Naracoorte cave in January 2016 

and Victorian southern bent-winged bats (Vic SBWB) sampled at the Portland 2 cave in 

February 2017, with an unpublished study (Gray 2001) that sampled bats in late January 

2001. n=sample size; p-values from 2-sample t-tests are indicated. ............................... 35 

Table 2.4. Linear regressions investigating the relationship between morphometric 

measurements for subpopulations of South Australian (SA) and Victorian (Vic) southern 

(SBWB) and eastern (EBWB) bent-winged bats. n = sample size; SE = standard error of 

coefficient. Significant p-values are bold. Superscript letters 
a,b,c

 indicate significant 

differences. ....................................................................................................................... 36 

Table 3.1. Prevalence of herpesvirus DNA in oropharyngeal swabs, including proportion of 

sequence-confirmed positive swabs (confirmed), collected from populations of southern 

and eastern bent-winged bats from south-eastern Australia. All bats are adults unless 

otherwise indicated. ......................................................................................................... 54 



xvii 
 

Table 3.2. Comparison of bent-winged bat (BWB) herpesvirus sequences, detected by PCR 

analysis, from southern and eastern bent-winged bats from south-eastern Australia, with 

the bat herpesvirus in GenBank with the closest identity. ............................................... 56 

Table 3.3. Predictor variables screened using univariable logistic regression models for an 

association with betaherpesvirus infection in southern (SBWB) and eastern (EBWB) 

bent-winged bats from Victoria (Vic) and South Australia (SA), and found to be 

significant at the p < 0.20 level. ....................................................................................... 59 

Table 3.4. Multivariable logistic regression model for betaherpesvirus infection in southern 

(SBWB) and eastern (EBWB) bent-winged bats from Victoria (Vic) and South Australia 

(SA). ................................................................................................................................. 60 

Table 4.1. Sampling sites, dates and prevalence of Pseudogymnoascus destructans, 

Histoplasma capsulatum and skin-associated fungi in southern and eastern bent winged 

bats surveyed in Victoria and South Australia. n = sample size ...................................... 77 

Table 4.2. Fungal diversity profiling results expressed as a percentage of the total mycobiome 

on 18 bent-winged bats from five caves. Sampling location: CH = Christmas Hills, LE = 

Lakes Entrance, A = Allansford, N = Naracoorte, P = Portland, Month of sampling: Apr 

= April, Sep = September, Jan = January, Feb = February, Oct = October, Mar = March. 

Bat identification number including the sex of the individual:  M = Male, F = Female, U 

= Unknown. ..................................................................................................................... 88 

Table 5.1. Categories used to assess likelihood of entry and exposure of Pseudogymnoascus 

destructans into Australia and Australian bat populations (Murray et al., 2010; Snary et 

al., 2012). ....................................................................................................................... 110 

Table 5.2. Table used to determine the likelihood of occurrence of WNS based on individual 

probabilities of Entry and Exposure to Pseudogymnoascus destructans (Gale et al., 



xviii 
 

2010; Moutou et al., 2001; Snary et al., 2012): I – insignificant; R – rare; U – unlikely; P 

– possible; L – likely; VL/AC – very likely/almost certain ........................................... 111 

Table 5.3.  Likely modes of entry of Pseudogymnoascus destructans into Australia, with 

associated risks of entry, exposure and overall likelihood of occurrence. I – insignificant; 

R – rare; U – unlikely; P – possible; L – likely; VL/AC – very likely to almost certain

 ....................................................................................................................................... 116 

Table 5.4. Definition of categories used to assess the environmental consequences of 

exposure to Pseudogymnoascus destructans for individual bat species and for the entire 

Australian bat population. Consequences are based on actual occurrences, independent 

of detection. ................................................................................................................... 120 

Table 5.5. Consequence score for each of the cave-dwelling bat species from southern 

Australia based on the parameters affecting the spread and pathogenesis of WNS, and 

the species’ ecology and biology. None of the bats occur in regions where the 

temperatures are regularly below freezing. .................................................................... 128 

Table 5.6. Table used to estimate the risk as a result of likelihood of occurrence (first column) 

and consequence (first header row). Table based on the Biosecurity Import Risk 

Analysis Guidelines 2016: managing biosecurity risks for imports into Australia 

(DAWR, 2016). .............................................................................................................. 130 

Table 6.1. Prevalence (%) of ectoparasites in southern and eastern bent-winged bats in south-

east Australia by species, location and month. All bats are adults unless indicated. Some 

individuals were infected with multiple species of the same parasite group. n = bat 

sample size; ND = species not determined (the presence of bat flies and mites on bats 

were recorded but no specimens were collected for species determination). ................ 139 

Table 6.2. Multivariable logistic regression models for bat flies, ticks, mites and 

Riouxgolvania beveridgei infections in southern (SBWB) and eastern (EBWB) bent-



xix 
 

winged bats from Victoria (Vic) and South Australia (SA), for variables significant at 

the p < 0.05 level. ........................................................................................................... 148 

Table 7.1. Prevalence of Polychromophilus melanipherus and haemoplasmas in southern and 

eastern bent-winged bats by blood smear and/or PCR. n = sample size. NT = not tested 

due to insufficient blood volume collected. Intensity of infection = mean number of 

organisms observed/bat following a ten minute scan of the slide under oil immersion.

 ....................................................................................................................................... 167 

Table 7.2. Haematological parameters of southern and eastern bent-wing bats from southern 

Australia. n = sample size. NT = not tested due to insufficient blood volume collected. 

PE = polychromatophilic erythrocytes. No/OIF = mean number of PE observed/oil 

immersion field. PCV = packed cell volume. RCC = red cell count. ............................ 168 

Table 7.3. Comparison of bent-winged bat Polychromophilus melanipherus sequences and 

haemoplasma sequence (bat D19), detected by PCR analysis, from southern and eastern 

bent-winged bats from south-eastern Australia, with the Polychromophilus and 

haemoplasma sequences in GenBank with the closest identity. U Mycoplasma = 

Uncultured Mycoplasma. ............................................................................................... 170 

Table 8.1. Necropsy findings in southern bent-winged bats. Pm wt = Post mortem weight. F = 

Female. M = Male. SA = Subadult. NR = Not recorded. GIT = Gastrointestinal tract. 

NAD = No abnormalities detected. Euth = Euthanased. SC = Subcutaneous. 2° = 

Secondary ....................................................................................................................... 185 

 

 

 



1 
 

Chapter 1 

Literature review of bent-winged bats and bat diseases 

1.1. General introduction 

The long term viability of any wild population is dependent on its ability to achieve a positive 

balance between natality and mortality (Wobeser, 1997). These factors are, in turn, governed 

by the availability of suitable habitat to provide food and shelter, genetic diversity, a 

favourable climate and a stable ecosystem. Stability reflects an ecosystem that does not 

experience unexpected large changes in its characteristics across time or is capable of 

returning to equilibrium after a perturbation (Loreau, 2009). It is also one in which host, 

infectious disease agent and environment coexist in a way that clinical disease does not 

appreciably impact the population (Deem et al., 2001). This perceived state of stability may 

be why infectious diseases have, historically, been considered of only minimal importance in 

the endangerment or extinction of species (Smith et al., 2006).  

 

Ongoing anthropogenic changes that increase interspecies contact, translocation of 

susceptible hosts to regions with novel pathogens and the introduction of novel pathogens to 

susceptible hosts in new regions have, however, resulted in a shift in disease ecology (Deem 

et al., 2001). When this is linked with alterations in land use, a continuing increase in human 

population growth and global travel, it is not surprising that the number of new and emerging 

infectious diseases involving animal hosts continues to increase (Woolhouse & Gowtage-

Sequeria, 2005) along with their impact on already vulnerable populations. A salient example 

of this this is the high mortality rates and species extinctions caused by chytridiomycosis in 

amphibians in recent times (Eskew & Todd, 2013). 
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1.2. Bats as reservoirs of disease 

Bats are involved with many of these emerging diseases, acting as reservoirs that, because of 

their ability to fly, are capable of disseminating infectious disease agents rapidly over great 

distances (Wibbelt et al., 2010b). Bats are frequently considered to be over-represented when 

it comes to harbouring zoonotic infectious disease agents (Wibbelt et al., 2010b; Wang et al., 

2011). While bats represent approximately 20% of all mammal species, less than 2% of 

human pathogens have bats as natural reservoirs (Dobson, 2005). However, bats do host more 

viruses per species than rodents, despite there being twice as many rodent species (Luis et al., 

2013; O'Shea et al., 2014; Brook & Dobson, 2015).  

 

Bats have risen to prominence not just because of the number of infectious agents they carry, 

but also because several of these pathogens have high human mortality rates, e.g. Hendra 

virus (60% human mortality rate), Nipah virus (40 to 90% human mortality rate) and Ebola 

virus (90% human mortality rate) (Wang et al., 2011). Such observations have led to the 

hypothesis that bats may possess unique immunological or physiological features that allow 

them to harbour viruses that cause severe disease in other species without being adversely 

affected themselves (Dobson, 2005; Wibbelt et al., 2010b; Wang et al., 2011).  

 

Bats represent a very old order of mammals. The earliest bat fossil dates to 52.5 million years 

ago (Jepsen, 1966). Bat viruses have likely co-evolved with, or adapted to, bats over many 

millions of years. As an example, phylogenetic analysis has shown that current mammalian 

coronaviruses share a common ancestor with bat coronaviruses, indicating that bats are likely 

the natural reservoir from which all presently known mammalian coronaviruses have evolved 

(Vijaykrishna et al., 2007). While bats and viruses have had a long time to develop a 
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symbiotic relationship, this by itself does not satisfactorily explain why bats are able to be 

infected with such viruses with no apparent detrimental effects.  

 

Instead a number of other hypotheses have been developed in an attempt explain the ability 

of bats to sub-clinically host a diversity of viruses that cause severe disease in other species. 

During flight, bat metabolic rates increase to 16 times higher than resting metabolic rate 

(O'Shea et al., 2014). This is in comparison with rodents running to exhaustion, which had a 

seven fold increase in metabolic rates and birds in flight, where the metabolic rate doubled 

(O'Shea et al., 2014). Studies have shown that higher metabolic rates result in stronger 

immune responses (O'Shea et al., 2014). A high metabolic rate is also generally accompanied 

by a high core body temperature, which further enhances the immune response (O'Shea et al., 

2014). Bats have high core body temperatures during flight, for example, 41.1°C for the 

common bent-winged bat (Miniopterus blepotis) (Morrison, 1959). Conversely, replication of 

many mammalian pathogens is expected to be reduced by the low core body temperatures 

that occur during hibernation (O'Shea et al., 2014). This has been shown to be the case with 

herpesvirus infections (Wheeler & Canby, 1959). 

 

High metabolic rates result in more metabolic by-products, which increase the rate of 

oxidative damage to mitochondrial DNA and can lead to tumour formation (Wang et al., 

2011). This is thought to partially explain why animals with high metabolic rates are 

generally short lived. Bats are the exception to this rule, having a low rate of tumour 

development (Wang et al., 2011) and living, on average, 3.5 times longer than non-flying 

placental mammals of similar size (Wilkinson & South, 2002). This is reported to be due to 
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lower DNA mutation rates and the production of fewer reactive oxygen species (ROS), such 

as hydrogen peroxide (Munshi-South & Wilkinson, 2010). 

 

Bats also appear to have a highly effective innate immune system, which consists of physical 

barriers, leucocytes and non-specific proteins such as cytokines and interferons (Alberts et 

al., 2015). Interferons, in particular, have strong antiviral activity and are present in a much 

broader range of tissues in bats compared with humans, where they are confined to the 

immune system (Kuzmin et al., 2017). Bats also have a greater diversity of interferon genes 

compared with humans (Kuzmin et al., 2011), and a higher innate level of circulating 

interferon proteins, which likely keep circulating virus to relatively low levels. As bat viruses 

have evolved to survive in these high interferon environments, when they are transferred to 

environments where the interferon response is not as great, such as in human cells, abundant 

virus replication and pathology is often the result (Schountz et al., 2017).   

 

It is also possible that viral infections may confer a biological advantage on bats. Persistent 

infection with one pathogen may prime the innate immune system to provide cross protection 

against others (Wynne & Wang, 2013). This has been recorded in other species, for example; 

mice infected with murine cytomegalovirus were protected from infection with Listeria 

monocytogenes and Yersinia pestis as the virus stimulated host innate immune responses that 

conferred broad protection (Roossinck, 2011). 

 

While all of these are plausible hypotheses, to date there has been very little evidence 

generated to support them. Nevertheless, it is evident that bats do harbour a large number of 
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viruses. It is also evident that bats act as asymptomatic hosts for a range of other organisms. 

Histoplasma capsulatum is a fungus frequently associated with bats, bat caves and bat guano 

(Burek, 2001). It causes disease in a wide range of species, including humans. While 

experimental disease has been produced in bats, the fungus is normally carried 

asymptomatically (Burek, 2001). A wide range of potentially pathogenic bacteria such as 

Shigella spp., Leptospira spp., Serratia spp. and Staphylococcus spp. have also been found in 

apparently healthy bats (Jarzembowski, 2002; Mühldorfer, 2013; Garcia-Fraile et al., 2015). 

In addition, bats harbour an extensive collection of both endo- and ectoparasites such as 

Toxocara pteropodis (Prociv, 1990), Polychromophilus spp. (Garnham, 1966), bat flies, mites 

and ticks (Olsson & Woods, 2008), generally with no associated clinical signs of disease. 

 

1.3. Diseases of bats 

While bats can be infected with a number of significant pathogens without developing 

clinical signs, they are not totally resistant to the development of disease. Neurological signs 

and death have occurred in bats infected with Australian bat lyssavirus (Olsson & Woods, 

2008), rabies virus (Kuzmin et al., 2011), Tacaribe virus (Downs et al., 1963; Cogswell-

Hawkinson et al., 2012), Angiostrongylus cantonensis (Barrett et al., 2002) and Toxoplasma 

gondii (Sangster et al., 2012). A variety of other clinical syndromes have been recognised 

caused by a range of organisms including Trypanosoma sp. (Mackie et al., 2017), 

Trichophyton redellii (Lorch et al., 2015) and a variety of bacteria including Pasteurellaceae, 

Enterobacteriaceae, Streptococcaceae and Yersinia pseudotuberculosis (Mühldorfer et al., 

2011a; Mühldorfer et al., 2011b). However, these have not been responsible for large 

mortality events, killing, at most, 100 bats at a time (Blehert et al., 2014). 
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Large scale mortality events have been reported for bats, but, with two notable exceptions, 

were predominantly anthropogenic in nature, caused by human-induced trauma, pesticide 

exposure, collisions with wind turbines (O'Shea et al., 2016) or extreme heat (Welbergen et 

al., 2008) (which could be regarded as anthropogenic because of human induced climate 

change).  

 

The first of these exceptions was a mortality event that occurred in 2002 and killed as many 

as 10,000 common bent-winged bats (Miniopterus schreibersii) in caves in Spain, Portugal 

and France (Roué & Némoz, 2002). The causative agent was believed to be a novel filovirus 

termed Lloviu virus (Negredo et al., 2011). This virus re-emerged in M. schreibersii over a 

decade later, possibly associated with three separate mortality events (Kemenesi et al., 2018). 

In 2013 approximately 500 bats were found dead in north-eastern Hungary. A further five 

bats were found dead in 2016 in a cave approximately 50 km from the 2013 event. In 2017 a 

further 25 individuals were found dead in this second cave. Unfortunately, only the bats 

found in 2016 were in a suitable condition to permit virological investigation which 

confirmed, by PCR, the presence of Lloviu virus. 

 

The second exception is white nose syndrome (WNS). This disease is caused by the fungus 

Pseudogymnoascus destructans, which is psychrophilic, thriving at temperatures below 15°C 

and ceasing growth above 20°C (Verant et al., 2012). Since its appearance in North America 

in 2006, it has killed millions of cave-dwelling, insectivorous bats and has spread throughout 

the eastern USA and Canada, as well as having more recently appeared on the west coast of 

the USA (in the state of Washington) (Frick et al., 2016; Hayman et al., 2016; Meyer et al., 

2016). Subsequent surveys have identified the fungus on bats in both Europe and China 
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(Zukal et al., 2016), but while the fungus causes disease in bats in these areas, it is not 

associated with the high mortality rates seen in the USA. Reasons for this have not been 

resolved, but are thought to involve a combination of factors including species susceptibility, 

behaviour and environmental factors such as temperature and humidity (Martinkova et al., 

2010; Langwig et al., 2012; Hoyt et al., 2016; Zukal et al., 2016). Many, but not all, affected 

bats have a grossly visible white fungal growth on muzzles, ears and wing membranes, which 

can lead to scarring and necrosis (Meteyer et al., 2009). Death appears to be the result of a 

cascade of physiological changes associated with the damage sustained to their wings during 

hibernation; this results in increased evaporative water loss and dehydration, causing the bats 

to wake more frequently during hibernation, thus consuming all of their energy reserves over 

the winter period (Cryan et al., 2010; Cryan et al., 2013; Warnecke et al., 2013; Verant et al., 

2014). Dead bats are consequently found to be dehydrated and emaciated.  

 

It is possible that the number of mass mortality events in bats has been underestimated. Bats 

are nocturnal and many live in caves and other areas not frequented by humans. Many bat 

species are small and likely to be scavenged soon after death making carcass discovery and 

retrieval problematic (Niermann et al., 2007). However, sufficient data are available for the 

International Union for the Conservation of Nature (IUCN) to list 24 bat species as critically 

endangered (four of the endangered bat species have been impacted by WNS) (Frick et al., 

2016). From there it is a relatively small step towards extinction, as demonstrated by the 

demise of the Christmas Island pipistrelle (Pipistrellus murrayi) in 2009 (Lumsden et al., 

2017). 
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It is important to monitor the health of bat populations, particularly those that are known to 

be declining, in order to detect any increase in mortality rates and prevent future population 

demises from occurring. Monitoring can take the form of regular counts and also hands-on 

assessment of bats to determine body condition and health of individuals. Part of this 

evaluation could include blood collection, which can provide an early warning of infection or 

potential organ dysfunction. Unfortunately blood reference ranges are not available for many 

bat species and those that are, are often based on only a small number of individuals (Clark, 

2004a). Regular monitoring will increase the chances of detecting small perturbations, 

potentially enabling mitigating steps to be taken before the situation escalates beyond control. 

 

1.4. Australian large bent-winged bats 

Bent-winged bats are small, 10-19 gram, insectivorous bats belonging to the genus 

Miniopterus (Cardinal & Christidis, 2000; Jackson & Groves, 2015). Their name arises from 

the third digit, which is considerably longer than the others, and is folded back on itself while 

roosting. They are distributed throughout Africa, Europe and Australasia. Australia was 

thought to contain two species, the little bent-winged bat (Miniopterus australis) and the 

common bent-winged bat (Miniopterus schreibersii), which also occurs in Europe, Africa and 

Asia. However, recent taxonomic studies have elevated the Australian common bent-winged 

bat to separate species status and renamed it the large bent-winged bat (Miniopterus orianae) 

(Jackson & Groves, 2015), which was further divided into three subspecies, the southern 

bent-winged bat (M. orianae bassanii), the eastern bent-winged bat (M. orianae oceanensis) 

and the northern bent-winged bat (M. orianae orianae). 
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The southern bent-winged bat is only found in south-eastern Australia (DELWP, 2017). 

While bats occupy a number of different caves, breeding occurs in three known maternity 

caves, one near Warrnambool in Victoria, a second near Cape Bridgewater also in Victoria, 

and a third near Naracoorte in South Australia. Maternity caves are chosen based on 

microclimate within the caves. Pups are generally found in regions of high temperature (up to 

30°C) and high humidity (>80%) to allow them to maintain their body temperature while still 

furless. In contrast, bats select cooler non-breeding caves to facilitate their entry into torpor 

during the winter (DELWP, 2017).  

 

Mating occurs in autumn but implantation of the fertilized ovum is delayed until spring, 

resulting in a gestation period of six to seven months (Dwyer, 1963a; DELWP, 2017). Bats 

move from non-breeding caves to the maternity caves during spring. Southern bent-winged 

bats at Naracoorte give birth to a single pup in October or November (Dwyer & Hamilton-

Smith, 1965). Those at Warrnambool give birth from late November to late December, while 

eastern bent-winged bats are born in Victoria between December and early January (Dwyer 

& Hamilton-Smith, 1965). Pups start flying at seven weeks and reach adult size at 10 weeks, 

at which point the majority of adults disperse to non-breeding caves.  

 

In the last 60 years the size of the Naracoorte population of southern bent-winged bats has 

declined from an estimated 200,000 in the 1950s to 20,000 in 2009 (DELWP, 2017). The 

Warrnambool population declined from 15,000 to 10,000 over the same time period 

(DELWP, 2017). Cape Bridgewater was only recognised as a maternity site in 2014, so 

population trends are not known. The current population is estimated at around 1500. The 

subspecies was listed as Critically Endangered under the Environment Protection and 

Biodiversity Conservation Act in 2007. The eastern bent-winged bat is more common and 
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widespread, being distributed along the east coast of Australia (Van Dyck et al., 2013). 

Although numbers appear to be stable, the species is listed as Vulnerable in Victoria due to 

its reliance on a single breeding cave (DSE, 2013).  

 

There are a number of Australian reports of bent-winged bat mortality events, predominantly 

from the 1960s. An account from Wombeyan cave in NSW from 1965 described 

approximately 200 M. schreibersii (likely representing eastern bent-winged bats) which were 

found dead on the floor of the cave. It was “assumed that humans were responsible as the bats 

had broken wings…as if they had been knocked from the roof and trodden on” (Dew, 1965). 

A summary from the 1960s of M. schreibersii mortalities from northern NSW included 

predation, starvation and juvenile deaths of unknown cause (Dwyer, 1966). A total of 476 

carcasses were collected from Yessabah cave in NSW between July 1960 and September 

1963. These deaths, which represented an annual colony mortality rate of approximately 

10%, were attributed to red fox (Vulpes vulpes) predation (Dwyer, 1964). There are also 

anecdotal reports of predation by feral cats (Felis catus) as bats exited the maternity caves 

near Nowa Nowa and Lakes Entrance (T. Mitchell, pers. comm.)  A mass mortality event was 

reported from Yessabah cave in 1960, where 139 bat carcasses were found (Dwyer, 1966). 

Unfortunately, they were all in advanced stages of decomposition, so a cause of death could 

not be determined. However, there was no suggestion that any of these deaths had caused a 

decline in the total bat population.  

 

There were an estimated 100,000 to 200,000 southern bent-winged bats in Naracoorte in 

1963 (Dwyer & Hamilton-Smith, 1965). However, an “epidemic” in 1967, coinciding with a 

drought period, reduced the numbers to approximately 60,000 individuals. Large numbers of 
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dead bats were observed on the floor of the cave at this time. The cause was reported to be an 

unidentified virus (DELWP, 2017). 

 

Population numbers were reported to have rebounded by the 1990s. However, they then 

declined again to 65,000 in 2000 (DELWP, 2017), approximately 30,000 in 2004 (Grant & 

Reardon, 2004) and 21,000 in 2008 (Bourne, 2010). In 2006, over 300 dead southern bent-

winged bat pups were found that were thought to have died from a combination of cold 

temperatures and extreme drought (Bourne & Hamilton-Smith, 2007). Exit counts during the 

2011/12 breeding season revealed somewhere between 25,000 and 37,000 bats (Lear et al., 

2012; DELWP, 2017). Current estimates have the population at around 35,000, but it is not 

clear if this reflects a stabilisation of the population or an initial recovery as there are 

differences between counting methods. 

 

In 2009, a number of southern bent-winged bats at Naracoorte were noticed with white raised 

skin ulcers (Bourne, 2010). Ten bats were caught for investigation, which revealed two types 

of skin lesions: raised white nodules on the dorsal aspect of the limbs and focal areas of 

ulceration on the dorsal aspect of the wings. The nodular lesions were caused by 

Riouxgolvania beveridgei, a nematode from the Order Muspiceida. Only one of the patagial 

skin lesions was examined histologically, which was found to contain evidence of a pox virus 

infection. No significant adverse impact on affected individuals was identified (McLelland et 

al., 2013). Riouxgolvania beveridgei had been previously identified in Miniopterus sp. from 

north Queensland in 1965 (Bain & Chabaud, 1979). 
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Population numbers at the maternity cave near Warrnambool were estimated to be between 

10,000 and 20,000 in the 1960s (Dwyer & Hamilton-Smith, 1965). A large number of dead 

young (but less than 200) were found in the breeding cave in 1967, but the cause of death was 

unknown (Hamilton-Smith, 1967). In 2004, numbers were estimated to be around 15,000 

(Grant & Reardon, 2004). This was believed to have declined subsequently to less than 

10,000 (DELWP, 2017). However, exit counts during the 2016/17 breeding season estimated 

the population at between 13,000 and 15,000 bats. These numbers may reflect differences in 

counting methods, so comparisons with earlier counts need to be treated with caution 

(Lumsden et al., 2018). No mass mortality events have been observed at this site since regular 

monitoring began in 2000, instead only small numbers of dead adults and young have been 

observed (Lumsden, pers. comm.). 

 

1.5. Potential causes of bent-winged bat population declines 

While no obvious reason has been identified for the decline in the southern bent-winged bat 

populations, a number of possible causes have been postulated. These include human 

disturbance, habitat destruction, pesticide exposure and disease (DELWP, 2017).  

 

Guano mining occurred in the Naracoorte maternity cave from 1871 until 1897 (Hamilton-

Smith, 1998). This may have caused sufficient disturbance for the bats to have abandoned the 

cave, and there were reportedly no bats present in 1880. However, if this was the case, they 

had returned by the early 1900s, after the cessation of mining (Hamilton-Smith, 1998).  
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Both the Naracoorte and Warrnambool maternity caves receive human visitation. While the 

Naracoorte cave lies within a national park and visitation is strictly controlled, the 

Warrnambool cave sits on private land with no control over public visitation. Visitation with 

associated lights and noise can cause significant disturbance to the bats leading to loss of 

young and arousal from torpor (DELWP, 2017). This could, in turn, result in premature 

depletion of fat stores and death from starvation (DELWP, 2017). 

 

Approximately 90% of the native vegetation within the distribution of the southern bent-

winged bat has been cleared (DELWP, 2017). As native forested vegetation and wetlands are 

the preferred foraging habitat (Stratman, 2005) these changes are likely to affect populations 

by impacting food availability (predominantly moths), causing chronic stress and potentially 

impairing immune function (Muylaert et al., 2016; Seltmann et al., 2017). 

 

Wind turbines are present close to key roosting sites in Victoria. The impact that wind 

turbines may have on southern bent-winged bats at the population level is currently unclear 

but wind turbines have resulted in substantial mortality to bats worldwide (O'Shea et al., 

2016). Reviews from North America and Europe found that the most significantly impacted 

species were migratory tree roosting bats, and that most mortalities occurred along forested 

ridgetops during late summer and early autumn, coinciding with migration (Kunz et al., 2007; 

Rydell et al., 2010). The most commonly impacted species were the hoary bat (Lasiurus 

cinereus), eastern red bat (Lasiurus borealis), silver-haired bat (Lasionycteris noctivagans) 

and eastern pipistrelle (Pipistrellus subflavus) in North America (Kunz et al., 2007; Arnett et 

al., 2008) and the noctule bat (Nyctalus noctula), common pipistrelle (Pipistrellus 

pipistrellus) and Nathusius’ pipistrelle (Pipistrellus nathusii) in Europe (Dürr & Bach, 2004; 
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Rydell et al., 2010; Rodrigues et al., 2015). The most commonly affected bats were those that 

were adapted for open air foraging (Rydell et al., 2010). The main cave dwelling bat to be 

affected was the Brazilian free-tailed bat (Tadarida brasiliensis) (Arnett et al., 2008). Of 

5815 reported bat fatalities from Europe between 2003 and 2014, only nine were M. 

schreibersii (Rodrigues et al., 2015). Documentation from Australia is sparse, but includes a 

report from the late 1960s of mortality in white-striped free-tail bats (Tadarida australis) in 

north-western NSW (O'Shea et al., 2016), and more recent findings from Tasmania, showing 

that almost all wind turbine-related fatalities were Gould’s wattled bats (Chalinolobus 

gouldii) (Hull & Cawthen, 2013). Further research is required to determine the impact of 

wind turbines on the southern bent-winged bat population.  

 

Drought may impact reproductive success and adult survival through reduced prey 

availability as a result of foraging wetlands drying up (Bourne & Hamilton-Smith, 2007). 

Lack of rain, along with unusually cold weather, was believed to have contributed to the pup 

mortalities which were detected at Naracoorte in December 2006 (Bourne & Hamilton-Smith, 

2007). Rainfall records for Wrattonbully and Bool Lagoon, located 20-25 km away, confirm 

the low rainfall experienced in December 2006: 6.8 mm compared with a mean of 36.6 mm at 

Wrattonbully, and 8.0 mm compared with a mean of 36.5 mm at Bool Lagoon. According to 

Bureau of Meteorology records, total rainfall for the year was the lowest since 1967 (Bureau 

of Metereology, 2015). 

 

Introduced predators such as cats, red foxes and black rats (Rattus rattus) have all been 

reported to prey on bent-winged bats, and have been seen in the vicinity of cave roosts 

(Dwyer, 1966; DELWP, 2017). However, it is not known how significant the impacts of 
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these predators are likely to be, as rats in particular will scavenge dead bats, making it 

difficult to detect small scale mortality events. 

 

Pesticides have been implicated in previous bat population declines. In some cases, tissue 

levels were judged to have been high enough to have caused mortality and/or morbidity 

(Geluso et al., 1976; Clark et al., 1978; Clark et al., 1983; Corrao et al., 1985; Clawson & 

Clark, 1989; Buchweitz et al., 2018), while, in other instances, where tissue levels were 

lower, their contribution to bat mortalities was dismissed (Clark et al., 1975; Clark Jr et al., 

1995). Exposure to a high enough dose of pesticide will undoubtedly result in mortality. The 

difficulty arises in determining how much of a particular pesticide is required to produce a 

deleterious effect. To further complicate matters, sensitivity also varies between different 

species of bats (Hernandez et al., 1993).   

 

Pesticide exposure in southern bent-winged bats has been examined in the past (Mispagel et 

al., 2004; Allinson et al., 2006). Both of these studies found evidence of organochlorine 

exposure in bat tissues collected from Naracoorte and Warrnambool. The earlier study 

trapped and euthanized 20 apparently healthy bats and analysed liver, muscle, fat and brain. 

Organochlorines were found in all tissues examined. The highest levels of 

dichlorodiphenyltrichloroethane (DDT) and dichlorodiphenlydichloroethylene (DDE) were 

found in the fat (0.126 mg/kg and 24.2 mg/kg respectively), while 

dichlorodiphenyldichloroethane (DDD) concentration was highest in the brain (0.115 mg/kg) 

(Mispagel et al., 2004). The later study also trapped and euthanized 20 apparently healthy 

bats and sampled whole carcasses minus the liver, wings and fur. Levels were: DDT 0.11 to 

1.6 mg/kg, DDE 11 to 59 mg/kg, and DDD 0.035 to 0.62 mg/kg (Allinson et al., 2006). The 
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authors did not consider these levels to be high enough to be significant contributors to the 

population declines (Mispagel et al., 2004; Allinson et al., 2006).  

 

Current pesticide exposure levels in southern and eastern bent-winged bats are not known, so 

a pilot study was undertaken using guano collected from within the maternity caves near 

Naracoorte and Warrnambool and an abandoned mine at Christmas Hills, and 

opportunistically found dead bats (caves near Naracoorte and Warrnambool). Appendix 1 

presents the details of the study design and results. All samples were negative for 

organophosphates and pyrethroids, but positive for low levels of organochlorines (DDT not 

detected in the Naracoorte guano, 0.065 mg/kg in the Warrnambool guano and 0.065 mg/kg 

in the Christmas Hills guano; DDE 0.017 mg/kg in the Naracoorte guano, 0.010 mg/kg in the 

Warrnambool guano and 0.061 mg/kg in the Christmas Hills guano; dieldrin not detected in 

the Naracoorte guano, 0.027 mg/kg in the Warrnambool guano and 0.027 mg/kg in the 

Christmas Hills guano). Previous reports have associated bat declines with guano DDE levels 

of 2.0 mg/kg and above and dieldrin levels of 0.4 mg/kg and above (Clark Jr et al., 1995).  

 

In the bats themselves DDT levels were 0.017 mg/kg in the Naracoorte bats and 0.120 mg/kg 

in the Warrnambool bats; DDE levels were 0.16 mg/kg in the Naracoorte bats and 0.11 

mg/kg in the Warrnambool bats. The DDT results from this study were similar to those found 

previously in southern bent-winged bats, but DDE results were considerably lower (Mispagel 

et al., 2004; Allinson et al., 2006). While the study by Allinson et al. (2006) found no 

difference between the two sites with respect to DDT levels, the present study detected seven 

times as much DDT in the Warrnambool sample compared with the Naracoorte sample 

(Appendix 1).  
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An earlier study sampled a population of M. schreibersii at Wee Jasper in New South Wales 

(Dunsmore et al., 1974), where DDT levels in bat tissues ranged from 0.56 to 1.41 mg/kg. 

The authors also fed 15 µg (approximately 1.11 mg/kg) DDT to a subset of the same species 

of bat. Bats either died showing severe muscle tremors or were euthanased after 20 days. 

Treated bat tissues contained a mean level of 50.37 mg/kg DDT compared with the control 

group which contained 2.90 mg/kg DDT within their tissues. These levels of DDT, including 

those of bats serving as controls, are considerably higher than those found in the present 

study, which makes it unlikely that pesticides are having a direct clinical effect on the health 

of the bats. 

 

It is important to note, however, that minimal work has been done on possible subclinical 

effects of DDT on bats. Previous studies have found lower fertility in males, loss of co-

ordination, reduced food consumption, higher metabolic rates and lower body weights 

leading to increased time spent foraging and difficulty accumulating sufficient fat for 

hibernation (Clark & Shore, 2001; Allinson et al., 2006). However, studies in other species 

have found a much wider range of effects including hepatic necrosis, thyroid follicular 

hyperplasia and immunological effects (Faroon et al., 2002).  Previous work has found that 

DDT suppresses humoral immunity in mice (Banerjee, 1987; Rehana & Rao, 1992) and 

chickens (Glick, 1974) and humoral and cell mediated immunity in rats (Wassermann et al., 

1969; Faroon et al., 2002) in a dose dependent manner without producing any adverse clinical 

signs or increase in mortality. A study conducted in mallards (Anas platyrhynchos) exposed 

groups of ducklings to DDT and duck hepatitis virus (Friend & Trainer, 1974). Significantly 

more deaths occurred in birds that were exposed to both DDT and the virus compared to birds 

exposed to the virus alone. The authors speculated that this was because the exposure to DDT 

had altered the host immune system. Minimum DDT carcass concentration was 11.07 mg/kg 
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in the treated birds compared with 0.96 to 2.32 mg/kg in the control birds. In an in vitro 

study, rabbit kidney cells were exposed to DDT and then infected with vaccinia virus 

(Gabliks & Friedman, 1969). Cells exposed to the pesticide produced higher viral yields than 

the control cells. As part of the same study human liver cells exposed to DDT showed 

reduced growth compared with controls (Gabliks & Friedman, 1969). 

 

While it seems possible that similar effects could be seen in bats it is not known what levels 

of exposure would be required to elicit these responses. Previous bat DDT studies have tested 

dead bats (Jefferies, 1972; Clark, 1981b; Corrao et al., 1985; Buchweitz et al., 2018), 

clinically normal wild bats that were euthanized (Best, 1973; Dunsmore et al., 1974; Clark et 

al., 1975; Clark & Prouty, 1976; Hernandez et al., 1993; Mispagel et al., 2004; Allinson et al., 

2006), or captive bats that were fed known amounts of DDT or other organochlorines to 

determine the lethal dose (Luckens & Davis, 1964; Jefferies, 1972; Dunsmore et al., 1974; 

Geluso et al., 1976; Clark & Kroll, 1977; Clark & Prouty, 1977; Clark, 1981a; Clark & 

Stafford, 1981). No studies currently exist that compare subclinical effects with tissue levels. 

However, there is some evidence that bats may be considerably more sensitive to the effects 

of DDT than other species. A study, which fed 200 mg/kg DDT to rats, produced immune 

suppression but no mortality (Wassermann et al., 1969), while another study that fed DDT to 

big brown bats (Eptesicus fuscus) produced mortality at doses as low as 20 mg/kg (Luckens 

& Davis, 1964). Even this dose is considerably greater than the approximately 1.1 mg/kg 

DDT that caused mortalities when fed to M. schreibersii (Dunsmore et al., 1974).  

 

If pesticide levels are indeed at the levels suggested by the small study described above and 

in Appendix 1, it is unlikely that they are contributing directly to the decline of the southern 
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bent-winged bat population. However, they could potentially be adding to the effects of a 

range of infectious diseases.  

 

1.6. Aims and objectives of this study 

The overall aim of this study was to investigate whether disease could be a contributing 

factor in the decline of southern bent-winged bats. A range of infectious agents (viruses, 

fungi and parasites) capable of causing disease in bent-winged bats were selected. These 

included the fungus which causes white nose syndrome (Pseudogymnoascus destructans), the 

presence of which in Australia has not been determined or excluded.  For the purposes of 

analysis and investigation, the southern bent-winged bats were divided into two sub-

populations: Victorian and South Australian, and the results obtained from these two groups 

compared with eastern bent-winged bats, which served as a control population as they are 

closely related, have also experienced mortalities, but do not appear to be in decline. 

This aim was attained through a series of objectives: 

1. Conduct a health survey of southern and eastern bent-winged bats. This included 

comparisons of morphometric data, surveys for a range of infectious diseases and 

parasites, and measures of blood health parameters for the two species.  

2. Determine whether white nose syndrome is a significant risk for Australian bats, 

particularly southern bent-winged bats. 

3. Survey southern and eastern bent-winged bats for the presence of 

Pseudogymnoascus destructans. 
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1.7. Thesis outline 

This study collected morphometric data from both southern and eastern bent-winged bats 

(Chapter 2). Bats were examined for the presence of potentially pathogenic viruses (Chapter 

3), fungi (Chapter 4), ectoparasites (Chapter 6) and haemoparasites (Chapter 7). White nose 

syndrome is the most devastating disease insectivorous bats have encountered. Therefore, it is 

important to understand the risk posed by this disease to bent-winged bats. This is explored in 

the risk assessment presented in Chapter 5. Chapter 8 provides a summary of the causes of 

mortality of bats encountered during the study. Chapter 9 summarises and discusses the 

findings of the investigation and presents conclusions and recommendations for future work.  
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Appendix Chapter 1 

Organochlorine levels in southern and eastern bent-winged bats from 

southern Australia 

Guano samples were collected from within the maternity caves near Naracoorte and 

Warrnambool and an abandoned mine near Christmas Hills. A handful of guano was sampled 

from each cave, wrapped in aluminium foil and stored at -20°C until assayed. Samples were 

submitted to AMAL Analytical Laboratories (Huntingdale, Australia) for organochlorine, 

organophosphate and synthetic pyrethroid testing. They were solvent extracted then analysed 

by gas chromatography with electron capture detection for organochlorines and 

nitrogen/phosphorus detection for organophosphates. Results were based on wet weight of 

guano and were negative for organophosphates and pyrethroids but positive for 

organochlorines (Table 1). 

 

Table 1. Organochlorine pesticide levels (mg/kg) in guano and calculated levels in southern 

(SB) and eastern (EB) bent-winged bats. ND = Not detected. NC = Not calculated. 

Organochlorine 

Naracoorte 

SB 

Warrnambool 

SB 

Christmas Hills 

EB 

DDE Guano 0.017  0.010  0.061  

DDE Bat 0.117  0.069  0.418  

Total DDT Guano ND ND 0.065  

Dieldrin Guano ND ND  0.027  

Dieldrin Bat NC NC  0.813  
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Bat pesticide levels, derived from guano levels, were calculated based on equations published 

by Clark et al. (1981) and are shown in Table 1. The equation for DDE was: Y = -0.068 + 

0.146X, and for dieldrin: Y = 0.157 + 0.033X, where Y is the concentration of pesticide in 

the guano and X is the concentration of pesticide in the bat. There are no published regression 

equations for DDT.  

 

Extrapolating guano pesticide levels to bat tissue pesticide levels is likely to be inaccurate as 

pesticide levels will vary, depending on where the guano was sampled and how frequently 

the bats are exposed to the pesticides. Nevertheless, based on previous literature, these levels 

do appear to be quite low. Pesticide related mortalities occurred at guano DDE levels above 

2.0 mg/kg and dieldrin levels above 0.4 mg/kg (Clark Jr et al., 1995). The highest levels were 

found in the Christmas Hills mine, which is occupied by eastern bent-winged bats, the 

subspecies that is not declining.  

 

Given the inaccuracies of guano testing, and the fact that several dead bats were found both 

in the Naracoorte and Warrnambool caves during the course of the investigation, pesticide 

testing was repeated on bat organs. Dead bats, which had been frozen, were thawed, their 

organs pooled and wrapped in aluminium foil prior to assaying. They were also submitted to 

AMAL Analytical Laboratories, as a Naracoorte pool and a Warrnambool pool. Bats only 

tested positive for DDT and DDE (Table 2). 
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Table 2. Organochlorine pesticide levels (mg/kg) in southern bent-winged bats found dead. 

ND = Not detected. 

Organochlorine Naracoorte Warrnambool 

DDE 0.16  0.11  

pp-DDT# 0.014 ND 

Total DDT 0.017  0.120  

# pp-DDT is the major isomer (77%) found in commercial DDT  

 

Based on these results the regression equation slightly underestimated the amount of DDE 

present in bat tissues (0.117 mg/kg compared with 0.16 mg/kg for Naracoorte; 0.069 mg/kg 

compared with 0.11 mg/kg for Warrnambool). However, the guano sampled likely did not 

originate from the bats tested, so direct comparisons as to the validity of the equation cannot 

be made. 
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Chapter 2 

Does size matter? Morphometrics of southern bent-winged bats 

(Miniopterus orianae bassanii) and eastern bent-winged bats (Miniopterus 

orianae oceanensis) 

In press: 

Peter H. Holz, Lindy F. Lumsden, Terry Reardon, Paul Gray and Jasmin Hufschmid. Does 

size matter? Morphometrics of southern bent-winged bats (Miniopterus orianae bassanii) and 

eastern bent-winged bats (Miniopterus orianae oceanensis). Australian Zoologist. 

 

2.1. Abstract 

The population size of the southern bent-winged bat, a critically endangered bat subspecies, 

has significantly declined in the last 50 years. As part of a larger study to determine whether 

disease could be a contributing factor to this decline, morphometric data was gathered for 

southern bent-winged bats and compared with the more common eastern bent-winged bats. 

Southern bent-winged bats were heavier, but forearm length was not significantly different 

between the two subspecies. This suggests that southern bent-winged bats may require more 

energy to fly and forage than eastern bent-winged bats. Consequently, southern bent-winged 

bats may need to consume more food on a daily basis, potentially increasing their 

susceptibility to adverse conditions such as drought.  

 

Key words: body weight, eastern bent-winged bat, forearm, Miniopterus orianae bassanii, 

Miniopterus orianae oceanensis, morphometrics, southern bent-winged bat 

 



25 
 

2.2. Introduction 

Australian bent-winged bats are cave-roosting, insectivorous bats, weighing between 5 and 

19 grams (Van Dyck et al., 2013). In south-eastern Australia there are two subspecies of the 

large bent-winged bat (Miniopterus orianae) that form separate maternity colonies (Cardinal 

& Christidis, 2000).  The southern bent-winged bat (M. orianae bassanii) occurs only in 

south-western Victoria and south-eastern South Australia (SA). There are three maternity 

caves, one near Warrnambool, a second small one near Cape Bridgewater (both in Victoria), 

and a third near Naracoorte in SA. In the last 50 years, the size of the Naracoorte population 

of southern bent-winged bats has declined from an estimated 100,000 - 200,000 in 1963 

(Dwyer & Hamilton-Smith, 1965) to 25,000 - 35,000 in 2011 (Lear, 2012). The 

Warrnambool population declined from approximately 15,000 to 10,000 over the same time 

period (DELWP, 2017). As a result, the subspecies was listed as critically endangered under 

the Environment Protection and Biodiversity Conservation Act in 2007. The eastern bent-

winged bat (M. orianae oceanensis) is more common and widespread, being distributed along 

the east coast of Australia (Van Dyck et al., 2013). Although numbers in Victoria appear to 

be stable, the subspecies is listed as vulnerable due to the use of just a single maternity site.  

 

The cause of the population decline of the southern bent-winged bat is not clear. Among the 

possibilities are inappropriate cave management, reduction in foraging resources due to 

drainage of wetlands and land clearing, human disturbance at roosting sites, exposure to 

pesticides and disease (DELWP, 2017). In order to investigate the potential for disease to be 

a significant driver of population decline, information was gathered about the viruses (Holz et 

al., 2018a), fungi (Holz et al., 2018c) and parasites (Holz et al., 2018b; Holz et al., 2019) 

which infect southern bent-winged bats and compared these findings with those of eastern 

bent-winged bats. As part of this assessment, morphometric data (body weight and forearm 
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length) were gathered from both southern bent-winged bats and southern populations of 

eastern bent-winged bats. While breeding biology of bent-winged bats has been documented 

(Dwyer, 1963b), minimal detailed published morphometric data are available (Dwyer, 1965).  

 

Body weight and forearm length are used to calculate the body weight:forearm ratio, which 

has been used as a measure of body condition (Pearce et al., 2008; Puechmaille et al., 2014; 

Nardone et al., 2015; Meng et al., 2016). This ratio has also been used to predict variation in 

prey selection and foraging style between species (Dwyer, 1965; Norberg & Rayner, 1987; 

Stern et al., 1997; Weterings & Umponstira, 2014). Prey selection and foraging style may, in 

turn, help explain dietary requirements and habitat preferences (Furey & Racey, 2016), which 

could inform management decisions for species such as the large bent-winged bats. In this 

paper, we present results from our analysis of seasonal variation in morphometrics of two 

subspecies of M. orianae and discuss the implications regarding life history, and potential 

influences on the conservation status, of the two subspecies. 

 

2.3. Methods 

2.3.1. Sample collection 

Sampling was undertaken for southern bent-winged bats during 2015 (September), 2016 

(January and September) and 2017 (February and August) and for eastern bent-winged bats 

during 2015 (April and September), 2016 (September) and 2017 (March). Trapping for 

southern bent-winged bats occurred at the Naracoorte breeding cave, but, because of the 

difficult access to the breeding cave near Warrnambool, no trapping occurred there. Instead, 

southern bent-winged bats were trapped at nearby non-breeding caves (Allansford, Portland 1 

and 2). Eastern bent-winged bats were trapped at abandoned mines at Christmas Hills and 
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Eildon and the only known Victorian breeding cave near Lakes Entrance in eastern Victoria 

(Table 2.1). (Note that due to concerns that members of the public may enter caves and 

disturb bats, this paper uses a generic description of the cave locations, rather than the 

specific name of each cave.) 

 

Individuals were caught as they flew out of the caves/mines, using harp traps (Austbat, 

Bairnsdale, Victoria (Tidemann & Woodside, 1978)) set at dusk at the entrances. Traps were 

monitored continually with the bats either left in the harp trap bag, or transferred in small 

numbers to cloth bags, prior to sampling. All bats were examined for any external signs of 

disease, aged as juveniles or adults (based on the presence or absence of a cartilaginous core 

at the metacarpal-phalangeal joint (Brunet-Rossinni & Wilkinson, 2009)), their sex was 

determined, forearm length measured from carpus to elbow, and weighed. Samples were also 

collected as part of the larger study for viral, fungal and parasitological analyses, and for 

haematology and biochemistry.  

 

Results were compared, using a two sample t-test, with a previous unpublished study that 

collected weights from southern bent-winged bats in late January 2001 at the Warrnambool 

and Naracoorte breeding caves (Gray, 2001). Weight and forearm length differences were 

considered significant if p<0.05. As bat body weight fluctuates seasonally (Dalhoumi et al., 

2016), meaningful comparisons need to take seasonal variations into account. Therefore, 

weights were only compared between the bats sampled by Gray (2001) and those collected in 

mid-late summer in this study, i.e. the Naracoorte (Jan 2016) and Portland 2 (Feb 2017) 

groups. 
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2.3.2. Statistical analyses 

Linear regression analysis was used to investigate whether body weight, forearm length or 

body weight:forearm ratios (dependent variables) of adult bats varied significantly with 

subspecies, location group (South Australian southern bent-winged bat (SA SBWB), 

Victorian southern bent-winged bat (Vic SBWB) and Victorian eastern bent-winged bat (Vic 

EBWB)), sex and/or sampling season (predictor variables). As not all location groups were 

sampled in all sampling seasons, comparisons across all groups were only made for spring 

(the only season where data was available for all location groups). Further, within each 

location group, bats were not sampled during all seasons of the year, so only those sampling 

seasons where data were collected were included to investigate seasonal effects. For SA 

SBWB, the only seasons that could be included were spring and summer; for Vic SBWB, the 

seasons included were spring, summer and winter; for Vic EBWB, the seasons included were 

spring and autumn. This also meant that each location group was examined separately for the 

effects of season. 

 

Univariable analysis was used to screen predictor variables against each dependent variable, 

and those with a p<0.20 were then included in multivariable models, using a backward 

stepping approach. Interaction terms were explored and only predictors or interactions with p 

<0.05 were included in the final models. The co-efficient indicates the absolute increase in 

the dependent variable if the predictor variable increases by 1 (continuous predictor) or 

changes from the comparison level to the predictor level (categorical predictors). Residuals 

were examined to determine whether model assumptions were met. Pairwise comparisons 

between multiple factors were conducted using Tukey’s Simultaneous Tests for Differences 

of Means, and a 95% confidence interval. All analysis was conducted in Minitab 18 (Minitab 

18 Statistical Software, 2017). 
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2.4. Results 

In total, 459 adult bats (327 southern bent-winged bats and 132 eastern bent-winged bats) 

were examined for sex, weight and forearm length (Table 2.1). Body weight fluctuated 

seasonally, with location and between subspecies. Forearm length was more constant, 

resulting in a variable weight:forearm ratio. 



 
 

Table 2.1. Sex, weight and forearm length of southern and eastern bent-winged bats examined from south-eastern Australia. All individuals are 

adults. n = total sample size; Jan = January; Feb = February; Mar = March; Apr = April; Aug = August; Sep = September. 

Location n 
Weight (g) Forearm Length (mm) Weight:forearm Ratio 

Mean Min-Max Mean Min-Max Mean Min-Max 

Southern bent-winged bat        

Allansford (19th Sep 2015) 32 14.0 12.5-16.2 48.5 47.2-49.8 0.29 0.26-0.33 

   Male 12 14.0 13.3-15.5 48.4 47.4-49.2 0.29 0.27-0.31 

   Female 20 14.0 12.5-16.2 48.5 47.2-49.8 0.29 0.26-0.33 

Portland 1 (9th Sep 2016) 45 16.2 13.4-18.7 48.0 45.5-50.2 0.34 0.29-0.40 

   Male 16 15.7 13.8-17.0 48.0 46.2-50.2 0.33 0.30-0.35 

   Female 29 16.4 13.4-18.7 48.5 45.5-48.7 0.29 0.29-0.40 

Portland 2 (2nd Feb 2017) 44 15.8 13.9-17.9 47.6 45.6-48.9 0.33 0.29-0.38 

   Male 32 16.0 13.9-17.9 47.7 46.4-48.9 0.34 0.29-0.38 

   Female 12 15.4 14.4-16.2 47.5 45.6-48.9 0.32 0.30-0.34 

Portland 2 (12th Aug 2017) 68 15.5 13.6-18.3 47.8 45.0-50.1 0.32 0.28-0.37 

   Male 44 15.8 13.6-18.3 47.9 46.4-50.1 0.33 0.28-0.37 

   Female 24 14.9 13.7-18.2 47.6 45.0-49.1 0.31 0.28-0.37 

Naracoorte (16th Jan 2016) 63 16.2 12.7-19.5 48.2 46.6-49.8 0.34 0.27-0.39 

   Male 30 16.7 15.3-19.5 48.2 46.6-49.8 0.35 0.32-0.39 

   Female 33 15.7 12.7-17.2 48.3 46.7-49.3 0.33 0.27-0.36 

Naracoorte (25th Sep 2016) 75 16.1 10.9-19.1 48.5 46.7-50.3 0.33 0.23-0.39 

   Male 37 15.5 10.9-17.6 48.6 47.1-50.3 0.32 0.23-0.36 



 
 

   Female 38 16.8 14.1-19.1 48.5 46.7-49.7 0.35 0.29-0.39 

Overall 327 15.9 10.9-19.5 48.1 45.0-50.3 0.33 0.23-0.40 

   Male 171 15.8 10.9-19.5 48.1 46.2-50.3 0.33 0.23-0.39 

   Female 156 15.8 12.5-19.1 48.1 45.0-49.8 0.33 0.26-0.40 

Eastern bent-winged bat        

Christmas Hills (21st Apr 2015) 35 14.4 12.8-16.0 48.0 46.1-49.5 0.30 0.27-0.33 

   Male 15 14.5 13.6-15.8 48.2 47.4-48.9 0.30 0.28-0.33 

   Female 20 14.3 12.8-16.0 47.9 46.1-49.5 0.30 0.27-0.33 

Christmas Hills (12th Sep 2015) 27 13.0 11.7-14.7 48.1 46.7-49.4 0.27 0.24-0.30 

   Male 15 13.4 12.4-14.7 48.1 46.7-49.1 0.28 0.25-0.30 

   Female 12 12.6 11.7-13.4 48.2 47.1-49.4 0.26 0.24-0.28 

Eildon (17th Sep 2016) 39 13.1 11.1-14.2 48.3 46.6-50.2 0.27 0.23-0.29 

   Male 12 13.4 12.5-14.0 48.6 47.0-49.8 0.28 0.26-0.29 

   Female 27 13.0 11.1-14.2 48.2 46.6-50.2 0.27 0.23-0.29 

Lakes Entrance (25th Mar 2017) 31 12.5 11.5-14.1 48.2 46.8-50.5 0.26 0.24-0.29 

   Male 5 12.9 11.7-13.8 48.5 47.1-50.5 0.27 0.25-0.28 

   Female 26 12.5 11.5-14.1 48.1 46.8-50.2 0.26 0.24-0.29 

Overall 132 13.5 11.1-16.0 48.2 46.1-50.5 0.28 0.23-0.33 
   Male 47 13.7 11.7-15.8 48.3 46.7-50.5 0.28 0.25-0.33 
   Female 85 13.1 11.1-16.0 48.1 46.1-50.2 0.27 0.23-0.33 
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2.4.1. Weight 

Spring was the only season in which both southern and eastern bent-winged bats were 

sampled. Overall, southern bent-winged bats were heavier than eastern bent-winged bats (p < 

0.001), and South Australian southern bent-winged bats were heavier than Victorian southern 

bent-winged bats (p < 0.001) (Table 2.2). 

 

As not all seasons were sampled for each location group, each location group was separately 

examined for the effects of season and sex (Table 2.2). There was a significant interaction 

between sex and season in predicting the weight of bats in southern, but not eastern bent-

winged bats. For eastern bent-winged bats, male bats were heavier than female bats in both 

seasons sampled (p < 0.001), and bats were heavier in autumn than spring (p=0.001) (Table 

2.2, Figure 2.1). In order to examine the interaction between season and sex for southern 

bent-winged bats more closely, the association between weight and sex was then examined 

separately for each season (Figure 2.1). In spring when females were likely to have been 

pregnant, Victorian southern bent-winged bat males tended to be lighter than females, 

although this difference was not significant (linear regression: coefficient (male) = - 0.457 ± 

0.353; p = 0.199; n = 77) (Figure 2.1). However, the difference was significant for the South 

Australian southern bent-winged bats (coefficient = -1.285 ± 0.305; p < 0.001; n = 75). Male 

southern bent-winged bats were heavier than females in the summer (Vic: coefficient = 0.583 

± 0.282; p = 0.045; n = 44; SA: coefficient = 0.990 ± 0.233; p < 0.001; n = 63) and winter 

(Vic only: coefficient = 0.827 ± 0.288; p = 0.006; n = 68).  
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Table 2.2. Linear regression models predicting the weight of southern (SBWB) and eastern 

(EBWB) bent-winged bats from South Australia (SA) and Victoria (Vic), based on 

subspecies, location group, season and sex. In all models, spring and female were the 

comparison variables. Significant p-values are bold. n=sample size; SE=standard error of 

coefficient. 

 n Coefficient SE p-value 

Weight by subspecies, spring only     

Intercept 219 15.704 0.108  

Subspecies (EBWB)  -2.637 0.197 < 0.001 
 
Weight by location group, spring only 

    

Intercept 219 13.067 0.159  

Location group    < 0.001 

     EBWBa  0 0  

     Vic SBWBb  2.210 0.217  

     SA SBWBc  3.070 0.218  

     

Weight  SA SBWB1     

Intercept 139 16.762 0.186  

Season (Summer)  -1.059 0.275 < 0.001 

Sex (Male)  -1.286 0.267 < 0.001 

Season*Sex    < 0.001 

     Summer*Male  2.276 0.397  

     

Weight  Vic SBWB2*     

Intercept 188 15.443 0.176  

Season    0.270 

     Summer  -0.026 0.397  

     Winter  -0.495 0.312  

Sex (Male)  -0.457 0.292 0.119 

Season*Sex    0.009 

     Summer*Male  1.040 0.510  

     Winter*Male  1.284 0.431  

     

Weight  Vic EBWB3     

Intercept 132 12.788 0.134  

Season (Autumn)  0.536 0.163 0.001 

Sex (Male)  0.682 0.170 < 0.001 

Different superscript letter
a,b,c

 indicates a significant difference (p<0.05). Only seasons 

included were spring and summer
1
, spring, summer and winter

2
 and spring and autumn

3
. *For 

season*sex interaction, spring and female were comparison values.  
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a) South Australian southern bent-winged bats 

 
b) Victorian southern bent-winged bats 

 
c) Victorian eastern bent-winged bats 

  

Figure 2.1. The weights of southern bent-winged bat and eastern bent-winged bat males 

(blue) and females (red) against season. Bars represent 95% confidence intervals. Individual 

standard deviations were used to calculate the intervals.  
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Except for male South Australian southern bent-winged bats, the southern bent-winged bats 

examined in the present study were lighter than those described by Gray (2001) (Table 2.3). 

When compared using a two sample t-test, differences were significant (p<0.05) for both 

sexes of the Victorian southern bent-winged bats and the female South Australian southern 

bent-winged bat. 

 

Table 2.3. Comparison of mean weights (g) and standard deviations (SD) of South Australian 

southern bent-winged bats (SA SBWB) sampled at the Naracoorte cave in January 2016 and 

Victorian southern bent-winged bats (Vic SBWB) sampled at the Portland 2 cave in February 

2017, with an unpublished study (Gray 2001) that sampled bats in late January 2001. 

n=sample size; p-values from 2-sample t-tests are indicated. 

 This Study Gray (2001) Differences 

 
 

n 

Weight  

Mean ± SD 

Forearm 

Length  

Mean ± SD 

 

n 

Weight 

Mean ± SD 

Forearm 

Length  

Mean ± SD 

p-value  

(Weight) 

p-value  

(Forearm) 

SA SBWB 

Females 
33 15.7 ± 1.0 48.3 ± 0.7 20 16.4 ± 0.8 48.8 ± 0.9 0.007 0.041 

SA SBWB 

Males 
30 16.7 ± 0.9 48.2 ± 0.8 13 17.1 ± 0.7 49.0 ± 0.4 0.109 <0.001 

Vic SBWB 

Females 
12 15.4 ± 0.7 47.5 ± 1.0 170 17.9 ± 0.9 47.7 ± 2.4 <0.001 0.565 

Vic SBWB 

Males 
32 16.0 ± 0.9 47.7 ± 0.7 79 18.1 ± 1.1 47.9 ± 1.4 <0.001 0.320 

 

2.4.2. Forearm length 

When spring samples (the only season available for all three subpopulations) were 

considered, the only significant difference in forearm length was between the South 

Australian and Victorian southern bent-winged bats, with the South Australian bats having 
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longer forearms (p = 0.012) (Table 2.4). Weight:forearm ratios were significantly different 

between all three subpopulations in spring (p < 0.001), being greater in southern bent-winged 

bats than in eastern bent-winged bats and greater in South Australian than Victorian southern 

bent-winged bats. 

 

Table 2.4. Linear regressions investigating the relationship between morphometric 

measurements for subpopulations of South Australian (SA) and Victorian (Vic) southern 

(SBWB) and eastern (EBWB) bent-winged bats. n = sample size; SE = standard error of 

coefficient. Significant p-values are bold. Superscript letters 
a,b,c

 indicate significant 

differences.  

 n Coefficient SE p-value 

Forearm length (mm)     
Intercept 219 48.540 0.089  
Subpopulation    0.012 
     SA SBWBa  0 0  
     Vic SBWBb  -0.345 0.125  
     Vic EBWBa,b  -0.306 0.130  
     
Weight: Forearm ratio     
Intercept 219 0.332 0.003  
Subpopulation    < 0.001 
     SA SBWBa  0 0  
     Vic SBWBb  -0.015 0.004  
     Vic EBWBc  -0.061 0.005  

 

Forearm length was significantly greater (p<0.05) for the bats sampled in the study by Gray 

(2001) compared with the South Australian southern bent-winged bats in this study (Table 

2.3). Differences were not significant for the Victorian southern bent-winged bats.  
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2.5. Discussion 

Southern and eastern bent-winged bat populations were examined for morphological 

differences that might shed light on prey selection and foraging style. Southern bent-winged 

bats were heavier than eastern bent-winged bats and males were heavier than females, except 

for southern bent-winged bats in the spring where the situation was reversed. 

 

Both sexes of Victorian southern bent-winged bats and female South Australian southern 

bent-winged bats were significantly lighter compared with a study in 2001 (Gray, 2001). 

While the South Australian southern bent-winged bat males also tended to be lighter in the 

current study, the difference was not significant. This may have been due to the small number 

of bats sampled at this location in the earlier study (13). While the reasons for the lower body 

weights noted in the current study are not obvious, it may be the result of differences in 

climatic conditions between sampling years, or continuing habitat alteration leading to a 

subsequent decline in food availability.  

 

Sexual dimorphism in this study was similar to previous Miniopterus studies (Sramek & 

Benda, 2014) with the exception that southern bent-winged bat females were heavier than 

males in the spring. This is likely the result of weight gain associated with pregnancy. Bent-

winged bats mate in autumn but implantation of the fertilized ovum is delayed until spring 

(Dwyer, 1963a). Southern bent-winged bats at Naracoorte appear to be the first to give birth, 

in October or November (Dwyer & Hamilton-Smith, 1965). Those at Warrnambool give birth 

from late November to late December, while eastern bent-winged bats are born in the Lakes 

Entrance breeding cave in December and early January (Dwyer & Hamilton-Smith, 1965). As 

the Naracoorte southern bent-winged bats give birth earlier, the females could be expected to 

have gained significant amounts of weight by September. In contrast eastern bent-winged 
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bats, by virtue of their later birth dates, do not gain significant amounts of weight until 

October (Dwyer, 1963a). Victorian southern bent-winged bat females, with an intermediate 

birthing period, are also intermediate regarding weight gain. Females were somewhat heavier 

than males in September but not significantly so.  

 

In many species of a wide range of bat families (e.g. Pteropodidae, Emballonuridae, 

Molossidae, Mormoopidae, Noctilionidae and Phyllostomidae), males are larger than females 

(Dalhoumi et al., 2016). However, for the Rhinolophidae and Vespertilionidae the converse is 

true with females being larger (Myers, 1978). Bats of the Miniopterus genus were previously 

considered part of the Vespertilionidae, but are now classified in their own family of 

Miniopteridae (Jackson & Groves, 2015). Miniopterus appears to fall within the group where 

males are larger than females. One study that included M. schreibersii from western and 

eastern Europe, M. maghrebensis from Morocco and M. fuliginosus from Afghanistan found 

males to be larger than females in all groups examined, except for the eastern European group 

where females were larger (Sramek & Benda, 2014). Males were also found to be larger for 

M. macrodens (Maeda, 1983) and M. australis (Maeda, 1984) in south-east Asia. However, 

for M. magnater the differences were not significant (Maeda, 1983). Hypotheses attempting 

to explain the various sexual dimorphisms include that larger females are better able to 

maintain homeothermy during gestation and better able to fly with and nourish large foetuses 

(Myers, 1978), while larger males are better able to compete for females (Sramek & Benda, 

2014). Whether or not females or males are larger likely depends on the ecological niche 

occupied by a particular bat species and the relative advantages and disadvantages afforded 

by each strategy.  
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The present study is the first to determine bodyweight: forearm ratios for southern and 

eastern bent-winged bats (Table 2.1). Body weight:forearm ratio has been used as a predictor 

of diet in bats. Bats with higher body weight:forearm ratios, e.g. 0.47 for Hipposideros sp., 

tend to feed on hard-bodied insects, while those with lower ratios, e.g. 0.15 for Pipistrellus 

sp., prefer soft-bodied ones (Weterings & Umponstira, 2014). The reason provided for the 

difference is that species with a lower bodyweight:forearm ratio are more agile, because they 

have less mass in comparison to the size of the wing. A higher bodyweight:forearm ratio 

relates to harder and larger insects in diets as they are more easily detected from greater 

distances. Therefore agility is less important (Weterings & Umponstira, 2014). Ratios were in 

the intermediate range for southern bent-winged bats (0.33) and for eastern bent-winged bats 

(0.27), which were similar to Rhinolophus sp. with a ratio of 0.25 (Weterings & Umponstira, 

2014). The diet of both bent-winged bats and Rhinolophus species contains a large proportion 

of lepidopterans (Vestjens & Hall, 1977; Weterings & Umponstira, 2014). There have been 

no detailed studies comparing the diet of southern and eastern bent-winged bats; however, the 

results presented here suggest that it would be worth investigating whether southern bent-

winged bats consume a higher proportion of hard-bodied insects compared with eastern bent-

winged bats, as predicted by the ratios. 

 

Body weight:forearm ratio has also been used to measure body condition (Pearce et al., 2008; 

Puechmaille et al., 2014; Nardone et al., 2015; Meng et al., 2016) by forming the basis of the 

forearm mass index (Meng et al., 2016) or the scaled mass index (Puechmaille et al., 2014; 

Nardone et al., 2015). While the latter has been validated in a number of rodent species by 

measuring their actual lipid content (Peig & Green, 2009), neither has been validated in bats. 

A separate study did validate their results by comparing the actual lipid mass in grams of big 

brown bats (Eptesicus fuscus) with that derived from the following equation: -8.79 + 26.79 x 
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(bodyweight in grams/forearm length in millimetres) (Pearce et al., 2008). There was a strong 

correlation between the two (r
2
 = 0.82), bodyweight: forearm ratio increasing along with the 

lipid content of the bats. Unfortunately, applying this equation to the eastern bent-winged 

bats in the current study resulted in a negative lipid mass, suggesting that the equation may be 

species-specific. A separate equation would need to be derived for each bat species and 

validated against actual body lipid mass. Therefore, the present study did not attempt to 

compare body condition based on this ratio. 

 

In conclusion, southern bent-winged bats were heavier than eastern bent-winged bats, had 

comparable forearm lengths and greater bodyweight:forearm ratios. As these bats were 

lighter than a comparable population weighed in 2001 (Gray, 2001), their greater weight 

seems unlikely to be because they are in better body condition than the eastern bent-winged 

bats. These findings imply that southern bent-winged bats may require more energy and, 

consequently, more food in order to conduct their daily activities. The environment currently 

occupied by South Australian southern bent-winged bats contains 16% of the original native 

vegetation (South East Natural Resources Management Board, 2010), while the Victorian 

southern bent-winged bat habitat contains 17% (Glenelg Hopkins Catchment Management 

Authority, 2013). This compares with native vegetation percentages of 45-62% for the 

eastern bent-winged bat environments (Victorian Environmental Assessment Council, 2010). 

Bent-winged bats feed predominantly on moths (Vestjens & Hall, 1977). While moth 

biomass for these regions has not been calculated, a study from Finland compared habitat 

quality, as measured by plant species richness and density, with moth numbers and found that 

higher quality habitat supported a greater number and diversity of moths (Pöyry et al., 2009). 

It is possible that moth numbers have similarly declined in the southern bent-winged bat 
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environments rendering them more susceptible to additional adverse conditions such as 

drought. 

 

The finding that southern bent-winged bats weighed less than they did in 2001 lends some 

support to this hypothesis, as southern bent-winged bat habitat alteration continued during the 

period from 2001 until the present study. Additional wetlands were converted to cropping and 

plantation forestry in both the Victorian and SA regions with a continued reduction in the 

water table (South East Natural Resources Management Board, 2010; Glenelg Hopkins 

Catchment Management Authority, 2013). These actions were compounded by a drought in 

2006, which corresponded to an increase in pup mortality (Bourne & Hamilton-Smith, 2007). 

However, to confirm this hypothesis, more detailed information would be required on 

comparative foraging distances, flight speed, flight energetics, prey availability and diet, to 

determine if there are ecological and energetic differences between the two subspecies that 

may potentially contribute to different conservation outcomes. 

 

2.6. Permits 

Bats were trapped with approval from the Faculty of Veterinary and Agricultural Science 

Animal Ethics Committee, University of Melbourne, Victoria (ethics approval 1513456.1), 

Department of Environment, Land, Water and Planning, Victoria (permit number 0007644), 

Wildlife Ethics Committee, South Australia (permit number 37/2015) and the Department of 

Environment, Water and Natural Resources, South Australia (permit number Q26488-1). 
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Chapter 3 

Virus survey in populations of two subspecies of bent-winged bats 

(Miniopterus orianae bassanii and oceanensis) in south-eastern Australia 

reveals a high prevalence of diverse herpesviruses 

Published:  

Peter H. Holz, Linda F. Lumsden, Julian Druce, Alistair R. Legione, Paola Vaz, Joanne M. 

Devlin, Jasmin Hufschmid. (2018) Virus survey in populations of two subspecies of bent-

winged bats (Miniopterus orianae bassanii and oceanensis) in south-eastern Australia reveals 

a high prevalence of diverse herpesviruses. PLoS ONE 13(5):e0197625. 

 

3.1. Abstract 

While bats are often viewed as carriers of infectious disease agents, little research has been 

conducted on the effects these potential pathogens may have on the bat populations 

themselves. The southern bent-winged bat (Miniopterus orianae bassanii) is a critically 

endangered subspecies endemic to south-eastern Australia. Population numbers of this bat 

have been declining for the past 50 years, but the reasons for this are unclear. As part of a 

larger study to determine if disease could be a contributing factor to this decline, 351 

southern bent-winged bats from four locations were captured, and oral swabs were collected 

and tested for the presence of potentially pathogenic viruses. Results were compared with 

those obtained from 116 eastern bent-winged bats (Miniopterus orianae oceanensis) from 

three different locations. The eastern bent-winged bat is a related but more common and 

widespread subspecies whose geographical range overlaps partly with southern bent-winged 

bats. Herpesviruses were detected in bent-winged bats from all seven locations. At least six 

novel herpesviruses (five betaherpesviruses and one gammaherpesvirus) were identified. The 
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prevalence of herpesvirus infection was higher in eastern bent-winged bats (44%, 51/116), 

compared to southern bent-winged bats (27%, 95/351), although this varied across the 

locations and sampling periods. Adenoviruses and a range of different RNA viruses 

(lyssaviruses, filoviruses, coronaviruses and henipaviruses) were also tested for but not 

detected. The detected herpesviruses did not appear to be associated with obvious ill health, 

and may thus not be playing a role in the population decline of the southern bent-winged bat. 

The detection of multiple novel herpesviruses at a high prevalence of infection is consistent 

with our understanding of bats as hosts to a rich diversity of viruses.   

 

Key words: southern bent-winged bat; Miniopterus orianae bassanii; eastern bent-winged 

bat; Miniopterus orianae oceanensis; adenovirus; Australian bat lyssavirus; coronavirus; 

filovirus; henipavirus; herpesvirus  

 

3.2. Introduction 

Historically, infectious diseases were believed to be of minimal significance in species 

population declines. An International Union for Conservation of Nature (IUCN) report listed 

833 species extinctions over the past 500 years and attributed only 3.7% of these to infectious 

disease (Smith et al., 2006). This low percentage of extinctions caused by infectious disease 

may be partly due to the past use of less sophisticated diagnostic techniques to detect 

infectious agents, as it is now becoming apparent that the effects of urbanization, human 

population growth, altered land use, deforestation, reduced biodiversity and global trade are 

leading to an increase in infectious disease incidence and impact (Cook & Karesh, 2012). 

These same factors are also increasing the frequency of disease transmission between 

humans, domestic animals and wildlife (Cook & Karesh, 2012; Civitello et al., 2015) 
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resulting in a dramatic rise in both emerging infectious diseases and zoonoses (Woolhouse & 

Gowtage-Sequeria, 2005).  

 

Bats, often seen as carriers of many infectious disease agents (Wibbelt et al., 2010b), have 

also been impacted by this increase in infectious disease incidence, as demonstrated by the 

recent large scale mortalities caused by white nose syndrome  in North America (Blehert, 

2012). Other infectious agents have also impacted bat populations. Of particular note is an 

event involving the mass mortality of thousands of bent-winged bats (Miniopterus 

schreibersii) in France, Spain and Portugal in 2002 (Roué & Némoz, 2002). This was thought 

to have been caused by infection with a novel filovirus, termed Lloviu virus (Negredo et al., 

2011), which was only found in dead bats. A betaherpesvirus was also found in the same 

affected bats. Its significance in the mortality event was unclear, however herpesviruses have 

been found asymptomatically in a number of different bat species, in addition to bent-winged 

bats (Wibbelt et al., 2007; Watanabe et al., 2009; Watanabe et al., 2010; Zhang et al., 2012; 

Pozo et al., 2016; Zheng et al., 2016).  

 

Bent-winged bats are small, cave-roosting, insectivorous bats, weighing between 10 and 19 

grams (Richards & Reardon, 2008). In south-eastern Australia there are two subspecies of 

large bent-winged bat (M. orianae) that form separate maternity colonies (Cardinal & 

Christidis, 2000).  The southern bent-winged bat (M. orianae bassanii) occurs only in south-

western Victoria and south-eastern South Australia (SA). There are two maternity caves, one 

near Warrnambool in Victoria and the other near Naracoorte in SA. In the last 50 years the 

size of the Naracoorte population of southern bent-winged bats has declined from an 

estimated 200,000 in the 1950s to 20,000 in 2009 (DELWP, 2017). The Warrnambool 
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population declined from 15,000 to 10,000 over the same time period (DELWP, 2017) . The 

subspecies was listed as critically endangered under the Environment Protection and 

Biodiversity Conservation Act in 2007. The eastern bent-winged bat (M. orianae oceanensis) 

is more common and widespread, being distributed along the east coast of Australia 

(Richards & Reardon, 2008). Although numbers appear to be stable, the subspecies is listed 

as vulnerable in Victoria due to the use of just a single maternity site (DELWP, 2017).  

 

In south-eastern Australia, disease of unknown aetiology has been identified as a possible 

cause for the dramatic declines in southern bent-winged bat populations (DELWP, 2017). 

Despite this, there has been only one published disease investigation of this subspecies, at 

Naracoorte, which examined skin nodules caused by a species of nematode (McLelland et al., 

2013). There has been no systematic survey for viruses to determine if they may be playing a 

role in the decline.  

 

In addition to herpesviruses and filoviruses, lyssaviruses and adenoviruses are also known to 

cause disease in bats. Australian bat lyssavirus (ABLV), causes a fatal disease in bats and 

humans. It is carried by all four species of Australian flying foxes (Pteropus spp.), as well as 

the yellow-bellied sheath-tailed bat (Saccolaimus flaviventris) (Field, 2004). While previous 

surveys of bent-winged bats in Australia failed to find any serologically positive animals 

(Bunn & Garner, 1997; Field, 2004) a serosurvey of common bent-winged bats (M. 

schreibersii) in the Philippines found that 36% were positive for neutralizing antibodies 

against ABLV (Arguin et al., 2002). Bat-associated adenovirus infections have been mostly 

asymptomatic (Maeda et al., 2008; Sonntag et al., 2009; Li et al., 2010; Janoska et al., 2011). 

The virus was found in the gut of three common pipistrelles (Pipistrellus pipistrellus) in 
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Germany with gastrointestinal disease but causation was not established (Sonntag et al., 

2009).  

 

Bats act as asymptomatic reservoir hosts for a number of important zoonotic viruses that can 

cause disease or death in humans. This includes the coronavirus that cause Severe Acute 

Respiratory Syndrome (SARS) (Drexler et al., 2014). Alpha- and beta-coronavirus RNA and 

antibodies have been identified in different species of bent-winged bats from northern 

Australia (Smith et al., 2016), Thailand (Wacharapluesadee et al., 2015), Hong Kong (Poon 

et al., 2005), China (Tang et al., 2006) and Bulgaria  (Drexler et al., 2010). Henipaviruses, 

such as Hendra and Nipah viruses, can also cause severe disease and death in humans (Field, 

2004). No serological evidence of Hendra virus infection was detected in 62 common bent-

winged bats sampled in Queensland, Australia (Field, 2004), but bent-winged bats that were 

seropositive for Nipah-like viruses have been identified in China (Li et al., 2008). Filoviruses, 

including Ebola and Marburg viruses, can cause severe haemorrhagic fevers in humans 

(Olival & Hayman, 2014). More recent publications have identified the presence of a 

different filovirus (Reston ebolavirus) in three apparently healthy bent-winged bats (M. 

schreibersii) in the Philippines (Jayme et al., 2015) and have found serological evidence of 

infection in two bent-winged bats (M. schreibersii) in China (Yuan et al., 2012). The status of 

Australian bent-winged bats with respect to this viral group is unknown. 

 

The aim of this study was to characterise the virus diversity of the two subspecies to 

investigate the possibility of viral disease contributing to the decline of the southern bent-

winged bat by comparing viruses detected in southern bent-winged bats with those from the 

more common eastern bent-winged bats. In addition, this study aimed to assess any potential 



48 
 

public health concerns for researchers and others working with these bats. Consequently, we 

tested populations of southern and eastern bent-winged bats in south-eastern Australia for 

ABLV, adenoviruses, filoviruses, herpesviruses, coronaviruses and henipaviruses.  

 

3.3. Materials and methods 

3.3.1. Sample collection 

Due to concerns that members of the public may enter caves and disturb the critically 

endangered southern bent-winged bats, this paper uses a generic description of the cave 

locations, rather than the specific name of each cave.  

 

Sampling was undertaken during summer/early autumn (January-March) and early spring 

(September), between September 2015 and March 2017. Trapping for southern bent-winged 

bats occurred at the Naracoorte breeding cave, but, because of the difficult access to the 

breeding cave near Warrnambool, no trapping occurred there. Instead, those southern bent-

winged bats were trapped at nearby non-breeding caves (Allansford, Portland 1 and 2), with 

the assumption that these bats were part of the Warrnambool breeding population. Eastern 

bent-winged bats were trapped at abandoned mines at Christmas Hills and Eildon and the 

only Victorian breeding cave near Lakes Entrance in eastern Victoria. 

 

Individuals were caught as they flew out of the caves/mines, using harp traps (Austbat, 

Bairnsdale, Victoria, modified from Tidemann and Woodside, 1978 (Tidemann & Woodside, 

1978)) set at dusk at the entrances. Traps were monitored continually with the bats either left 

in the harp trap bag, or transferred in small numbers to cloth bags, prior to sampling. All bats 

were examined for any external signs of disease, aged as juveniles or adults (based on the 

presence or absence of a cartilaginous core at the metacarpal-phalangeal joint (Brunet-
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Rossinni & Wilkinson, 2009)), sexed, forearm length measured from carpus to elbow, and 

weighed. In January 2016, only adult bats from Naracoorte were measured and swabbed, but 

swabs were obtained at the same time opportunistically from juvenile bats which formed part 

of a different study. The oral cavity was swabbed using sterile, dry, rayon swabs (Copan 

Flock Technologies, Brescia, Italy). The swab was placed in 500 μL of RNAlater (Life 

Technologies, Melbourne, Australia) and stored at -20 
°
C until analysis. As part of a larger 

study, wing swabs were collected for examination for fungi, a maximum of 90 µl blood was 

taken from the median vein of unanaesthetised bats for haematology, biochemistry and 

haemoparasite analysis and ectoparasites were collected. Following sampling all bats were 

released at the point of capture. 

 

During the course of the study 24 dead bats were examined opportunistically (21 from the 

Naracoorte cave, two from the Warrnambool breeding cave and one from Portland 2 cave), as 

pathogenic agents may be more likely to be present in dead animals. Bats were necropsied 

and examined histologically. The causes of death were trauma (11 cases), unknown (nine 

cases), presumptive bacterial fibrino-suppurative pleuritis (one case), presumptive clostridial 

septicaemia (one case), parasitism (one case) and inanition (one case). Tissue samples (lung, 

liver, spleen) were collected for the detection of viruses from seven of these bats (six from 

the Naracoorte cave and one from the Warrnambool cave). Oral swabs for virus detection 

were collected from a further 17 of the dead bats (15 from the Naracoorte cave and one each 

from the Warrnambool cave and Portland 2 cave). 

 

3.3.2. Extraction of viral DNA and RNA 

For viral detection, DNA and RNA were extracted from 200 μL of RNAlater of each swab 

sample collected from Christmas Hills, Allansford and Naracoorte (January 2016) using VX 
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Universal Liquid Sample DNA Extraction Kits (Qiagen, Melbourne, Australia) and a Corbett 

X-tractor Gene Robot (Corbett Robotics, Sydney, Australia). Negative extraction controls 

utilised distilled water (Milli-Q, Merck, USA) only. Positive extraction controls utilised 

laboratory stocks of cell cultures infected with the avian alphaherpesvirus, infectious 

laryngotracheitis virus (ILTV) or the avian paramyxovirus, Newcastle disease virus (NDV).  

 

Due to the subsequent unavailability of the X-tractor Gene Robot for extraction, DNA from 

swab samples collected from Naracoorte (September 2016), Portland 1, Portland 2, Lakes 

Entrance and Eildon, as well as tissue samples collected from dead bats, was extracted 

manually using the method described by Steer et al. (Steer et al., 2009). Manual extraction 

methods used water (Milli-Q, Merck, USA) as negative extraction control samples, and ILTV 

infected cell cultures as positive extraction control samples, as described above. 

 

3.3.3. Detection of Viral DNA and RNA by PCR 

For the detection of herpesvirus DNA, extracted DNA was used as a template in a nested 

pan-herpesviridae PCR, using primers targeting a conserved region of the herpesvirus DNA 

polymerase gene approximately 200 bp in length (Chmielewicz et al., 2003). PCR negative 

controls containing no DNA template, and PCR positive controls containing previously 

extracted ILTV DNA, were also included. PCR products were visualised on an agarose gel 

and positive samples underwent DNA purification (QIAquick Gel Extraction Kit, Qiagen, 

Melbourne, Australia) and Sanger sequencing (Big Dye Terminator version 3.1, Applied 

Biosystems, Melbourne, Australia). 

 

For detection of adenoviruses and RNA viruses, nucleic acid extracts were submitted to the 

Victorian Infectious Diseases Reference Laboratory (VIDRL), Melbourne, where they were 
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pooled (five samples per pool) and converted to cDNA using Bioline SensiFast cDNA 

synthesis kit (Bioline, London, UK) as per the manufacturer’s instructions.  The cDNA 

samples were tested using degenerate consensus PCRs targeting families or genera of the 

following: Adenoviridae, Coronavirinae, Torovirinae, Filoviridae, Henipaviridae, lyssavirus 

and rhabdovirus (Druce, 2017).  The PCR assay positive controls were nucleic acid 

extracts/cDNA of human adenovirus 5, human coronavirus 229e, Reston ebolavirus, Hendra 

virus and rabies virus.  The assay for Torovirinae used an artificial oligonucleotide construct 

containing the primer binding regions for the respective primers. Successful extraction of 

RNA was confirmed in positive extraction controls using reverse transcription PCRs 

targeting conserved motifs in domain III of the paramyxovirus RNA-dependent RNA 

polymerase gene (applied to cell culture stocks of NDV) or targeting mRNA from the 

chicken housekeeping gene; glyceraldehyde-3-phosphate dehydrogenase (applied to cell 

culture stocks of ILTV) (van Boheemen et al., 2012; Coppo et al., 2018).  

 

3.3.4. Sequence and phylogenetic analyses 

Herpesvirus sequences were analysed with Geneious 7.1 software (Biomatters Ltd, Auckland, 

New Zealand). Individual sequences were assigned to groups of identical, or near identical 

(like) sequences. Near identical sequences were examined for stop codons and multiple 

peaks. They contained a maximum of four single nucleotide polymorphisms (SNPs) in the 

approximately 200 bp of the sequenced product (2%). Consensus sequences were generated 

from groups of like sequences and then compared with published protein sequences in the 

GenBank database (NCBI, 2016) using the BLAST-X algorithm (Altschul et al., 1990). The 

resulting predicted amino acid pairwise identities were recorded. A portion of the predicted 

amino acid sequences of the DNA polymerase region from the detected herpesviruses were 

aligned with representative members from the three Herpesviridae subfamilies from a range 
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of host species using MAFFT v7.308 (Katoh & Standley, 2013), in conjunction with the 

BLOSUM62 scoring matrix (Henikoff & Henikoff, 1992). A phylogenetic tree was generated 

from the 45 amino acid long alignment using MrBayes v3.2.6 (Huelsenbeck & Ronquist, 

2001) with four heated chains, a chain length of 1,000,000, sampling every 10,000 iterations, 

and a burn in of 10%. Amino acid sequence is most commonly used when comparing 

between herpesvirus sub-families as it is typically more informative than relying on overly-

divergent nucleotide sequences, which will affect the quality of the alignment and therefore 

the quality of the tree (McGeoch et al., 2000). Model selection was undertaken using 

ModelGenerator v0.85 (Keane et al., 2006), and the Le and Gascuel model (Le & Gascuel, 

2008), with gamma-distributed rate variation across sites and a proportion of invariable sites 

(LG+I+G), was selected based on the Akaike Information Criterion (Akaike, 1974).  

 

3.3.5. Statistical analyses 

Because of the different properties of betaherpesviruses and gammaherpesviruses (Knowles, 

2011), these two viral groups were treated separately. However, due to the low number of 

gammaherpesviruses identified, statistical analyses were confined to betaherpesviruses.  

 

Initial assessment of the data occurred with general descriptive statistics and graphic plots 

(histograms). Subsequently, a range of potential internal and external predictor variables were 

screened for association with detection of betaherpesvirus DNA, using univariable logistic 

regression. These included subspecies, location (grouped as South Australian southern bent-

winged bat, Victorian southern bent-winged bat and Victorian eastern bent-winged bat), body 

mass, sex, age (adult or juvenile) and absence/presence of co-infection with 

Polychromophilus sp. (a haemoprotozoan related to Plasmodium), mites, ticks and bat flies 

(internal factors). Season (spring, summer, autumn) was the only external factor included. 
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Residuals were examined to confirm that model assumptions were met. All factors significant 

at p < 0.20 were subsequently included in a multivariable logistic regression model, using 

backward stepping. The final model only included those variables significant at p < 0.05; 

again, residuals were examined to confirm that model assumptions were met. All statistics 

were performed using Minitab 18 (Minitab, USA). 

 

3.4. Results 

All the initial samples (a total of 213) collected from Christmas Hills, Allansford and 

Naracoorte (January 2016) were negative for the presence of adenoviruses and RNA viruses 

(i.e. ABLV, filoviruses, coronaviruses and henipaviruses). Therefore, no further testing for 

these viruses was undertaken on subsequently collected samples.  

 

In contrast, herpesvirus DNA was detected in 146 (i.e. 31%; n = 467) bats examined. All 

PCR negative control reactions, and extraction negative control reactions, were negative for 

the presence of herpesvirus DNA. All positive extraction controls and PCR positive control 

samples were positive for the presence of the herpesvirus DNA. Herpesvirus DNA 

prevalence was higher in eastern bent-winged bats (41%; n = 116) than in southern bent-

winged bats (27%, n = 351), with the lowest prevalence at Naracoorte (Table 3.1).  
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Table 3.1. Prevalence of herpesvirus DNA in oropharyngeal swabs, including proportion of 

sequence-confirmed positive swabs (confirmed), collected from populations of southern and 

eastern bent-winged bats from south-eastern Australia. All bats are adults unless otherwise 

indicated.  

Location Sampling Period Prevalence % (n) 95% CI Confirmed 

Southern bent-winged bats    

Allansford September 2015  63 (32) 45, 77 16/20 

Portland 1 September 2016 38 (45) 25, 52 14/17 

Portland 2 February 2017 82 (44)  68, 90 15/36 

Naracoorte January 2016 

11 (155) total 

8 (63) adults 

13 (92)  juveniles 

7, 17 

3, 17 

8, 21 

17/17 

Naracoorte September 2016 7 (75)  3, 15 3/5 

     

Eastern bent-winged bats    

Christmas Hills September 2015 50 (26)  32, 68 12/13 

Eildon September 2016 18 (39) 7, 30 3/6 

Lakes Entrance March 2017 

63 (51) total 

81 (31) adults 

35 (20) juveniles 

49, 75 

64, 91 

18, 57 

9/32 

CI – confidence interval. 

 



55 
 

All the dead bats tested negative for herpesvirus, except for two southern bent-winged bats 

from Naracoorte, one from a liver sample and another from a lung sample. However, the 

DNA was of insufficient quality to confirm the positive results by sequencing. All oral swabs 

collected from dead bats tested negative for herpesvirus DNA.  

 

Herpesvirus DNA suitable for sequencing was obtained from 89/146 of the PCR positive 

samples. Analysis of the herpesvirus sequence data revealed six different unique viral 

sequences or sequence types (S1 Table), including one gammaherpesvirus (referred to as 

N7050-like viruses) and five betaherpesviruses (referred to as D15, NG46, CH20, E22 and 

CH6-like viruses). The viral sequences were compared with bat herpesviruses in GenBank 

and the maximum percentage predicted amino acid identity to other known bat herpesviruses 

was found to range from 61% (for CH20-like viruses) to 96% (for CH6-like viruses) (Table 

3.2). This region of the genome is highly conserved in gammaherpesviruses (e.g. 93% amino 

acid pairwise identity between the closely related equine gammaherpesviruses 5 and 7, 

GenBank accession numbers AF141886.1 and AKE07652.1, respectively) and 

betaherpesviruses (e.g. 98% amino acid pairwise identity between the closely related 

human betaherpesviruses 6A and 6B, GenBank accession numbers APO39176.1 and 

AB283024.1, respectively), suggesting that the detected viruses may be novel viruses, 

although further genome sequencing is required to confirm this. A phylogenetic tree 

demonstrating the relationship of the six virus sequence types with each other and with other 

known herpesviruses is presented in Fig 3.1. A similarity matrix of aligned amino acid 

sequences is available as supplementary information (S2 Table). This analysis, despite the 

small fragment of protein sequence available for assessment and low posterior support values 

for some internal branches, highlighted that the detected viruses clustered within 

the Herpesviridae subfamilies, Gammaherpesvirinae and Betaherpesvirinae. 
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Table 3.2. Comparison of bent-winged bat (BWB) herpesvirus sequences, detected by PCR 

analysis, from southern and eastern bent-winged bats from south-eastern Australia, with the 

bat herpesvirus in GenBank with the closest identity.  

Bent-winged 

Bat Virus 

GenBank Taxonomy ID 

668548  

Accession 

Number 

Identity Query/Subject 

Amino Acids 

D15-like  Bat Betaherpesvirus 2 BAI22795.1 75% 41/55 

NG46-like Bat Betaherpesvirus 2 BAI22795.1 82% 47/57 

CH 20-like Bat Betaherpesvirus B7D8   AFK83885.1 61% 31/51 

CH 6-like  Bat Betaherpesvirus 2 BAI22795.1 96% 49/51 

E 22-like Bat Betaherpesvirus 2 

Miniopterus schreibersii 

Betaherpesvirus 2 

BAI22795.1 

AMY98771.1 

88% 

88% 

36/41 

30/34 

N7050-like Bat Gammaherpesvirus  ALH21055.1 86% 43/50 

Pairwise alignments of amino acids were generated using BLAST-X. 
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Figure 3.1. Phylogenetic tree demonstrating the relationship between six bent-winged bat 

herpesviruses detected in southern and eastern bent-winged bats from south-eastern Australia 

using PCR, and a selection of viruses from the Alpha- (red), Beta- (blue) and 

Gammaherpesvirinae (purple) subfamilies. The tree was generated from the 45 amino acid 

long alignment using MrBayes v3.2.6 (Huelsenbeck & Ronquist, 2001) with four heated 

chains, a chain length of 1,000,000, sampling every 10,000 iterations, and a burn in of 10%. 

GenBank accession numbers are located to the right of each virus. 
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After univariable screening, all predictors, except ticks and bat flies, were significant at the p 

< 0.20 level (Table 3.3). In the final, multivariable model, location group (p < 0.001), season 

(p < 0.001), and sex (p = 0.024) were significant predictors of betaherpesvirus shedding 

(Table 3.4). Both eastern bent-winged bats and Victorian southern bent-winged bats were 

significantly more likely to be shedding betaherpesvirus than southern bent-winged bats in 

South Australia (Odds Ratio, OR = 7.1 and 23.3, respectively), and Victorian southern bent-

winged bats were significantly more likely to be shedding than eastern bent-winged bats (OR 

= 3.3). Bats were more likely to be shedding betaherpesvirus in summer or autumn, and least 

likely in spring. Males were more likely to be shedding than females (OR = 1.8) (Table 3.4). 

Body mass, age and presence of parasites were not significant predictors in the multivariable 

model.  
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Table 3.3. Predictor variables screened using univariable logistic regression models for an 

association with betaherpesvirus infection in southern (SBWB) and eastern (EBWB) bent-

winged bats from Victoria (Vic) and South Australia (SA), and found to be significant at the 

p < 0.20 level.  

Variable n OR 95%CI p-value 

Subspecies (SB) 467 0.467 0.300, 0.725 0.001 

Body mass 467 0.767 0.685, 0859 <0.001 

Sex (M) 467 1.434 0.959, 2.143 0.079 

Age (Juv) 467 0.186 0.094, 0.369 <0.001 

Location Group 467   <0.001 

    Vic EB vs SA SB  11.612 5.942, 22.693  

     Vic SB vs Vic EB  2.186 1.302, 3.670  

     Vic SB vs SA SB  25.386 13.020, 49.497  

Polychromophilus (yes) 264 1.849 1.078, 3.172 0.026 

Mites (yes) 376 2.120 1.424, 3.398 <0.001 

Season 467   <0.001 

     Spring vs autumn  0.214 0.112, 0.406  

     Summer vs autumn  0.170 0.088, 0.328  

     Summer vs spring  0.793 0.506, 1.244  

n = sample size; OR = odds ratio; CI = confidence interval. Reference variable is in brackets. 
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Table 3.4. Multivariable logistic regression model for betaherpesvirus infection in southern 

(SBWB) and eastern (EBWB) bent-winged bats from Victoria (Vic) and South Australia 

(SA).  

 n coefficient SE OR 95%CI p-value 

Intercept 467 -0.864 0.664    

Location Group      <0.001 

     Vic EB vs SA SB    7.088 2.719, 18.473  

     Vic SB vs SA SB    23.331 10.880, 50.027  

     Vic SB vs Vic EB    3.292 1.611, 6.728  

Season      <0.001 

    Spring vs autumn    0.082 0.031, 0.213  

    Summer vs autumn    0.242 0.074, 0.788  

    Summer vs spring    2.966 1.450, 6.069  

Male vs female    1.839 1.081, 3.130 0.024 

n = sample size; SE = standard error; OR = odds ratio; CI = confidence interval 

 

There was geographical and subspecies-specific variation in the distribution of the different 

viral sequence types (Fig 3.2). The D15-like betaherpesvirus was found in both bat 

subspecies and at all locations sampled. In addition, NG46-like and CH20-like 

betaherpesviruses were found in both subspecies, although not at every location. The N7050-

like gammaherpesvirus was only found in southern bent-winged bats, in eight juveniles from 

Naracoorte, while E22-like and CH6-like betaherpesviruses were only recorded, in small 
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numbers, in eastern bent-winged bats. The eastern bent-winged bats from Christmas Hills 

contained the largest number of different herpesviruses (four), while the southern bent-

winged bats from Allansford only contained one herpesvirus.  

 

 

Figure 3.2. Distribution of herpesviruses detected in each of the seven bent-winged bat 

locations sampled across Victoria and South Australia (southern bent-winged bat: 

Naracoorte, Portland 1 & 2, Allansford; and eastern bent-winged bat: Christmas Hills, Eildon 

and Lakes Entrance). Numbers represent the number of viruses of each type present in the 

population. D15-like viruses = green.  NG46-like viruses = orange. N7050-like viruses = 

blue. CH20-like viruses = maroon. E22-like viruses = lilac. CH6-like viruses = salmon.  

 



62 
 

3.5. Discussion 

This is the most comprehensive viral survey of Australian bent-winged bats. No RNA viruses 

were found in any of the bats tested. All four RNA virus families tested (ABLV, filoviruses, 

coronaviruses and henipaviruses) include significant human pathogens. The lack of detection 

of serious zoonoses in the present study is reassuring from a public health standpoint as the 

South Australian bats sampled reside in a national park which attracts frequent human 

visitation. It is also reassuring from a conservation perspective as the southern bent-winged 

bat is listed as critically endangered. 

 

PCR based assays, as used in this study, generally only detect viruses in animals that have an 

active infection and are shedding virus at the time of testing (Field, 2004), while serology 

will also detect animals that have experienced infections in the past. Due to the small size of 

bent-winged bats it was not possible to collect sufficient blood to screen for exposure to 

viruses using the serological tools that were available to us. The small amount of blood that 

was collected in this study (a maximum of 90 µL per bat) was prioritised for haematological 

and biochemical testing (as a component of a related study) rather than for virological 

screening. The use of oral swab samples combined with molecular methods to screen for 

shedding of viruses has been successfully used in bats for European bat lyssavirus, a virus 

closely related to ABLV, detecting virus in 15 of 71 samples (Echevarria et al., 2001) and 

consistent with lyssaviruses being shed in the saliva of infected animals (Smith et al., 2002). 

While the present study also used this method to screen for adenoviruses, coronaviruses, 

filoviruses and henipaviruses, which can all be found in the respiratory and gastrointestinal 

tracts, testing faeces, urine or blood may have increased the chances of finding these viruses 

(Field, 2004; Li et al., 2010; Negredo et al., 2011; Baker et al., 2013; Drexler et al., 2014).  
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Six new herpesviruses were detected in the bats examined. This is consistent with recent 

reports from China and Europe which have revealed a great diversity of herpesviruses in bats, 

including both betaherpesviruses and gammaherpesviruses (Wibbelt et al., 2007; Watanabe et 

al., 2009; Watanabe et al., 2010; Zhang et al., 2012; Pozo et al., 2016; Zheng et al., 2016). 

Five of the bent-winged bat viruses detected in this study were betaherpesviruses, while one 

virus, found only in juvenile Naracoorte bats, was a gammaherpesvirus, (N7050-like). This 

virus had an amino acid sequence identity of 92% to a virus found in Chinese bent-winged 

bats (Bat Gammaherpesvirus ALH21060.1) (Zheng et al., 2016). See Figure 3.1 and Table 

3.2. 

 

The percentage of bats sampled that were PCR positive for herpesvirus DNA varied widely 

between the different populations in this study, from 7% to 82%, but this is comparable with 

other studies of herpesviruses in bats, where the percentage of herpesvirus detection ranged 

from 3% to 72% (Pozo et al., 2016; Zheng et al., 2016). The high prevalence of 

betaherpesviruses detected in this study may be explained, in part, by the type of samples 

(oropharyngeal swabs) that were collected. Betaherpesviruses become latent in secretory 

glands, particularly salivary glands, and would be expected to appear in saliva when excreted 

(Pozo et al., 2016). By contrast, a Chinese study that tested bat faecal samples, found a 

greater proportion of gammaherpesviruses (Zheng et al., 2016). Faecal samples were not 

tested in this study but could be considered for future work.  

 

Little is known regarding the extent of movement between the three bent-winged bat 

populations, although there does appear to be some interchange between them (DELWP, 

2017). The different viral diversity profiles present within the bat populations are consistent 

with restricted, rather than continual, movement of animals between the different locations. 
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Two herpesviruses (CH6-like and E22-like) were detected only in eastern bent-winged bats, 

whilst another herpesvirus (N7050-like) was detected only in southern bent-winged bats, 

raising the possibility that these viruses are specific for each of the sub-species of bent-

winged bats, although this requires further investigation with larger numbers of animals and 

samples collected over different times of the year. Three herpesviruses were detected across 

both bat subspecies, including D15-like herpesvirus, which was found at all seven locations. 

Herpesviruses have a low rate of nucleotide substitution and have co-evolved with their hosts 

over many millions of years (McGeoch et al., 1995), thus, even in the presence of relatively 

limited movement of bats between the locations included in the present study, it is expected 

that the same or similar viruses would occur due to some herpesviruses being present before 

sub-speciation of the bats, or before bat populations became relatively isolated from each 

other.  

 

Betaherpesvirus shedding was higher in summer and autumn and lower in spring. Similar 

patterns have been found in marsupials, humans and cattle (Nardelli et al., 2008; Critselis et 

al., 2012; Stalder, 2013). When herpes simplex virus was grown in tissue culture, 35 °C was 

found to be the optimum temperature for growth, which ceased below 25
 
°C (Wheeler & 

Canby, 1959). As temperatures within the caves occupied by the bats are below 25 °C year 

round (Dwyer & Hamilton-Smith, 1965) and bats go into torpor over winter, lowering their 

body temperatures to within a few degrees of ambient (Burbank & Young, 1934), this would 

create unfavourable conditions for virus growth and replication. As the bats’ body 

temperatures and activity levels reach a maximum during the summer months, conditions at 

this time of year would be more conducive to viral replication and transmission. 
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Male bats were more likely to be shedding betaherpesviruses than female bats, a pattern 

which has also been observed in marsupials (Stalder, 2013), cats (Kruger et al., 2000) and 

deer (Lillehaug et al., 2003). This may be due to behavioural differences between the sexes 

affecting rates of transmission, but potential mechanisms for this are unknown.  

 

None of the bats surveyed in this study showed any obvious external signs of ill health or 

malnutrition. Ideally, ill or recently dead bats would be surveyed as they may contain 

infectious agents not found in healthy bats, as demonstrated by the European filovirus 

outbreak (Negredo et al., 2011). Unfortunately, dead and dying bats are rapidly removed 

from caves by rats, foxes and other scavengers and rarely found in a state that allows for 

disease investigation. Based on these results, and the absence of disease or any obvious 

lesions attributable to herpesvirus infection in any of the bats sampled, it seems likely that the 

detected herpesviruses are well adapted to their hosts and that bent-winged bats usually carry 

these herpesviruses with no apparent ill effects. 

 

Latency is an important characteristic of all herpesviruses studied to date and is typically 

punctuated by intermittent, recurrent viral activation and shedding in response to 

compromised immunity caused by some form of stress (Knowles, 2011). As southern bent-

winged bat numbers have recently declined, it could be assumed that this population is 

labouring under some form of stress, which may be absent from the eastern bent-winged bat 

population, which would result in a greater number of herpesvirus positive southern bent-

winged bats. While Victorian southern bent-winged bats did have a higher prevalence of 

infection than eastern bent-winged bats, the opposite was true for the South Australian bats. 

Similarly, presumably due to an immature immune system (Simon et al., 2015), more 

juveniles than adults tend to excrete herpesviruses (Knowles, 2011). This was observed in 
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bats from Naracoorte (southern bent-winged bat), but not those from Lakes Entrance (eastern 

bent-winged bat).  

 

The PCR used in the present study is able to detect herpesviruses that are being actively shed 

by the host. However the ability of this PCR to detect latent virus in oropharyngeal swabs 

cannot be ruled out, as the same nested PCR has been used to detect latent virus genomes in 

other species (Chmielewicz et al., 2003). Detection of herpesvirus DNA from both active and 

latent infection would confound associations between stress/immune status and herpesvirus 

status because virus detection would not necessarily correlate with virus shedding.  

 

In conclusion, a sample of southern and eastern bent-winged bats was tested by PCR for the 

presence of six viral families. All bats were negative for adenoviruses, ABLV, filoviruses, 

coronaviruses and henipaviruses. Six new herpesviruses were identified across all sampled 

locations. No clinical effects could be attributed to these infections. However, it may be 

worthwhile conducting further surveys, encompassing a broader range of viruses, because 

European bent-winged bats (M. schreibersii) were found to harbour rotaviruses, astroviruses, 

picornaviruses and bufaviruses (Kemenesi et al., 2014; Kemenesi et al., 2015a; Kemenesi et 

al., 2015b; Banyai et al., 2017), while other bat species have tested positive for 

papillomaviruses, polyomaviruses, retroviruses and poxviruses (Baker et al., 2013; Emerson 

et al., 2013). 

 

3.6. Permits 

Samples were collected with approval from the Faculty of Veterinary and Agricultural 

Science Animal Ethics Committee, University of Melbourne, Victoria (ethics approval 

1513456.1), Department of Environment, Land, Water and Planning, Victoria (permit 
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number 0007644), Wildlife Ethics Committee, South Australia (permit number 37/2015) and 

the Department of Environment, Water and Natural Resources, South Australia (permit 

number Q26488-1). 
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3.7. Supporting information 

S1 Table. Nucleotide sequences of herpesviruses identified in this study. 

Virus Nucleotide Sequence 

N7050-like AGAGAAGAGTTCACTCTTCAGGGGAGAACATGCTGGAGAAGACAAAAAA

TTACATTGAGGCAGTCACTCCAGAAAGGCTTCATGAAATTGTCCCTGTCCC

CTTCAATCACGACCCAGATGCTCACTTCAAAGTCATATACGGAGACACGG

ACTCTGTGA 

D15-like GCCTGCCTGGCGTCGCGGCGTCGATAACGCGGATAGGTCGGGACATGCTG

TCGAGGACGATGGAGTACATCCACTCGCACCTGTCCGATCGTTCCGGTCTG

TGCGCGTTTTTTAACGACGCCGACTACCTGCCCGACTCCGAACTGTCCGTT

CGCGTCATCTACGGCGACACGGACTCTGTGA 

NG46-like CCGATTCGGCGATGATACTCTGTCTAGTGCATCGCGGCGTCGATAACCAGG

ATCGGTCGCGATATGCTCTCGAGCACGGCTAACTATATTCATTCTCACCTG

TCCGATCGTTCCGGACTGTCGGCGTTCTTCGCCGAAACCGACTACGTATCC

GACGAAGGCGTGTCGGTGCGTGTCATCTACGGCGACACGGACTCTGTGGA 

CH20-like ACGCGCATAGGTCGTGGCATGCTGTCTTCCACGGCAGAATATATCCACAG

GAGCCTATCGGACCGTGAAATGCTATCAAAATTTATAAACGAAGAAGATT

TTATTGCAGGCGAAGAGGTTTCTGTAAAAGTAATCTACGGCGACACGGAC

TCTGTGA 

E22-like GTGATCGCGCGTCGATTAGCGTGATAGGGCGGGACATGCTCTACGCGAAC

GGCGAGTTACATCCATTCTAACCTCTGCGATCGCGCCGGGCTAGGGGCGTT

TTTTACCGAGGCGGACTACATTCCGGACGAGACCGTGTCCGTGCGGGTCAT

CTACGGCGACACGGACTCTGTGA 

CH6-like ACTCTGTGACACCAGGATAGGGCGAGATATGTTGTCGAAGACGGCGAGTT

ACATCCATTCTAACCTCTCTGACCGCGCCGGGCTCGATGCGTTTTTCACCG

AGGCCGACTATGTTCCTGACGAGAGCGTGTCGGTGCGGGTCATCTACGGC

GACACGGACTCTGTGA 



 
 

S2 Table. Similarity matrix of aligned amino acid sequences. Pairwise alignments of amino acids were generated with MAFFT using the 

BLOSUM62 matrix. More similar sequences are in green. Less similar sequences are in red. 
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Fruit_bat_alphaherpesvirus_1 AB825953.1 50.0 39.1 41.3 26.1 26.1 23.9 28.3 28.3 23.9 28.3 28.3 28.3 21.7 23.9 30.4 28.3 19.6 23.9 21.7 19.6 15.2 17.4 21.7 17.4 13.0 19.6 15.2 15.2 19.6 19.6 17.4 17.4 17.4

Human_Alphaherpesvirus_1_BAM29052.1 50.0 45.5 55.8 23.3 30.2 30.2 32.6 34.9 25.6 34.9 34.9 34.9 32.6 32.6 32.6 29.5 23.3 20.9 20.9 20.9 16.3 18.6 20.5 16.3 16.3 18.6 18.6 18.6 25.0 25.0 18.2 20.9 16.3

Felid_Alphaherpesvirus_1 CAA12264.1 39.1 45.5 54.5 27.3 40.9 36.4 45.5 40.9 38.6 38.6 43.2 38.6 29.5 36.4 29.5 31.8 27.3 25.0 27.3 20.5 20.5 22.7 27.3 25.0 20.5 18.2 22.7 22.7 20.5 20.5 20.5 20.5 20.5

Equid_Alphaherpesvirus_4 NP045247.1 41.3 55.8 54.5 30.2 37.2 32.6 44.2 39.5 39.5 37.2 37.2 37.2 34.9 34.9 34.9 31.8 27.9 27.9 27.9 25.6 25.6 25.6 27.3 23.3 23.3 20.9 20.9 20.9 22.7 22.7 22.7 18.6 18.6

Bat_herpesvirus_isolate_RB_13HN56 KR261852.1 26.1 23.3 27.3 30.2 30.2 23.3 23.8 23.8 26.2 23.8 21.4 21.4 26.2 23.8 28.6 31.8 23.8 80.5 78.0 48.8 51.2 43.9 31.8 34.1 39.0 56.1 39.0 36.6 31.8 31.8 36.4 45.2 43.9

Psittacid_Alphaherpesvirus_1 AAQ73709.1 26.1 30.2 40.9 37.2 30.2 48.8 37.2 37.2 32.6 34.9 34.9 34.9 25.6 32.6 23.3 36.4 27.9 32.6 32.6 30.2 25.6 25.6 18.2 18.6 23.3 25.6 20.9 23.3 20.5 20.5 29.5 27.9 30.2

Gallid_Alphaherpesvirus_1 AAD56202.1 23.9 30.2 36.4 32.6 23.3 48.8 32.6 30.2 30.2 27.9 34.9 32.6 25.6 30.2 27.9 43.2 32.6 23.3 23.3 23.3 25.6 23.3 20.5 27.9 23.3 23.3 25.6 25.6 22.7 22.7 22.7 27.9 25.6

Miniopterus_schreibersii_Betaherpesvirus_2 AMY98771.1 28.3 32.6 45.5 44.2 23.8 37.2 32.6 90.5 83.3 90.5 88.1 69.0 59.5 73.8 38.1 40.9 35.7 26.2 28.6 28.6 23.8 26.2 18.2 23.8 26.2 23.8 21.4 28.6 15.9 18.2 20.5 23.8 21.4

CH6-like_viruses 28.3 34.9 40.9 39.5 23.8 37.2 30.2 90.5 76.2 95.2 88.1 71.4 57.1 78.6 40.5 40.9 35.7 26.2 28.6 28.6 23.8 26.2 15.9 21.4 31.0 23.8 21.4 31.0 18.2 20.5 20.5 26.2 21.4

Bat_Betaherpesvirus_B7D8 AFK83885.1 23.9 25.6 38.6 39.5 26.2 32.6 30.2 83.3 76.2 76.2 76.2 64.3 57.1 73.8 42.9 40.9 33.3 28.6 31.0 26.2 23.8 23.8 15.9 21.4 26.2 23.8 21.4 31.0 15.9 18.2 20.5 21.4 19.0

Bat_Betaherpesvirus_2 BAI22795.1 28.3 34.9 38.6 37.2 23.8 34.9 27.9 90.5 95.2 76.2 85.7 69.0 54.8 76.2 42.9 38.6 35.7 26.2 28.6 28.6 23.8 26.2 15.9 21.4 28.6 23.8 21.4 28.6 18.2 20.5 20.5 26.2 21.4

E22-like_viruses 28.3 34.9 43.2 37.2 21.4 34.9 34.9 88.1 88.1 76.2 85.7 71.4 57.1 73.8 38.1 43.2 33.3 23.8 26.2 26.2 21.4 23.8 18.2 23.8 26.2 21.4 21.4 28.6 20.5 22.7 18.2 28.6 21.4

D15-like_viruses 28.3 34.9 38.6 37.2 21.4 34.9 32.6 69.0 71.4 64.3 69.0 71.4 54.8 71.4 40.5 43.2 35.7 23.8 26.2 28.6 23.8 23.8 18.2 23.8 26.2 21.4 23.8 23.8 22.7 25.0 20.5 31.0 21.4

CH20-like_viruses 21.7 32.6 29.5 34.9 26.2 25.6 25.6 59.5 57.1 57.1 54.8 57.1 54.8 61.9 40.5 31.8 35.7 26.2 26.2 28.6 21.4 21.4 15.9 16.7 16.7 19.0 19.0 21.4 15.9 18.2 22.7 26.2 23.8

NG46-like_viruses 23.9 32.6 36.4 34.9 23.8 32.6 30.2 73.8 78.6 73.8 76.2 73.8 71.4 61.9 40.5 40.9 38.1 26.2 28.6 31.0 21.4 26.2 15.9 26.2 26.2 21.4 23.8 28.6 18.2 20.5 18.2 26.2 21.4

Egyptian_Fruit_Bat_Betaherpesvirus ACY82598.1 30.4 32.6 29.5 34.9 28.6 23.3 27.9 38.1 40.5 42.9 42.9 38.1 40.5 40.5 40.5 40.9 28.6 28.6 28.6 19.0 26.2 19.0 18.2 16.7 16.7 26.2 16.7 21.4 20.5 20.5 18.2 21.4 19.0

Tupaiid_Betaherpesvirus_1 AAD08667.1 28.3 29.5 31.8 31.8 31.8 36.4 43.2 40.9 40.9 40.9 38.6 43.2 43.2 31.8 40.9 40.9 27.3 31.8 29.5 27.3 25.0 25.0 25.0 25.0 22.7 27.3 25.0 25.0 27.3 29.5 27.3 34.1 27.3

Suid_Betaherpesvirus_2 AAF80107.1 19.6 23.3 27.3 27.9 23.8 27.9 32.6 35.7 35.7 33.3 35.7 33.3 35.7 35.7 38.1 28.6 27.3 23.8 26.2 19.0 21.4 26.2 25.0 23.8 19.0 21.4 26.2 26.2 15.9 18.2 20.5 19.0 21.4

Bat_Herpesvirus ALH21060.1 23.9 20.9 25.0 27.9 80.5 32.6 23.3 26.2 26.2 28.6 26.2 23.8 23.8 26.2 26.2 28.6 31.8 23.8 92.3 59.0 61.5 53.8 28.6 33.3 43.6 61.5 43.6 43.6 35.7 35.7 45.2 57.5 53.8

N7050-like_viruses 21.7 20.9 27.3 27.9 78.0 32.6 23.3 28.6 28.6 31.0 28.6 26.2 26.2 26.2 28.6 28.6 29.5 26.2 92.3 59.0 59.0 59.0 31.0 33.3 46.2 61.5 48.7 46.2 35.7 35.7 42.9 60.0 56.4

Bat_Herpesvirus BAF80466.1 19.6 20.9 20.5 25.6 48.8 30.2 23.3 28.6 28.6 26.2 28.6 26.2 28.6 28.6 31.0 19.0 27.3 19.0 59.0 59.0 53.8 61.5 31.0 43.6 48.7 56.4 43.6 43.6 35.7 35.7 42.9 60.0 59.0

Ateline_Gammaherpesvirus_3 NP047983.1 15.2 16.3 20.5 25.6 51.2 25.6 25.6 23.8 23.8 23.8 23.8 21.4 23.8 21.4 21.4 26.2 25.0 21.4 61.5 59.0 53.8 59.0 33.3 48.7 46.2 76.9 53.8 51.3 42.9 42.9 45.2 45.0 43.6

Bovine_Gammapherpesvirus_4 AAC59454.1 17.4 18.6 22.7 25.6 43.9 25.6 23.3 26.2 26.2 23.8 26.2 23.8 23.8 21.4 26.2 19.0 25.0 26.2 53.8 59.0 61.5 59.0 38.1 53.8 51.3 61.5 61.5 46.2 45.2 45.2 52.4 57.5 59.0

Callitrichine_Gammaherpesvirus_3 AAF05888.1 21.7 20.5 27.3 27.3 31.8 18.2 20.5 18.2 15.9 15.9 15.9 18.2 18.2 15.9 15.9 18.2 25.0 25.0 28.6 31.0 31.0 33.3 38.1 47.6 31.0 38.1 45.2 38.1 61.9 59.5 40.5 28.6 28.6

Phascolarctid_Herpesvirus_1 AEX15649.1 17.4 16.3 25.0 23.3 34.1 18.6 27.9 23.8 21.4 21.4 21.4 23.8 23.8 16.7 26.2 16.7 25.0 23.8 33.3 33.3 43.6 48.7 53.8 47.6 38.5 51.3 51.3 46.2 47.6 45.2 38.1 37.5 41.0

Miniopterus_schreibersii_Gammaherpesvirus_1 AMY98786.1 13.0 16.3 20.5 23.3 39.0 23.3 23.3 26.2 31.0 26.2 28.6 26.2 26.2 16.7 26.2 16.7 22.7 19.0 43.6 46.2 48.7 46.2 51.3 31.0 38.5 43.6 41.0 41.0 33.3 31.0 35.7 45.0 41.0

Saimiriine_Gammaherpesvirus_2 AAA46165.1 19.6 18.6 18.2 20.9 56.1 25.6 23.3 23.8 23.8 23.8 23.8 21.4 21.4 19.0 21.4 26.2 27.3 21.4 61.5 61.5 56.4 76.9 61.5 38.1 51.3 43.6 53.8 51.3 42.9 42.9 50.0 50.0 51.3

Sus_barbatus_rhadinovirus_1 AAO46908.2 15.2 18.6 22.7 20.9 39.0 20.9 25.6 21.4 21.4 21.4 21.4 21.4 23.8 19.0 23.8 16.7 25.0 26.2 43.6 48.7 43.6 53.8 61.5 45.2 51.3 41.0 53.8 56.4 45.2 45.2 38.1 42.5 46.2

Macropod_Herpesvirus_3 ABO61861.1 15.2 18.6 22.7 20.9 36.6 23.3 25.6 28.6 31.0 31.0 28.6 28.6 23.8 21.4 28.6 21.4 25.0 26.2 43.6 46.2 43.6 51.3 46.2 38.1 46.2 41.0 51.3 56.4 40.5 42.9 31.0 42.5 38.5

Macacine_Gammaherpesvirus_4 AAF05880.1 19.6 25.0 20.5 22.7 31.8 20.5 22.7 15.9 18.2 15.9 18.2 20.5 22.7 15.9 18.2 20.5 27.3 15.9 35.7 35.7 35.7 42.9 45.2 61.9 47.6 33.3 42.9 45.2 40.5 90.5 40.5 42.9 28.6

Human_Gammaherpesvirus_4 YP401712.1 19.6 25.0 20.5 22.7 31.8 20.5 22.7 18.2 20.5 18.2 20.5 22.7 25.0 18.2 20.5 20.5 29.5 18.2 35.7 35.7 35.7 42.9 45.2 59.5 45.2 31.0 42.9 45.2 42.9 90.5 40.5 42.9 28.6

Alcelaphine_Gammaherpesvirus_1 NP065512.1 17.4 18.2 20.5 22.7 36.4 29.5 22.7 20.5 20.5 20.5 20.5 18.2 20.5 22.7 18.2 18.2 27.3 20.5 45.2 42.9 42.9 45.2 52.4 40.5 38.1 35.7 50.0 38.1 31.0 40.5 40.5 40.5 40.5

Equid_Gammaherpesvirus_5 ACY71882.1 17.4 20.9 20.5 18.6 45.2 27.9 27.9 23.8 26.2 21.4 26.2 28.6 31.0 26.2 26.2 21.4 34.1 19.0 57.5 60.0 60.0 45.0 57.5 28.6 37.5 45.0 50.0 42.5 42.5 42.9 42.9 40.5 77.5

Equid_Gammaherpesvirus_2 NP042605.1 17.4 16.3 20.5 18.6 43.9 30.2 25.6 21.4 21.4 19.0 21.4 21.4 21.4 23.8 21.4 19.0 27.3 21.4 53.8 56.4 59.0 43.6 59.0 28.6 41.0 41.0 51.3 46.2 38.5 28.6 28.6 40.5 77.5
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Two subspecies of bent-winged bats (Miniopterus orianae bassanii and 

oceanensis) in southern Australia have diverse fungal skin flora but not 

Pseudogymnoascus destructans  
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(2018) Two subspecies of bent-winged bats (Miniopterus orianae bassanii and oceanensis) in 
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4.1. Abstract 

Fungi are increasingly being documented as causing disease in a wide range of faunal 

species, including Pseudogymnoascus destructans, the fungus responsible for white nose 

syndrome which is having a devastating impact on bats in North America. The population 

size of the Australian southern bent-winged bat (Miniopterus orianae bassanii), a critically 

endangered subspecies, has declined over the past 50 years. As part of a larger study to 

determine whether disease could be a contributing factor to this decline, southern bent-

winged bats were tested for the presence of a range of potentially pathogenic fungi: P. 

destructans, dermatophytes and Histoplasma capsulatum (a potential human pathogen 

commonly associated with caves inhabited by bats). Results were compared with those 

obtained for the more common eastern bent-winged bat (M. orianae oceanensis). All bats and 

their environment were negative for P. destructans. A large number of fungi were found on 

the skin and fur of bats, most of which were environmental or plant associated, and none of 

which were likely to be of significant pathogenicity for bats. A 0-19% prevalence of H. 
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capsulatum was detected in the bat populations sampled, but not in the environment, 

indicative of a low zoonotic risk. Based on the results of this study, fungi are unlikely to be 

contributing significantly to the population decline of the southern bent-winged bat. 

 

Key words: dermatophyte, eastern bent-winged bat, fungus, Histoplasma capsulatum, 

Miniopterus orianae bassanii, Miniopterus orianae oceanensis, southern bent-winged bat, 

white nose syndrome 

 

4.2. Introduction 

It has long been recognized that fungi can have detrimental effects on agricultural crops and 

wild flora (Anderson et al., 2004). However, an increasing number of fungi are being 

documented as animal pathogens causing disease across a wide range of species, including 

Aspergillus sydowii in corals, Nosema sp. in bees and Cryptococcus gattii in humans and 

wildlife (Fisher et al., 2012). Two recently emerged fungal pathogens have caused 

widespread declines in their host populations: Batrachochytrium dendrobatidis, which causes 

chytridiomycosis in amphibians, and Pseudogymnoascus destructans, which causes white 

nose syndrome (WNS) in bats (Eskew & Todd, 2013). 

 

White nose syndrome, caused by the psychrophilic fungus, Pseudogymnoascus destructans, 

has killed millions of bats in North America since its appearance there in 2006 (Puechmaille 

et al., 2011a). It is believed to have spread from Europe, where it appears to cause only 

minimal disease (Leopardi et al., 2015). To date, no cases of WNS have been diagnosed in 

Australia, and the fungus is presumed to be absent. A wild bat from Queensland with a 

histologically identifiable infiltrative fungal dermatitis on the face and wings was tested for 
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P. destructans, but found to be negative (Barrett et al., 2014). Environmental conditions in 

most Australian bat populations are probably not conducive to the catastrophic spread of 

disease observed in North American populations, because of the low temperatures required 

by the fungus to thrive and the need for high densities of bats to maintain very close contact 

for transmission, as occurs in hibernating cave-dwelling bats in North America (Langwig et 

al., 2012). However, bent-winged bat populations could potentially fulfil the conditions 

needed for a catastrophic outbreak, as they hibernate in high densities within caves that 

remain below 20°C throughout winter (Holz et al., 2016). A recently completed risk 

assessment concluded that the southern bent-winged bat population may be at significant risk 

should the fungus enter Australia (Holz et al., 2016).  

 

As well as WNS, bats may also carry other potentially pathogenic fungi. However, only a few 

studies have investigated this in any detail (Larcher et al., 2003; Barlow et al., 2009; Voyron 

et al., 2011; Njus, 2014; Vanderwolf et al., 2014; Lorch et al., 2015). A recent survey of skin 

diseases of captive North American, European and Australasian bats identified a range of 

lesions but, while some bacterial cultures were performed, fungal causes were not explored 

(Fountain et al., 2017). There is very little knowledge about which skin-related fungi occur 

on Australian bats, or whether any of them have the potential to cause outbreaks affecting 

significant proportions of bat colonies or populations, or whether they affect survival rates.  

 

Some bat-associated fungi are known to be zoonotic. Histoplasma capsulatum is a dimorphic 

fungus that grows as a mould at 25°C and a yeast at 37°C (Kauffman, 2007). It is a potential 

human pathogen associated with large amounts of guano, as can be found in caves that house 

bats and chicken coops. While the majority of human infections are asymptomatic, the fungus 

can cause pulmonary disease, oropharyngeal ulceration and septicaemia (O'Sullivan et al., 
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2004; Kauffman, 2007). Histoplasma capsulatum is found in temperate areas throughout the 

world, including Australia (Hunt et al., 1984; O'Sullivan et al., 2004; McLeod et al., 2011). It 

prefers a high nitrogen substrate, a temperature range between 22-29°C and a relative 

humidity of 68 - 90%, conditions frequently found in caves (Hunt et al., 1984). Infections are 

usually acquired by inhalation, but can also be contracted through ingestion or by skin 

contact, but not by direct transmission from infected humans (Burek, 2001). The fungus can 

be found in soil and guano and is carried by bats, having been isolated from their lungs, 

spleen, liver and gastrointestinal tract (Shacklette et al., 1967; Hoff & Bigler, 1981). While H. 

capsulatum has been associated with disease in a range of hosts, including dogs, cats, horses, 

primates, mustelids, procyonids (Teixeira et al., 2004), reindeer (Rangifer tarandus) (Fortin 

et al., 2017) and mara (Dolichotis patagonum) (Rosas-Rosas et al., 2004), bats are usually 

asymptomatic, although experimental infections have resulted in morbidity and mortality 

(Hoff & Bigler, 1981) and there is one report of an outbreak of histoplasmosis in bats at the 

Houston zoo (Tocidlowski, 2003). Histoplasma capsulatum was selected for more detailed 

study, not because of its possible pathogenicity for bent-winged bats, but because of the 

potential to affect the humans working with these animals.  

 

The Australian bent-winged bats are small, cave-roosting, insectivorous bats, weighing 

around 15 g (Cardinal & Christidis, 2000). There are two subspecies of large bent-winged bat 

(Miniopterus orianae) in south-eastern Australia that form separate maternity colonies 

(Cardinal and Christidis 2000). The southern bent-winged bat (M. orianae bassanii) occurs 

only in south-western Victoria and south-eastern South Australia (SA). There are three main 

maternity caves, one near Warrnambool (38.3687° S, 142.4982° E), one near Cape 

Bridgewater (38.3013° S, 141.4062° E) both in Victoria and the other near Naracoorte 

(36.9602° S, 140.7413° E) in SA (DELWP, 2017). The size of the populations centred on 
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these two maternity caves has declined dramatically over the last 50 years (DELWP, 2017), 

and the subspecies was listed as critically endangered in 2007 under the Commonwealth 

Environment Protection and Biodiversity Conservation Act 1999. The eastern bent-winged 

bat (M. orianae oceanensis) is more common and widespread, being distributed along the 

east coast of Australia (DELWP, 2017). Although numbers appear to be stable, it is listed as 

vulnerable in Victoria due to the dependence on just one maternity cave. 

 

The aim of this study was to test southern and eastern bent-winged bats for exposure to a 

range of potentially pathogenic and/or zoonotic fungi: P. destructans, dermatophytes and H. 

capsulatum. Not detecting P. destructans would strengthen the case that Australia is currently 

free of this fungus facilitating the implementation of stricter biosecurity measures for visitors 

to caves housing bats.  

 

4.3. Materials and methods 

4.3.1. Study population and sites 

Southern and eastern bent-winged bats were captured outside cave entrances at a number of 

different locations in Victoria and South Australia between April 2015 and August 2017. 

Access to the main maternity cave of southern bent-winged bats in Victoria was technically 

very restrictive with only opportunistic sampling possible. Therefore, most southern bent-

winged bats were trapped at nearby caves, identified in this study by their closest towns: 

Allansford (38.3861° S, 142.5931° E) and two caves near Portland (38.3609° S, 141.6041° 

E). South Australian southern bent-winged bats were trapped at the breeding cave entrance 

near Naracoorte. Eastern bent-winged bats were trapped at the entrances of disused mines at 

Christmas Hills (37.6515° S, 145.3173° E) and Eildon (37.2343° S, 145.8976° E) in central 
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Victoria and at the Victorian maternity cave near Lakes Entrance (37.8511° S, 147.9958° E) 

in eastern Victoria. Sampling periods were chosen when cave conditions were most 

conducive to fungal growth, to optimise detection of P. destructans (Table 4.1). The average 

temperature in the Victorian breeding cave in September is 11°C with a relative humidity of 

84%, while the mean Naracoorte cave temperature is 16°C with a relative humidity of 60%. 

In North America and Europe greater loads of P. destructans are present on bats towards the 

end of winter, thereby increasing the possibility of detecting the fungus at this time (Lorch et 

al., 2011; Puechmaille et al., 2011a; Langwig et al., 2015a). However, sampling of bats for 

other diseases (Holz et al., 2018a) did occur in the middle of summer and early autumn. 

Therefore, samples collected in January, February and March were tested for dermatophytes 

and H. capsulatum, but not P. destructans. Sampling did not occur in the middle of winter, to 

avoid disturbance to hibernating bats, which could have significant negative impacts on the 

populations (Speakman & Thomas, 2003). 
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Table 4.1. Sampling sites, dates and prevalence of Pseudogymnoascus destructans, 

Histoplasma capsulatum and skin-associated fungi in southern and eastern bent winged bats 

surveyed in Victoria and South Australia. n = sample size 

Location Date n 
P. destructans 

(%) 

H. capsulatum 

DNA (%) 

Fungal DNA 

(%) 

Southern bent-

winged bats 
 

    

Warrnambool 
September 

2015 

6   0* 0 NT 

Allansford 
September 

2015 

32 0 13 75 

Portland 1 
September 

2016 

45 0 0 16 

Portland 2 
February 

2017 

44 NT 14 80 

Portland 2 August 2017 67 0 NT NT 

Naracoorte 
January 

2016 

37 NT 19 8 

Naracoorte 
September 

2016 

76 0 13    52** 

Eastern bent-

winged bats 
 

    

Christmas Hills April 2015 35 0 0 100 

Christmas Hills 
September 

2015 

26 0 4 
92 

Eildon  
September 

2016 

39 0 15 13 

Lakes Entrance  March 2017 51 NT 6 24 

NT = Not tested  *n=5; **n=75 

 

4.3.2. Sample collection and laboratory processing 

Individuals were caught as they flew out of the caves/mines, using modified harp traps  

(Austbat, Bairnsdale, Victoria (Tidemann & Woodside, 1978)) set at dusk at the entrances. 

Two harp traps were used at each cave/mine, with the exception of the Naracoorte cave, 

which had a more exposed entrance necessitating the use of 12 traps. Traps were monitored 

continually, with the bats either left in the harp trap bag, or transferred in small numbers (a 

maximum of 10 per bag) to cloth bags, prior to sampling.  
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All bats were examined for any signs of disease, aged as juveniles or adults (based on the 

presence of a cartilaginous core at the metacarpal-phalangeal joint (Brunet-Rossinni & 

Wilkinson, 2009)), sexed, weighed, and forearm measured from carpus to elbow. 

 

Sterile, rayon tipped, cotton swabs (Copan Flock Technologies, Brescia, Italy) were dipped in 

sterile saline and then a rolling action was used to wipe several long strokes across both 

ventral and dorsal wing surfaces and around the muzzles of all bats that were trapped.  

 

Two separate swabs were used for each bat. One swab was used for H. capsulatum detection. 

After sampling, this swab was placed in Sabouraud’s broth (Sigma-Aldrich, Castle Hill, 

NSW) and kept at 4°C until it was transported to the laboratory. 

 

The other swab was used to test for P. destructans. For the first three sampling trips 

(Christmas Hills 1 and 2, Allansford), the swab was placed back into its sleeve after sampling 

and held at 4°C until it was transported to the laboratory, where it was stored at -20°C until 

assayed. These swabs were also used for dermatophyte testing. However, there was some 

concern that, as no clinical cases of WNS had been observed in Australia, P. destructans, if 

present, could be at very low concentrations on bats, potentially decreasing the likelihood of 

detecting the fungus on a dry swab by using this protocol. To increase the likelihood of 

detection, swabs collected on subsequent trips (Portland 1, Naracoorte September 2016, 

Portland 2 August 2017 and Eildon) were placed in Sabouraud’s broth and incubated at 4-

6°C for two to four weeks prior to testing. A similar technique was used in a Swedish survey 

for P. destructans (Nilsson, 2012). Dermatophyte testing was subsequently performed on the 

swabs collected for surveillance for H. capsulatum.   
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All bats were examined for clinical signs of WNS using a 12 x LED ultraviolet torch emitting 

ultraviolet light with a wavelength of 365 to 375 nm (The LED Shop, Herberton, Australia), 

as this has been shown to be an accurate way to detect lesions that may otherwise have not 

been detected (Turner et al., 2014). 

 

As part of a larger study, oral swabs were also collected for examination for viruses (Holz et 

al., 2018a), blood was collected for haematological and biochemical analyses, and 

ectoparasites were collected. Following sampling, all bats were released at the point of 

capture, typically within four to six hours. 

 

As P. destructans has been shown to persist in the environment (Puechmaille et al., 2011c; 

Lorch et al., 2013a), 30 swab samples were collected from guano and cave surfaces. A 100 

metre line was walked through the Naracoorte cave, and the environment was swabbed at 10 

metre intervals. For the other caves, swabs were taken from the ground under roosting bats. 

In addition to the caves from which bats were trapped, a second cave near Allansford and one 

at Cape Bridgewater (38.3013° S, 141.4062° E) were sampled. Swabs were dipped into 

guano piles or wiped over the rock surfaces of the caves. All swabs were then kept at 4°C 

until transported to the laboratory, where they were stored at -20°C until assayed. These 

samples were collected before the incubation method was initiated and were processed 

without incubation. 

 

As H. capsulatum has been associated with guano and cave surfaces (Shacklette et al., 1967), 

51 samples were collected from caves inhabited by bent-winged bats. In addition to swabs 

from the caves sampled for P. destructans, swabs were also collected from caves at Byaduk 

(37.9352° S, 141.9653° E) and Mt. Porndon (38.3128° S, 143.2878° E), and from the interior 
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of the Warrnambool maternity cave. The probability of detecting H. capsulatum has been 

shown to be greater if guano is sampled below the surface (Hunt et al., 1984), so swabs were 

dipped into guano piles (rather than collecting from the surface of the guano), or wiped over 

the rock and soil surfaces. As the fungus has been shown to be unevenly distributed 

throughout a cave (Shacklette et al., 1967; Hoff & Bigler, 1981), it was thought possible that 

random sampling of cave surfaces may not accurately reflect the presence or absence of the 

fungus. Therefore, swabs were also taken of the sides and soles of the boots worn by three 

participants following a trip to the Warrnambool maternity cave.    

 

4.3.3. Necropsies 

At the start of the study an initial visit to the Warrnambool cave revealed some dead, 

decomposed bat remnants scattered within the cave. The remnants consisted of fur, bones and 

wing fragments, and appeared to be clustered together in several groups under ledges around 

the periphery of the cave. The groups contained 26, 11, 11 and one bat remnants.  Over the 

course of the study, four juvenile bats from the Naracoorte cave were euthanized because of 

fractures incurred while flying out of the cave (unrelated to capture), and three bats were 

found dead from unknown causes (two from the Naracoorte cave and one from the 

Warrnambool cave). The skin of these bats and bat remnants was swabbed and tested for P. 

destructans and H. capsulatum. Following a complete necropsy of the seven freshly dead 

bats, swabs were wiped through the abdominal cavity and over the internal organs. The swabs 

were then placed in Sabouraud’s broth for H. capsulatum testing. 

 

A single dead southern bent-winged bat, which appeared to be covered in white fungal 

material (termed ‘UBat’), was found in Portland 2 cave in October 2016 (Fig 4.1). A swab 

was taken from this bat and DNA extracted and tested for P. destructans.   
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Figure 4.1. Photograph of the dead southern bent-winged bat covered in white fungal 

material that was found in Portland 2 cave (‘UBat’). 
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4.3.4. Air sampling 

To test for the possibility of exposure to H. capsulatum by aerosol, an air sampler (Coriolis 

Micro, Bertin Instruments, France) was taken into the Warrnambool cave in September 2016 

and air samples were collected within the cave at six locations where large numbers of bats 

roosted, and there were guano piles and human traffic. The air sampler cone was filled with 

15 ml sterile saline and the sampler was run at an air flow rate of 300 L/min for ten minutes 

at each of the locations. The entire volume of saline was inoculated into Sabouraud’s broth, 

which was kept at 4°C until it was transported to the laboratory. 

 

All samples were taken to the laboratory within 36 hours of collection. 

 

4.3.5. Laboratory methods 

DNA from the swabs and from 300 µl aliquots of the Sabouraud’s broths to be tested for P. 

destructans was manually extracted using the method described by Steer et al. (2009). 

Extracted DNA was used as a template in a PCR assay, using primers (5′-

GGGGACGTCCTAAAGCCT-3′, 5′-TTGTAATGACGCTCGGAC-3′)  targeting a 624 bp 

region of the ribosomal RNA gene internal transcribed spacer (ITS) (Lorch et al., 2010). PCR 

negative controls containing no DNA template and PCR positive controls containing 

extracted P. destructans DNA, obtained from the Mycology Reference Laboratory, Bristol, 

UK, were also included. PCR products were visualised after electrophoresis through an 

agarose gel.  

 

Broths containing swabs to be tested for H. capsulatum were placed in an incubator at 37°C 

for 72 hours to allow the growth of the non-infectious yeast form of the fungus. Prior to 



83 
 

opening the vials, organisms in the cultures were then inactivated by incubating them in a 

water bath at 90°C for 10 minutes (Kao & Schwarz, 1956). 

 

Once inactivated, fungal DNA was extracted, using the same method as described for P. 

destructans. Extracted DNA was used as a template in a PCR assay, using primers (5′-

GCGTTCCGAGCCTTCCACCTCAAC-3′, 5′-ATGTCCCATCGGGCGCCGTGTAGT-3′) 

designed to amplify a 391 bp region of a gene coding for a 100-kDa-like protein, specific for 

H. capsulatum (Elias et al., 2012). PCR negative controls containing no DNA template and 

PCR positive controls containing extracted H. capsulatum DNA, obtained from the 

Mycology Reference Laboratory, Bristol, UK, were also included. PCR products were 

visualised after electrophoresis through an agarose gel and products from a selection of the 

positive samples were purified (QIAquick Gel Extraction Kit, Qiagen, Melbourne, Australia) 

and subjected to Sanger sequencing (using Big Dye Terminators version 3.1, Applied 

Biosystems, Melbourne, Australia) to confirm their identity. 

 

Dermatophyte testing was only undertaken on swabs collected from bats. Extracted DNA was 

used as a template in a PCR, using primers (5′-TCCGTAGGTGAACCTGCGG-3′, 5′-

TCCTCCGCTTATTGATATGC-3′) designed to amplify a 330 bp region of the fungal 

ribosomal RNA genes ITS1 and ITS4 (White, 1990). PCR products were separated by 

electrophoresis through an agarose gel. 

 

The most prominent bands on each gel were purified from the agarose (QIAquick Gel 

Extraction Kit, Qiagen, Melbourne, Australia) for further analysis. DNA was quantified in 

each sample using a NanoDrop spectrophotometer (Thermo Fisher Scientific, USA) and then 



84 
 

submitted to a commercial laboratory (Australian Genome Research Facility, Gehrmann 

Laboratories, University of Queensland, Australia) for diversity profiling.  

 

PCR amplicons were generated using the ITS1 (CTTGGTCATTTAGAGGAAGTAA) and 

ITS2 (GCTGCGTTCTTCATCGATGC) primers. PCR cycle conditions were: 7 minutes at 

95
o
C, followed by 35 cycles of 30 seconds at 94

o
C, 45 seconds at 55

o
C and 60 seconds at 

72
o
C, followed by a final 7 minute extension at 72

o
C. Thermocycling was completed with an 

Applied Biosystem 384 Veriti and using AmpliTaq Gold 360 mastermix (Life Technologies, 

Australia) for the primary PCR. The first stage PCR was cleaned using magnetic beads, and 

samples were visualised on 2% Sybr Egel (Thermo Fisher Scientific, USA). A secondary 

PCR to index the amplicons was performed with TaKaRa Taq DNA Polymerase (Clontech, 

USA). The resulting amplicons were cleaned again using magnetic beads, quantified by 

fluorometry (Promega QuantiFluor, Australia) and normalised.  The equimolar pool was 

cleaned a final time using magnetic beads to concentrate the pool and then measured using a 

High-Sensitivity D1000 Tape on an Agilent 2200 TapeStation. The pool was diluted to 5nM 

and molarity was confirmed again using a High-Sensitivity D1000 Tape. This was followed 

by sequencing on an Illumina MiSeq (San Diego, CA, USA) with a V3, 600 cycle kit (2 x 

300 base pairs paired-end). 

 

Paired-ends reads were assembled by aligning the forward and reverse reads using PEAR 

(version 0.9.5) (Zhang et al., 2014). Primers were identified and trimmed. Trimmed 

sequences were processed using Quantitative Insights into Microbial Ecology (QIIME 1.8) 

(Caporaso et al., 2010) USEARCH (version 8.0.1623) and UPARSE software (Edgar, 2010; 

Edgar et al., 2011). 
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Using USEARCH tools sequences were quality filtered, full length duplicate sequences were 

removed and sorted by abundance. Singletons or unique reads in the data set were discarded. 

Sequences were clustered followed by chimera filtered using “Unite” database as reference. 

To obtain number of reads in each OTU, reads were mapped back to OTUs with a minimum 

identity of 97%. Using QIIME, taxonomy was assigned using Unite database (Unite 

Version7.1 Dated: 22.08.2016) (Kõljalg et al., 2005). 

 

A total of 26 samples collected from bats were submitted, but only 18 of these contained 

sufficient DNA for profiling. Sequences were deposited in the NCBI database BioProject ID 

PRJNA484260. 

 

4.3.6. Statistical analyses 

A range of potential internal and external predictor variables were screened for association 

with detection of H. capsulatum DNA, using univariable logistic regression. These included 

subspecies, location (grouped as South Australian southern bent-winged bat, Victorian 

southern bent-winged bat and Victorian eastern bent-winged bat), body mass, sex, and age 

(adult or juvenile) (internal factors). Season (spring, summer, autumn) was the only external 

factor included. All factors significant at P < 0.20 were subsequently included in a 

multivariable logistic regression model, using backward stepping. The final model only 

included those variables significant at P < 0.05. All statistical analyses were performed using 

Minitab 18 (Minitab, USA). 
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4.4. Results 

A total of 325 live bats and 30 environmental samples were tested by PCR for the presence of 

P. destructans. All samples were negative.  

 

The swab sample taken from the dead southern bent-winged bat that was found covered in 

white fungal material in Portland 2 cave (‘UBat’) yielded a band on the agarose gel, 

suggesting the presence of P. destructans. The DNA sequence of the product had 99% 

identity with that of P. destructans (GenBank Accession No. KP714633.1). A sample was 

submitted to the Australian Animal Health Laboratory (AAHL) in Geelong for confirmation. 

Further testing by AAHL indicated that this isolate did not contain the C-deletion at position 

125 described by Shuey et al. (2014) as indicative of P. destructans. Therefore, the sample 

was classified as negative. Diversity profiling found that 66.4% of this bat’s fungal flora 

consisted of a Gymnoascus species (Table 4.2). 

 

A swab of guano from Portland 1 in August 2017 also yielded a band suggestive of the 

presence of P. destructans. The sequence of this product had 94% identity with P. 

destructans. Consequently, this sample was also submitted to AAHL for confirmation, but 

yielded a negative result when subjected to the PCR assay described by Shuey et al. (2014). 

 

Between 0 and 19% of bats, depending on location and sampling date, were carrying H. 

capsulatum based on PCR (Table 4.1). The highest proportion of infected bats was found 

among the southern bent-winged bats from Naracoorte in January 2016 (19%; n=37), while 

no H. capsulatum was detected on southern bent-winged bats from Portland 1 in September 

2016 (n=45) or eastern bent-winged bats from Christmas Hills in April 2015 (n=35). 

However, the bats from Christmas Hills did have a low level of H. capsulatum carriage (4%; 



87 
 

n=26) in September of the same year. All 51 environmental samples were negative, as were 

the samples from the decomposed bat remnants and necropsied bats.  

 

The prevalence of fungal carriage by the bats, based on PCR, ranged from 8-100% (Table 

4.1). The highest proportion of bats with detectable fungus was among the eastern bent-

winged bats from Christmas Hills in April 2015 (100%; n=35), with this population also 

having a high prevalence when resampled in September of the same year (92%; n=26). The 

lowest prevalence of fungi was among the southern bent-winged bats at Naracoorte in 

January 2016 (8%; n=37). This had increased to 52% (n=75) when the population was 

resampled in September of that year.  

 

A total of 115 fungal species were identified through the diversity profiling carried out on the 

18 bats with sufficient fungal DNA (Table 4.2). Of these, 80 species were found on eastern 

bent-winged bats, 39 species on Victorian southern bent-winged bats and 16 species on South 

Australian southern bent-winged bats. Because of the large number of fungal species 

identified, fungi constituting less than 0.2% of a bat’s total fungal population were excluded 

from the table. The only fungal species of interest (because of its close relationship to P. 

destructans) present at a prevalence of below 0.2% was Pseudogymnoascus roseus, which 

was found on bat ‘M5’ at a prevalence of 0.03%.  



 
 

Table 4.2. Fungal diversity profiling results expressed as a percentage of the total mycobiome on 18 bent-winged bats from five caves. Sampling 

location: CH = Christmas Hills, LE = Lakes Entrance, A = Allansford, N = Naracoorte, P = Portland, Month of sampling: Apr = April, Sep = 

September, Jan = January, Feb = February, Oct = October, Mar = March. Bat identification number including the sex of the individual:  M = 

Male, F = Female, U = Unknown. 

 Eastern bent-winged bat Southern bent-winged bat 

Location CH CH CH CH CH CH CH LE LE A A A N N N P P P 

Month of sampling Apr Apr Apr Apr Apr Sep Sep Mar Mar Sep Sep Sep Jan Jan Jan Feb Feb Oct 

Bat ID M5 M11 M15 F27 M32 F10 F27 F22 M32 M19 F30 M32 F26 M27 M31 M6 M43 UBat 

Ascomycota                   

Alternaria sp. 7.4 6.1 5.9 5.3 2.7              

Alternaria betae-kenyensis                 0.8  

Alternaria kulundii           5.7        

Apodospora sp.      0.9             

Arachnopeziza aurata          1.8         

Ascomycota sp. 7.2 4.6 4.2 7.0 4.4 4.0 0.7 2.1  0.3 19.9 5.9  9.5 6.0   11.8 



 
 

Aspergillus carbonarius  1.1                 

Aspergillus flavus             95.4      

Aspergillus penicillioides  0.9               4.3  

Aspergillus piperis      1.1          94.5   

Aureobasidium pullulans  1.1   10.9              

Bagadiella koalae  0.7                 

Camarosporium sp.   2.4                

Candida athensensis                5.5   

Capnobotryella sp.  0.8                 

Capnodiales sp.      6.4 1.0     4.1       

Chrysosporium sp.                  1.3 

Cladosporium delicatulum        10.5 0.6          

Cochliobolus sp.  0.7                 

Davidiella tassiana 18.1 15.0 14.6 28.5 8.6 0.7 25.1        9.6    

Debaryomyces udenii      11.1 1.8       1.8     



 
 

Didymella exigua             0.4      

Dothideomycetes sp.           4.2 1.6  79.2     

Eurotiomycetes sp.      1.3             

Gymnoascus sp.                  66.4 

Hypocreales sp.    2.2               

Lasiosphaeriaceae sp.     2.8              

Leotiomycetes sp.      0.6             

Leptosphaeriaceae sp. 7.0 5.5 5.7 11.6 7.0 5.3             

Letendraea sp.      1.2             

Microascus longirostris                  3.3 

Mycosphaerella tassiana          2.2 6.0 21.3       

Mycosphaerellaceae sp.      0.8             

Myriangiales sp.  1.1        2.0     4.5    

Myriodontium sp.                  4.5 

Myrothecium sp.    0.7               



 
 

Nectriaceae sp.     1.1              

Neocatenulostroma microsporum         0.2          

Neodevriesia capensis           1.7        

Neophaeosphaeria sp.    0.9               

Neophysalospora eucalypti                 64.5  

Oidiodendron cereale                 8.6  

Paraconiothyrium variabile    1.1   3.6            

Penicillium bialowiezense      0.6             

Penicillium crustosum    1.1               

Penicillium polonicum                  1.9 

Penicillium spinulosum 0.6           2.4       

Phaeothecoidea minutispora  0.8                 

Phoma calidophila 13.8 1.8 16.1 2.7 6.0 18.9      2.7       

Pleospora herbarum  1.7  0.8               

Pleosporaceae sp. 3.1 2.7 2.0 2.4  6.7             



 
 

Pleosporales sp. 4.7 6.0 5.2 5.1 2.6     1.1 25.2   3.9   7.7  

Podospora glutinans     26.1              

Pseudogymnoascus roseus 0.03                  

Readeriella angustia   1.6                

Schizothecium carpinicola     2.5              

Schizothecium sp.     3.8              

Simplicillium aogashimaense    0.7               

Sordariomycetes sp.    0.6         0.1      

Strelitziana albiziae            1.5       

Teratosphaeria capensis 3.2 2.1 4.17 3.0 2.0              

Teratosphaeriaceae sp.               50.7    

Toxicocladosporium strelitziae    0.6               

Trichocomaceae sp.       0.7            

Ulocladium chartarum        86.5           

Wickerhamia fluorescens   0.7   2.4             



 
 

Xenophacidiella pseudocatenata      2.7 0.9            

Basidiomycota                   

Agaricales sp.   0.8                

Agaricomycetes sp.  0.7 1.3                

Agaricostilbum hyphaenes   0.6                

Atheliaceae sp.            8.6       

Auricularia mesenterica    1.7               

Bandoniozyma noutii    0.6               

Basidiomycota sp.      1.5             

Brevicellicium olivascens            21.1       

Bullera sp. VY 86   1.6 1.2               

Bullera sp.           1.6 6.8       

Cryptococcus aff amylolyticus AS 22501      0.7             

Cryptococcus albidus 2.7 0.6 6.0 2.3 2.1              

Cryptococcus friedmannii            12.0       



 
 

Cryptococcus laurentii   1.1                

Cryptococcus sp.    0.6               

Cryptococcus victoriae*          0.5         

Cystofilobasidium capitatum          4.7         

Duportella sp. JK 2014               3.7    

Duportella sp.                 14.2  

Gloeocystidiellum sp.    1.0  1.9             

Hannaella luteola               6.1    

Kondoa aeria  22.2                 

Limonomyces sp.      2.6             

Lycoperdon utriforme               10.0    

Ossicaulis lachnopus           2.0        

Peniophoraceae sp.    0.8               

Polyporales sp.   0.9                

Polyporus tricholoma      0.7             



 
 

Pyrofomes demidoffii      0.6             

Rhodotorula mucilaginosa 1.4 1.3 1.8   2.4    85.9 5.6 0.7 3.9  3.6    

Rhodotorula slooffiae 0.7     0.6             

Rhodotorula taiwanensis              5.6     

Sporidiobolales sp. 6.8 1.1 3.8 1.1 1.6 1.4             

Sporobolomyces phyllomatis            1.0       

Sporobolomyces roseus         99.1   2.7       

Sporobolomyces ruberrimus   0.8                

Trametes versicolor      3.4             

Tremella indecorata  0.9                 

Tremellomycetes sp.      1.2             

Trichosporon cutaneum^           1.6 1.7       

Trichosporon guehoae#  0.8                 

Tubulicrinis sp.  0.6    1.7             

Udeniomyces puniceus 4.0 0.7 3.4 3.9 1.7 2.5     4.3 1.2       



 
 

Zygomycota                   

Mortierella indohii                  9.6 

Mortierella parvispora    0.7       4.2        

Mortierella sp.      1.5             

Unclassified                   

Fungi sp. 1.4   0.9 0.9 8.1 61.0    3.5    5.2    

* Now Vishniacozyma victoriae. ^ Now Cutaneotrichosporon cutaneum. # Now Cutaneotrichosporon guehoae.   
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The most commonly occurring fungal species were Rhodotorula mucilaginosa (found on four 

eastern bent-winged bats and five southern bent-winged bats), Pleosporales sp. (five eastern bent-

winged bats and four southern bent-winged bats), Davidiella tassiana (seven eastern bent-winged 

bats and one southern bent-winged bat), Udeniomyces puniceus (six eastern bent-winged bats and 

two southern bent-winged bats) and Phoma calidophila (six eastern bent-winged bats and one 

southern bent-winged bat). 

 

The largest number of bats with fungi, and the greatest fungal diversity, was found on eastern bent-

winged bats from Christmas Hills, which carried 74 of the 115 species identified. 

Leptosphaeriaceae sp. Pleosporaceae sp., Teratosphaeria capensis, Cryptococcus albidus and 

Sporidiobolales sp. were only found on Christmas Hills bats. While many of the individual bats of 

both subspecies carried a number of different fungi, the mycobiome of several bats was dominated 

by a single fungal species: Aspergillus flavus on southern bent-winged bat number ‘F26’ (95.4% of 

all fungi on the bat), Aspergillus piperis on southern bent-winged bat number ‘M6’ (94.5%), 

Rhodotorula mucilaginosa on southern bent-winged bat number ‘M19’ (85.9%), Sporobolomyces 

roseus on eastern bent-winged bat number ‘M32’ (99.1%), and Ulocladium chartarum on eastern 

bent-winged bat number ‘F22’ (86.5%). 

 

Using univariable logistic regression, season was the only significant predictor (i.e. p<0.05) 

associated with carriage of H. capsulatum (p = 0.018). This was due to an overall higher probability 

of finding H. capsulatum in summer compared to autumn (OR= 6.5; 95% CI= 1.3, 32.5). When 

placed in a multivariable logistic regression model no predictors had a significant association with 

carriage. The association between season and the presence of H. capsulatum was no longer 

significant when location group was added in the model. 
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4.5. Discussion 

This study is the first survey of the fungal flora of Australian bent-winged bats.  

 

Pseudogymnoascus destructans was not detected on any of the bats sampled, nor in their 

environment. To date, there is only one published survey for P. destructans on M. schreibersii (a 

closely related species) from Europe (Zukal et al., 2016). In that study, depending on the method 

used (histopathology, UV light or PCR), the prevalence of carriage was 17, 47 or 100%, 

respectively. When established in bat populations, the prevalence of P. destructans in late 

winter/early spring (when the survey described here was conducted) typically ranges from 4 to 55% 

when using histology (Zukal et al., 2014), and 25 to 100% when using PCR (Zukal et al., 2016). A 

survey of clinically unaffected bats in Tennessee (a region of the USA with a climate more similar 

to that of south-eastern Australia than that of Europe) found a prevalence of carriage of P. 

destructans of 29% (Bernard et al., 2015). Based on this level of prevalence, only 15 bats would 

need to be sampled from a population of 10,000 to be 99% confident that the fungus is absent 

(Cannon & Roe, 1982). However, a false negative result might be plausible if the fungus had 

arrived very recently in one or more of the bat populations surveyed. A North American survey 

found that the prevalence of P. destructans increased rapidly on introduction, from 1/129 bats 

sampled to 100% two years later (Langwig et al., 2015b). 

 

While Sabouraud’s broth has been shown to be an effective growth medium for the culture of P. 

destructans (Donaldson et al., 2018) dextrose-peptone-yeast extract agar produces more viable 

colonies (Vanderwolf et al., 2016). However, as this study was not concerned with growing viable 

colonies of P. destructans, but detecting its presence by molecular methods, as well as testing for 

the presence of other fungi, the use of Sabouraud’s broth was deemed to be an acceptable 

compromise.  
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The bat and environmental sample that were tentatively reported as positive by PCR were shown to 

be negative upon confirmatory testing. The PCR that was used is not specific for P. destructans and 

will also detect closely related fungi (Lorch et al., 2010), which was most likely the reason for these 

results in our study. A more specific PCR can be used to exclude false positives (Shuey et al., 

2014), but as the purpose of this study was primarily to determine absence or presence of the 

pathogen, rather than to determine its prevalence, maximal sensitivity, rather than specificity, was 

deemed to be the more important characteristic for initial testing. The PCR employed in our study 

has a sensitivity of 96% (Lorch et al., 2010) and is still being used for P. destructans surveillance in 

North America (Darling et al., 2017). 

 

Despite the absence of P. destructans in the samples, the fungal diversity survey showed that the 

genus Pseudogymnoascus is present in Australia, as low concentrations of P. roseus were detected 

on one bat. This is not surprising, as the group contains a large number of widely distributed 

saprophytic fungi (Lorch et al., 2013b). Although it is related to P. destructans (Minnis & Lindner, 

2013), P. roseus is a saprophyte found associated with soil, roots and wood (Rice & Currah, 2006). 

It has greater saprophytic enzyme activity than P. destructans, allowing it to grow faster and utilize 

a broader range of substrates (Reynolds & Barton, 2014; Wilson et al., 2017), and is not known to 

cause disease.  

 

A great diversity of predominantly environmental and plant-associated fungi was identified on the 

skin of bats. While several genera found in bat fungal surveys from Europe and North America 

were also detected in this study (Larcher et al., 2003; Voyron et al., 2011; Njus, 2014; Vanderwolf 

et al., 2014), many of the species were different possibly due to variations in cave environments and 

bat species. A recent sediment survey of three caves within the Naracoorte Caves National Park 

found a range of different fungal species (Adetutu et al., 2011), but none of the species found in 

these caves were present on the three bats that were sampled in this study. While the bats were not 
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from the caves sampled for the environmental survey their cave was located within one kilometre of 

the other caves. The fungal flora of the bats’ cave is not known but bats rarely venture onto the floor 

of the cave resulting in minimal contact with the cave sediment.  

 

A few fungi which, in rare circumstances or immunocompromised individuals can become 

pathogenic were identified. Aspergillus flavus, which was only found on one southern bent-winged 

bat from Naracoorte, is primarily a plant pathogen, but can produce aflatoxins which, when 

ingested, have been implicated as a cause of hepatic necrosis, and can cause chronic mucosal and 

systemic infections in a range of animal species (Kelly, 1993). While Rhodotorula mucilaginosa 

(found on eastern bent-winged bats from Christmas Hills and southern bent-winged bats from 

Allansford and Naracoorte) was thought to be non-pathogenic and is commonly isolated from foods 

and beverages, it has caused fungaemia in humans, associated with the use of intravenous catheters 

(Wirth & Goldani, 2012). Cryptococcus albidus, found at low levels on five Christmas Hills eastern 

bent-winged bats, is a saprophytic yeast that has occasionally caused disease. It has been isolated 

from cases of meningitis, fungaemia, and pulmonary and cutaneous infections in humans (Narayan 

et al., 2000), genital infection and keratitis in horses, and systemic disease in a dog (Labrecque et 

al., 2005). Cryptococcus laurentii, found on one Christmas Hills eastern bent-winged bat, is also a 

saprophyte, but has caused cutaneous infection in humans (Molina-Leyva et al., 2013).  

Trichosporon (Cutaneotrichosporon) cutaneum, found on two Allansford southern bent-winged 

bats, has caused hair infections and onychomycosis in humans (Nakagawa et al., 2000). 

Trichosporon (Cutaneotrichosporon) guehoae, found on a Christmas Hills eastern bent-winged bat, 

was recovered from the urine of a hospitalised patient, associated with a contaminated urinary 

catheter (Taverna et al., 2014). Chrysosporium sp., found on the dead southern bent-winged bat 

from Portland 2 cave, has caused dermatitis and cellulitis in snakes (Allender et al., 2011). There 

are, however, no reports of any of these fungal species causing disease in bats. 
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Bats and their environment were tested for H. capsulatum, not because of its capacity to cause 

disease in bats, but because of its zoonotic potential and the role bats play in its maintenance and 

dissemination. Histoplasma capsulatum has caused disease in humans in Australia (Hunt et al., 

1984; O'Sullivan et al., 2004; McLeod et al., 2011), including one Victorian case that was thought 

to originate from Mabel Cave, near Buchan (37.5122° S, 148.1658° E), in eastern Victoria (Kainer 

& Slavin, 1995). At least one of these outbreaks was associated with caves inhabited by bats of the 

Miniopterus genus (Hunt et al. 1984).  

 

The role that other bat species may play in the maintenance and dissemination of H. capsulatum in 

Australia is unknown. Previous studies have detected this fungus on a large number of different bat 

species (Hoff & Bigler, 1981), but the ability to detect it at any given time varies. One study 

cultured H. capsulatum from the lungs, liver, spleen, intestines and kidneys of 50/302 Mexican free-

tailed bats (Tadarida braziliensis) (Emmons et al., 1966), while other studies failed to detect it in 

108 big brown bats (Eptesicus fuscus), and 86 Mexican free-tailed bats, even though it could be 

isolated from soil contaminated with their guano (Emmons et al., 1966; McMurray & Russel, 

1982). The reasons for these differences are unknown, but were suggested to be related to variations 

in the microclimate within the cave environment, and differences in air flow and bat roosting 

behaviour (Hoff & Bigler, 1981; McMurray & Russel, 1982).  

 

While some of these studies failed to find fungi on bats even though it was recovered from their 

environment, the converse was the case in our study. Histoplasma capsulatum was identified by 

PCR on swabs taken directly from bats, but it was not identified in any substrate or air samples that 

were tested. This was unexpected, as H. capsulatum is thought to grow in guano and the 

surrounding cave environment (Shacklette et al., 1967; Hunt et al., 1984; Kauffman, 2007), which 

also seems the most likely source of exposure for the bats. Previous studies have had variable 

success in isolation of H. capsulatum from different regions within caves when testing air and 
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substrate samples (Emmons et al., 1966; Shacklette et al., 1967; Hunt et al., 1984), but none were 

completely negative. 

 

Temperatures within the caves tested in our survey are generally below 20°C year round (Dwyer & 

Hamilton-Smith, 1965; Holz et al., 2016). The mould form of H. capsulatum grows optimally at 

temperatures between 22 and 29°C (Hunt et al., 1984). Therefore, it is conceivable that the 

temperatures in the caves surveyed are too low to allow fungal proliferation and it is only present in 

the substrate at very low levels. This possibility is supported by experimental work that has shown 

that, while H. capsulatum remained viable at 5 or 10°C, it did not grow at these temperatures 

(Menges et al., 1952). The largest cave-associated outbreak of histoplasmosis in Australia, 

involving 16 people, occurred after exposure to Church Cave (34.3098° S, 149.9675° E) in New 

South Wales (Hunt et al., 1984). This cave has a mean annual temperature of 23°C (Dwyer & 

Hamilton-Smith, 1965), which is within the preferred growth temperature range of H. capsulatum. 

Although not statistically significant when location was taken into consideration, the trend was for 

bats to be more likely to be positive for H. capsulatum in the summer than the autumn, when cave 

temperatures are warmer and the bats are more active. This suggests that the lower environmental 

temperatures in these southern caves may have been responsible for its apparent absence in 

environmental samples, but more samples collected over the seasons would be required to confirm 

this. 

 

At 35-37
o
C, H. capsulatum grows as a yeast (Kauffman, 2007). While not hibernating, bats 

maintain a body temperature within this range (Burbank & Young, 1934; Currie et al., 2015). It is 

plausible that the bats were exposed to low levels of the fungal mycelium in their environment, 

which then morphed into the yeast form on their skin and multiplied, suggesting that they can act as 

an amplifying host. However, in this form the fungus is not contagious (Burek, 2001), which 

minimises the risks to the humans handling them. As further evidence of this, two of the authors 
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(PH and LL) had blood samples collected from them at the end of the study for H. capsulatum 

serology (Immunodiffusion Assay, Infectious Diseases and Microbiology, Westmead Hospital, 

NSW), and both were found to be negative. As seroconversion takes two to six weeks (Kauffman, 

2007), it might have been expected that, after more than two years of work with these bats, had the 

authors been exposed to the fungus, they would have seroconverted. 

 

In conclusion, P. destructans was not found on any of the bent-winged bats sampled nor in their 

environment, further substantiating the view that this fungus is absent from these environments. 

However, as P. destructans has been identified as a potential future risk factor, should it enter 

Australia (Holz et al., 2016), research is required to further evaluate the vulnerability of Australian 

bats to WNS by gathering more information on their biology, hibernation behaviour and the climate 

of the caves they occupy.  

 

Low levels of H. capsulatum were detected in most of the bat populations sampled but cave 

temperatures in the region sampled here appeared to be too low for mycelial growth, minimising the 

zoonotic risk. 

 

Southern and eastern bent-winged bats carry a large number of fungi on their skin, mostly 

environmental and plant-associated. While some of these have pathogenic potential, no clinical 

signs suggestive of the diseases these fungi might be expected to cause have been described in these 

bats to date. Based on these results, fungi are unlikely to be contributing significantly to the 

population decline of the southern bent-winged bat. As this is the first fungal survey of bent-winged 

bats to be conducted in Australia, it has provided valuable baseline data about the normal fungal 

flora of these bats. 
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Chapter 5 

Does the fungus causing white nose syndrome pose a significant risk to 

Australian bats?  

In press: 

Peter Holz, Jasmin Hufschmid, Wayne S. J. Boardman, Phillip Cassey, Simon Firestone, Lindy F.  

Lumsden, Thomas A. A. Prowse, Terry Reardon, Mark Stevenson. Does the fungus causing white 

nose syndrome pose a significant risk to Australian bats? Wildlife Research. 

 

5.1. Abstract 

Context: Pseudogymnoascus destructans is the fungus responsible for white-nose syndrome 

(WNS), which has killed millions of insectivorous bats in North America, but also occurs in bats in 

Europe and China without causing large scale population effects. This is likely due to differences in 

species susceptibility and behaviour, and environmental factors, such as temperature and humidity. 

P. destructans is currently believed to be absent from Australia.  

Aims: To ascertain the level of risk that white-nose syndrome poses for Australian bats. 

Methods: This risk analysis examines the likelihood that P. destructans enters Australia and comes 

in contact with native bats, and the potential consequences should this occur.  

Key results: This risk assessment concluded that it is very likely/almost certain that P. destructans 

will enter Australia, and likely that bats will be exposed to the fungus over the next ten years. Eight 

cave-dwelling bats from southern Australia are the ones most likely to be affected.  

Conclusions: The risk was assessed as medium for the critically endangered southern bent-winged 

bat (Miniopterus orianae bassanii), as any increase in mortality could impact its long term survival. 
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The risk to other species was deemed to range from low to very low, due to their wider distribution 

and/or more stable populations.  

Implications: While Australia’s milder climate may preclude the large mortality events seen in 

North America, the fungus could still significantly impact Australian bat populations, particularly 

bent-winged bats. Active surveillance is required to confirm Australia’s continuing WNS-free 

status, and to detect the presence of P. destructans should it enter the country. Although White-nose 

Syndrome Response Guidelines have been developed by Wildlife Health Australia to assist 

response agencies in the event of an incursion of WNS into bats in Australia, these guidelines 

would be strengthened by further research to characterize Australian cave temperatures and 

hibernating bat biology, such as length of torpor bouts and movement over winter. Risk mitigation 

strategies should focus on education programs that target cavers, show-cave managers and tourists, 

particularly those who have visited regions where WNS is known to occur.  

 

Keywords: bats, Pseudogymnoascus destructans, white-nose syndrome, risk assessment  
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5.2. Introduction 

White-nose syndrome (WNS) is caused by the fungus Pseudogymnoascus destructans, which is 

psychrophilic, thriving at temperatures below 15 °C and ceasing growth above 20 °C (Verant et al., 

2012). It is, however, quite resilient, surviving in cave sediment for up to two years in the absence 

of bats (Lorch et al., 2013b), for over five years in conditions of low (30-40%) humidity (Hoyt et 

al., 2015), and up to 15 minutes at temperatures as high as 50°C (Shelley et al., 2013). Since its 

appearance in North America in 2006, it has killed millions of cave-dwelling, insectivorous bats and 

has spread throughout the eastern USA and Canada (Frick et al., 2016; Hayman et al., 2016; Meyer 

et al., 2016). Subsequent surveys have identified the fungus on bats in both Europe and China 

(Zukal et al., 2016), but while the fungus causes disease in bats in these areas, it is not associated 

with the high mortality rates seen in the USA. Reasons for this have not been resolved, but are 

thought to involve a combination of factors including species susceptibility, behaviour and 

environmental factors such as temperature and humidity (Martinkova et al., 2010; Langwig et al., 

2012; Frick et al., 2015; Hoyt et al., 2016; Zukal et al., 2016). Death of infected bats appears to be 

the result of a cascade of physiological changes associated with the damage sustained to their wings 

during hibernation; this results in increased evaporative water loss and dehydration, causing the bats 

to wake more frequently during hibernation, thus consuming all of their energy reserves over the 

winter period (Cryan et al., 2010; Cryan et al., 2013; Warnecke et al., 2013; Verant et al., 2014). 

Dead bats are consequently found to be dehydrated and emaciated.  

 

Based on preliminary screening for WNS (Holz et al., 2018c) and a lack of reports of bats 

displaying WNS symptoms, P. destructans is believed to be absent from Australia. The suddenness 

and scale of the WNS disaster in North America has, however, raised concerns about the potential 

for a similar epidemic to occur in Australian bats. This qualitative risk assessment examines the 
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likelihood of the fungus entering Australia, the subsequent exposure of Australian bats, and the 

potential consequences should this occur.  

 

5.3. Materials and methods 

Early in this study the authors, who are subject matter experts, including wildlife veterinarians, 

wildlife health researchers, veterinary epidemiologists, bat ecologists and ecological modellers, held 

a one-day workshop. Consensus of opinion on each exposure and release pathway was achieved 

using a Delphi Conference-like approach (Elliott et al., 2005). Specifically, the workshop facilitator 

(PH) posed a question to the group. Responses were recorded and a summary presented back to the 

group for comment and review. Participants were then asked to revise their responses in light of the 

discussion. This process continued until there was consistency of opinion across all workshop 

participants.  

 

This risk assessment follows the World Organisation for Animal Health (OIE) framework of entry, 

exposure and consequence assessment (Murray et al., 2010; Jakob-Hoff et al., 2014). It is divided 

into three key areas: 

1. What is the likelihood that P. destructans will enter Australia (Entry assessment)? 

 

2. What is the likelihood of a bat species in Australia being exposed to P. destructans 

(Exposure assessment)? 

 

3. What is the likelihood of a bat species becoming impacted by P. destructans following 

exposure to the fungus (Consequence assessment)? 
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The consequence assessment estimates the magnitude of the potential biological and environmental 

consequences associated with the entry, establishment and spread of P. destructans. Risk estimation 

synthesises the results arising from the entry, exposure and consequence assessments. 

For this analysis, the categories of Entry, Exposure and Consequence are defined as the probability 

of an event occurring at least once during a 10-year period. A time-frame longer than 10 years was 

considered to be an unrealistic period in which to frame management and policy decisions, while a 

time-frame shorter than 10 years provides insufficient opportunity for many of the less likely events 

to occur.   

 

Once a probability of entry and exposure for each possible pathway had been assessed, we used the 

matrices in Tables 5.1 and 5.2 to estimate the likelihood of occurrence, which is the minimum of the 

two multiplied probabilities (Snary et al., 2012). As there is no formal category between Likely and 

Almost Certain, we modified the highest category to represent a range of Very Likely/Almost 

Certain. 
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Table 5.1. Categories used to assess likelihood of entry and exposure of Pseudogymnoascus 

destructans into Australia and Australian bat populations (Murray et al., 2010; Snary et al., 2012). 

 Likelihood of Occurrence 

I Insignificant So rare that it does not merit consideration 

R Rare Rare but cannot be excluded 

U Unlikely Rare but does occur 

P Possible May be expected to occur 

L Likely To be reasonably expected to occur 

AC Very Likely/Almost Certain Occurrence is very likely to almost certainly 

 

  



111 
 

Table 5.2. Table used to determine the likelihood of occurrence of WNS based on individual 

probabilities of Entry and Exposure to Pseudogymnoascus destructans (Moutou et al., 2001; Gale et 

al., 2010; Snary et al., 2012): I – insignificant; R – rare; U – unlikely; P – possible; L – likely; 

VL/AC – very likely/almost certain 

  Entry 

 Insignificant Rare Unlikely Possible Likely Very 

Likely/Almost 

Certain 

Exposure Insignificant I I I I I I 

Rare I R R R R R 

Unlikely I R U U U U 

Possible I R U P P P 

Likely I R U P L L 

Very 

Likely/Almost 

Certain 

I R U P L VL/AC 
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5.4. Results and Discussion 

5.4.1. Entry assessment  

The wide range of potential routes of entry and their likelihood of occurring are outlined below and 

summarised in Table 5.3. 

 

1. Airborne: Insignificant. There is no evidence that the fungus is transmitted through the air even 

for short distances, let alone the distances needed to reach Australia. An experimental study 

found unaffected bats housed 1.3 cm from infected bats did not become infected (Lorch et al., 

2011).  

 

2. Bat-borne: Rare-Insignificant. Accidental transport refers to inadvertent import of a live bat into 

the country, for example in a shipping container. Since 1999, 30 live bats have been intercepted 

at Australian border points as stowaways (Cassey, pers. obs.). Figures for the attempted illegal 

importation of bats and bat tissues are not available but this is unlikely to be common, and so 

has been assessed the same as Accidental. Legally imported live bats in zoos have all come 

from Pacific countries, which are WNS free (Hibbard & Wilkins, 2010). To date, only one study 

has provided evidence of a bat species migrating to or from Australia (the black flying-fox 

Pteropus alecto, a tropical, tree-dwelling fruit bat) (Breed et al., 2010). Bat tissues can be 

legally imported if fixed in alcohol. The fungus is destroyed by exposure to 70% ethanol for 24 

hours or absolute ethanol for 30 minutes (Puechmaille et al., 2011b). Therefore, imported 

tissues are unlikely to contain viable fungus. 

 

3. Paratenic Host: Rare (Domestic animals)-Insignificant (Wildlife). This category refers to an 

animal species, other than a bat, acting as a mechanical vector for the fungus. There are no 

records of P. destructans being found on any groups of vertebrates other than bats. However, 
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there is a knowledge gap here as no active surveillance of other species has been conducted. In 

this category, we included migratory birds as potential paratenic hosts to account for movement 

of birds within the East Asian-Australasian Flyway (Bamford et al., 2008), which includes 

China, a country where P. destructans is present. Nevertheless, the probability of migrating 

shorebirds coming into contact with P. destructans in caves was assessed as being insignificant. 

We included imported domestic and wild animals, the former being deemed to be more 

common and thus having a higher probability, though still rare.  

 

4. Human Mediated 

This section has been divided into several subgroups to better explain the associated risks, as it 

is currently presumed that the fungus entered North America through some means of human 

travel (Frick et al., 2016). 

 

a) Tourist/Traveller: Insignificant-Likely. The risk of a tourist/traveller, who has not visited 

any caves (non-cave visitor), introducing P. destructans is insignificant. Visitors to 

Australian show caves number between 500,000 and 1,000,000 annually (N. White, 

Australian Speleological Federation, pers. comm.). For a tourist/traveller who has visited 

caves (cave visitor) outside the known range of WNS, the chances of transferring the fungus 

are unlikely but it could still occur as the actual geographic distribution of P. destructans 

may be greater than is currently known. However, if the tourist/traveller has visited caves in 

an endemic area it is assessed to be likely that the fungus will be transferred as there is a 

greater chance of it being present on the person’s footwear or clothing, and tourist awareness 

of WNS is likely to be low. 

 

b) Cave Researcher: Possible-Likely. There is currently no objective data to clearly show the 

level of awareness about WNS in cave researchers, however, cave researchers do frequently 
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enter caves and move between caves. Bat researchers from Australia are deemed to be less 

likely to inadvertently introduce the fungus into Australia as this would involve a two-step 

process of visiting an infected cave overseas and then returning to enter an Australian cave 

with contaminated equipment. However, this is a real risk as a recent study found P. 

destructans on clothing, back packs and harp traps of researchers that had visited eight 

different hibernacula in the eastern US (Ballmann et al., 2017). International bat researchers 

are deemed more likely to inadvertently bring the fungus into Australia as they would 

potentially have more exposure to the fungus if living and/or working in areas where the 

fungus occurs. Other cave researchers (e.g. archaeologists, paleontologists, geologists, etc.) 

are also deemed more likely as they may be unaware of the situation of WNS overseas and 

the possible risks to Australian species. 

 

c) Caver: Very Likely/Almost Certain. A caver is defined here as someone who explores caves 

as a recreational pursuit. While there is currently no objective data to show the level of 

knowledge about WNS in cavers visiting Australia, events such as the 17
th

 International 

Congress of Speleology, where educational material was sent to all registrants, should help 

to improve awareness of the disease (White, 2017). Nevertheless not all cavers may be well 

informed, and they frequently enter and move between caves. Cavers are deemed to be less 

likely to have a scientific background than cave researchers or be aware of the biosecurity 

issues surrounding their movement and equipment. The ropes and harnesses used during 

caving are also difficult to disinfect (Ballmann et al., 2017). While exact figures are 

unavailable, it is estimated that less than 100 international cavers would enter Australia 

annually (N. White, pers. comm.) The extent to which cavers are bringing in caving 

equipment that may contain P. destructans is unknown. However, if, conservatively, one 

caver enters Australia each year from a P. destructans positive area with contaminated 
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equipment then ten cavers could enter over ten years, making it very likely/almost certain, 

that P. destructans would be brought into Australia.  

d) Cave Management: Likely. Assessed the same as international cave researchers, as 

international cave managers and guides may visit local caves as part of professional 

development, exchange of management ideas or for personal interest. Australian cave 

managers may also visit overseas caves for the same reasons, but may be a lower risk (as for 

Australian cave researchers). Land owners with caves on their property, or those entering 

caves or mines to provide infrastructure services (e.g. electricians and engineers), are 

deemed an insignificant probability of bringing the fungus to Australia, as they are unlikely 

to have visited WNS affected caves overseas, and if they did were considered to represent 

comparable risk to other travellers/tourists. 

 

e) Mining Related Activities: Rare. The probability of mining equipment brought into 

Australia being contaminated with P. destructans is considered rare. 

 

f) Mine Enthusiast (e.g. prospector): Likely, if coming from an endemic area due to entry into 

affected mines, but unlikely if coming from a non-endemic area. These people are deemed 

to be unlikely to be aware of the situation of WNS overseas or in Australia and quarantine 

protocols.  

 

g) Wildlife Health Professional/Carer: Possible as these people may be caring for bats affected 

with WNS. However, due to their profession, they are also deemed to be more likely to be 

highly aware of biosecurity issues associated with WNS. 

 

h) Bioterrorism: Insignificant. P. destructans is not a human or agricultural animal pathogen. 

  



116 
 

Table 5.3.  Likely modes of entry of Pseudogymnoascus destructans into Australia, with associated 

risks of entry, exposure and overall likelihood of occurrence. I – insignificant; R – rare; U – 

unlikely; P – possible; L – likely; VL/AC – very likely to almost certain 

Mode of Entry  Entry Exposure Likelihood 

Airborne     I I I 

Bat-borne Live Accidental   R I I 

  Illegal Trade  R I I 

  Legal Trade  I I I 

  
Natural 
Migration 

 I I I 

 Tissues Illegal  I I I 

  Legal  I I I 

Paratenic 
Host 

Migratory Birds   I I I 

 Imported 
Wild animal 
species 

 I I I 

  
Domestic 
animal species 

 R I I 

Human 
Mediated 

Tourist/Traveller Cave Visitor 
WNS Area 
Origin 

L R R 

  Cave Visitor 
Non-WNS  
Area Origin 

U R R 

  
Non-Cave 
Visitor 

 I I I 

 Cave Researcher Bat Researcher Local P U U 

  Bat Researcher International L U U 

  
Other cave 
researchers 

 L U U 

 Cavers Local  VL/AC L L 

  International  VL/AC L L 

 Cave Management Private Owner I P I 

  Private Guide L P P 

  Public Park Officers L P P 

  Public 
Infrastructure 
Services 

I P I 

 Mining Activity   R I I 

 Mine Enthusiasts 
Endemic Area 
Origin 

 L R R 

  
Non-endemic 
Area Origin 

 U R R 

 
Wildlife Health 
Professional/Carer 

  P R R 

 Bioterrorism   I I I 
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5.4.2. Exposure assessment 

Bats are believed to become exposed to P. destructans through direct contact with infected bats or 

contaminated substrate (Hoyt et al., 2018). Given that the introduction to North American 

populations is thought to have been a result of human activity in caves (Frick et al., 2016), we 

assume that any introduction of the fungus into bat caves and/or mines inhabited by bats would be 

sufficient to result in exposure of resident bats. 

 

The exposure assessments are presented in Table 5.3 with explanations provided below.  

 

1. Airborne, Bat-borne, Paratenic Host: Insignificant, for the reasons given above. 

 

2. Human Mediated 

a) Tourist/Traveller: Insignificant for the non-cave visitor. Rare for visitors who have visited 

caves overseas as they would need to enter Australian caves wearing the same contaminated 

footwear and clothing, which would need to contain viable fungus, and for casual cave 

visitors, there may be long periods of time between their visits to caves.  

 

b) Cave Researcher: Possible-Unlikely. If a local bat researcher was to inadvertently facilitate 

entry of the fungus into Australia, they were deemed to be more likely to expose local bat 

populations through entering bat caves on return to Australia, as part of their work. 

International bat researchers and other cave researchers would be less likely to expose local 

bat populations, as they were deemed to be less likely to visit bat caves after arrival in 

Australia. After assessing entry and exposure probability, the overall likelihood of cave 

researcher-associated exposure of Australian bats to the fungus was deemed unlikely for all 

types of researchers.  
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c) Caver. Likely. Cavers from infected areas are deemed likely to transfer the fungus between 

caves assuming at least some will not follow guidelines on gear decontamination, and were 

considered less likely to be aware of the possible consequences than bat researchers.  

 

d) Cave Management. Possible. Parks officers and guides regularly enter caves as part of their 

work, and could do this with their contaminated clothing/footwear and or equipment; but 

their knowledge of WNS could be variable. If private land owners or infrastructure service 

providers did inadvertently bring the fungus into the country, they would be a possible risk 

of exposure if the caves they frequent include bats.   

 

e) Mining/Mine Enthusiasts: Insignificant-Rare. There are few operational mines that contain 

bats, thus it is unlikely that contaminated mining equipment would result in the exposure of 

bats. The majority of prospecting (e.g. for gold) occurs on the surface rather than within 

disused mines so there is only limited likelihood of exposure of bats in mines.  

 

f) Wildlife Health Professional/Carer: Rare. While they may come in contact with diseased 

bats they will have some awareness of the disease, are likely to adopt appropriate 

biosecurity measures when handling bats, and are not necessarily likely to enter Australian 

caves.  

 

5.4.3. Likelihood of occurrence 

The overall likelihood of P. destructans being introduced and impacting bats in Australia must be 

based on the worst case situation i.e. the highest rated groups: cavers and those visiting caves 

professionally. While awareness of WNS appears to be increasing there is no evidence to suggest 

that future fungal introductions to naïve bat populations are less likely to occur, as demonstrated by 
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the recent appearance of the disease in Washington State, 2000 km from the nearest previously 

known WNS site (Lorch et al., 2016). This suggests probable human transfer, despite a now 

heightened level of awareness of WNS in the US. Based on these factors, our assessment suggests 

that entry of P. destructans into Australia over the next ten years is Very Likely/Almost Certain, 

and subsequent exposure of bats is Likely, resulting in an overall likelihood of occurrence of Likely 

(Table 5.2). 

 

5.4.4. Consequence assessment 

The consequences of introducing P. destructans to Australia can be divided into two major 

categories: environmental and economic. The economic consequences are flow-on effects from the 

environmental consequences, relating to the resulting loss of ecosystem services provided by insect-

eating bats (Kunz et al., 2011). This document primarily focuses on the environmental 

consequences of P. destructans infection and the factors considered determining those likely 

consequences for each of the eight potentially susceptible bat species. 

 

The rating of environmental consequences is significantly guided by the consideration of factors 

which determine the impact of exposure to P. destructans on bat populations. Categories used to 

assess the environmental consequences of exposure of Australian bats to P. destructans are defined 

in Table 5.4. 
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Table 5.4. Definition of categories used to assess the environmental consequences of exposure to 

Pseudogymnoascus destructans for individual bat species and for the entire Australian bat 

population. Consequences are based on actual occurrences, independent of detection. 

 Bat species Australian bat population 

Insignificant Infection with no apparent health 

consequences at the individual animal 

level. 

Infection with no apparent health 

consequences. 

Very Minor Infection with individual morbidities 

and/or mortalities but no measurable 

decline in population numbers. 

Infection with individual morbidities 

and/or mortalities but no decline in 

population numbers. 

Minor Small population decline (<30%) in one 

cave.  

Small population decline (<30%) in one 

non-threatened species in one cave. 

Moderate Small population decline in multiple 

caves, OR, moderate population decline 

(30-50%) in one cave. 

Moderate population declines (30-50%) 

in more than one non-threatened 

species in one cave OR small population 

declines (<30%) in one threatened 

species. 

Major Large scale mortality resulting in major 

population decline (50-80%). 

Major population decline (50-80%) of 

one or more non-threatened species 

AND/OR moderate population decline 

(30-50%) of one threatened species. 

Catastrophic Large scale mortality resulting in 

catastrophic population decline of >80% 

(including extinction). 

Catastrophic population declines of 

>80%, including extinctions, of one or 

more species, with widespread 

ecological consequences. 
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1. Bat Roosting Location. Cave (or mine) versus tree. To date all major population declines and 

mortalities caused by P. destructans have occurred in cave-dwelling bats. While the fungus has 

been found on some tree-dwelling bats in the US it was not associated with any clinical signs or 

mortality (Bernard et al., 2015). In southern Australia, tree-hole roosts used by bats are typically 

significantly warmer than nearby underground bat roosts used by the same species (Campbell et 

al., 2010), and so may not have the temperature regime suitable for P. destructans. However, 

most species roost exclusively in either caves or in tree holes, but not both (Van Dyck et al., 

2013). Therefore, there is likely to be only limited roosting interaction between cave and tree 

hole roosting bats. For tree hole roosting bats the consequence was deemed to be very minor, 

and the risk as very low.  

 

2. Australian Climate.  

a) Cave Temperatures: P. destructans ceases growth above 20 °C and will not survive for 

prolonged periods above this temperature. An in vitro study demonstrated that P. destructans 

samples stored at 24 °C for eight months, would not germinate when incubated at 10 °C 

(Puechmaille et al., 2011b). Therefore, the consequence of the fungus being introduced into a 

bat-inhabited cave that regularly exceeds 20 °C was considered to be very minor. 

 

A survey of 204 caves across northern Australia revealed cave temperatures between 23.5 and 

33°C (Churchill, 1991). In contrast, temperatures in caves in southern Australia ranged from 8 

to 25°C (Holz et al., 2016). None of the Australian caves are as cold as the most severely 

affected caves in North America, which range from 2 to 15°C (Blehert et al., 2009). 

 

Figure 5.1 compares the US climate where P. destructans has been found with the Australian 

climatic zone where P. destructans may be capable of establishing itself. The distributions of 

Australian cave bats that fall within this zone are shown in Figures 5.2-5.7. There are eight 
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taxa: southern bent-winged bat (Miniopterus orianae bassanii), eastern bent-winged bat 

(Miniopterus orianae oceanensis), little bent-winged bat (Miniopterus australis), eastern 

horseshoe bat (Rhinolophus megaphyllus), large-footed myotis (Myotis macropus), chocolate 

wattled bat (Chalinolobus morio), large-eared pied bat (Chalinolobus dwyeri), and Troughton’s 

cave bat (Vespadelus troughtoni). It is apparent from these figures that Australia does not have 

cave bats in latitudes equivalent to the northern sections of the US where the impact of WNS 

has been most severe, and that Australian conditions are likely to be more similar to the 

southern extent of WNS in the US, where the impact has been less but still significant (Flory et 

al., 2012).  

 

Figure 5.1. Temperature maps of Australia and the US, highlighting US states where WNS has 

been recorded (black outline) and northern limit of possible Pseudogymnoascus destructans growth 

in Australia, as shown by 20°C isotherm (Expert opinion). 
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Figures 5.2-5.7. Distribution of Australian cave dwelling bats that live within the potential 

habitable zone for Pseudogymnoascus destructans (Van Dyck et al., 2013). No species of cave-

dwelling bats occur in Tasmania (not shown on map). 

 

  



124 
 

b) Water and Food Availability. WNS has caused large scale mortalities in the regions of North 

America with extremely cold winters, often dropping below freezing (Flory et al., 2012). It has 

been suggested that this is mostly due to the absence of free water or insects to provide food 

during winter (Flory et al., 2012).  

 

Australian bats would not experience extended periods where ambient temperatures were below 

freezing, so there is likely to be sufficient free water available to replenish water loss. However, 

insufficient prey availability over winter could still be a constraint, even if the temperatures are 

not as extreme as in the north of North America, as temperatures regularly drop below 10 °C, 

which is the approximate threshold for flying insect activity (Hoyt et al., 2016). Bats that are 

aroused from torpor multiple times over winter due to human disturbance can use up valuable 

fat reserves that then may be depleted prior to spring when insects become more available 

(Speakman & Thomas, 2003). Therefore, the consequences of P. destructans infection rousing 

bats repeatedly from torpor could be major. 

 

3. Phylogenetic Susceptibility. It has been suggested that there may be a phylogenetic component 

to bat susceptibility with affected bat species coming from related families (Zukal et al., 2014). 

In a European study, common bent-winged bats (Miniopterus schreibersii) and Mediterranean 

horseshoe bats (Rhinolophus euryale) carried a lower fungal load and suffered fewer WNS 

lesions compared with other species (Zukal et al., 2014). These results were similar to a study 

that found a lower prevalence of P. destructans in Chinese bats (51%) compared with North 

American bats (95%) living under similar environmental conditions (Zukal et al., 2016). Fungal 

load was also lower for the Chinese bats, and only 28% of Chinese bats had skin lesions 

compared with 75% of North American bats. In both studies the authors speculated that 

different bat species had variable levels of resistance to P. destructans infection (Hoyt et al., 

2016; Zukal et al., 2016).  
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Genera that have tested positive for WNS and are found in Australia are Myotis, Rhinolophus 

and Miniopterus. Therefore, they must be considered potentially susceptible to infection with 

P. destructans and the development of WNS. Chalinolobus and Vespadelus are restricted to the 

southern hemisphere, so their susceptibility to infection is unknown. However, as they 

represent a naïve population with respect to P. destructans they too should be considered 

potentially susceptible to infection.  

 

4. Hibernation. WNS lesions and mortalities have only occurred during periods of hibernation 

(Langwig et al., 2015a). Therefore, for bats that do not hibernate, the consequence of exposure 

and risk are insignificant. However, all insectivorous bats in southern Australia enter periods of 

torpor or hibernation during winter for several weeks at a time (Turbill & Geiser, 2008). Recent 

research on southern bent-winged bats indicates that they may be more active during winter than 

originally thought (van Harten et al., 2018). The impact this may have on their susceptibility to 

WNS is not known, and there is no comparable date available from other species or populations 

exposed to WNS.  Therefore, a conservative approach should be adopted. The likely 

consequence of exposure to P. destructans, therefore remains major. 

 

5. Disease Transmission and Dispersal 

a) Clustering. The roosting behaviour of bats and their propensity to aggregate in groups 

(cluster) will affect the outcome for WNS affected bat colonies. Colonies of bats of susceptible 

species in cold areas suffer greater mortalities if they cluster together in large numbers. After the 

introduction of WNS, more little brown myotis (Myotis lucifugus) began to roost individually, 

which resulted in a decrease in WNS related mortality (Martinkova et al., 2010; Wibbelt et al., 

2010a; Langwig et al., 2012).  
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In Australia, large-footed myotis colonies usually contain 10 to 15 individuals, potentially 

increasing to several hundred. Eastern horseshoe bat colonies usually contain five to 50 bats, 

except for maternity colonies which can contain up to 5000 bats. However, horseshoe bats 

typically hang individually rather than clustering tightly together. Chocolate wattled bats cluster 

in groups from 10 to 1000. Bent-winged bats often occupy maternity sites in the tens of 

thousands but, outside the breeding season, it is more usual for individuals to roost in smaller 

groups, or even singly, although clusters of a thousand or more are not uncommon (Van Dyck et 

al., 2013).  

 

In general, lower bat densities mean decreased fungal infection rates with a concomitant 

decrease in the likelihood of large scale mortalities occurring (Langwig et al., 2012). However, 

this risk needs to be viewed in light of overall population numbers. While the absolute number 

of bats at risk may be lower for a rarer species, a single cluster of several thousand bats may 

represent a significant proportion of the total population which could have major consequences 

for the subspecies as a whole if exposed to P. destructans.  

 

b) Bat Movement. Based on the temporal and geographical distribution of WNS in the US, bats 

are capable of spreading the fungus from site to site and to each other. Therefore, bats using 

multiple caves or sharing caves with other species will facilitate the spread of the fungus. 

Southern bent-winged bats roost with eastern bent-winged bats and large-footed myotis in some 

caves, and eastern bent-winged bats may roost with little bent-winged bats, eastern horseshoe 

bats and large-footed myotis (Van Dyck et al., 2013; DELWP, 2017). All Australian cave-

roosting bats move between multiple caves, including over winter (Churchill, 2008). For 

example, southern bent-winged bats have been recorded travelling up to 70 km between caves 

in a night (van Harten et al., 2018), which could potentially enhance fungal spread. Therefore, 
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the effect of bat movement on the likely consequences of a WNS incursion is assessed to be 

major. 

In summary, based on the available information, for large scale mortalities to occur several criteria 

need to be satisfied: 

 

a) Bats need to roost and hibernate in caves that maintain a year round temperature below 20 

°C;  

 

b) Bats need to be susceptible to infection with P. destructans and the development of WNS;   

 

c) Bats need to cluster together in large numbers in regions with severe winters, which limit 

free water and prey availability, leading to dehydration and starvation as a result of repeated 

arousals from hibernation.  

 

5.4.5. Rating of environmental consequences 

To describe the likely consequences of an exposure of Australian bats to P. destructans, the 

definitions shown in Table 5.4 have been applied. Based on the criteria discussed, we assigned a 

separate consequence score for each of the cave-dwelling bat species from southern Australia 

(Table 5.5). 
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Table 5.5. Consequence score for each of the cave-dwelling bat species from southern Australia 

based on the parameters affecting the spread and pathogenesis of WNS, and the species’ ecology 

and biology. None of the bats occur in regions where the temperatures are regularly below freezing. 

Species Consequence  Comment 

Southern bent-winged bat 

(Miniopterus orianae bassanii) 

Moderate Critically endangered; large maternity colonies 

where individuals cluster tightly together, but 

lower hibernation density, although some over-

wintering colonies can consist of thousands of 

bats that may represent a significant 

proportion of the total population, and any 

impact could be a tipping point for the 

conservation of this subspecies. The entire 

population occurs within the risk zone (<20°C 

mean annual temperature). 

Eastern bent-winged bat 

(Miniopterus orianae oceanensis)  

Minor Large maternity colonies, with smaller colonies 

in winter. Individuals cluster tightly together 

throughout the year. About 50% of the entire 

distribution occurs within the risk zone. 

Little bent-winged bat 

(Miniopterus australis) 

Minor Large colonies especially north of the risk zone. 

About 70% of the Australian distribution and 

90% of the world population occurs outside the 

risk zone.  

Eastern horseshoe bat (Rhinolophus 

megaphyllus) 

Very Minor Often in relatively small colonies, although 

thousands can roost together in maternity 

caves. Individuals roost separately rather than 

in tight clusters. Share the same caves as 

Eastern and Little Bent-winged Bats. About 50% 

of the Australian distribution occurs within the 

risk zone. 

Chocolate wattled bat (Chalinolobus 

morio) 

Very Minor Medium colony size. A very small proportion of 

the entire population is cave-dwelling, but 

within the area where this species does roost in 
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caves, the majority of the population uses 

caves. Outside this area, most of the 

distribution lies within the risk zone. 

Large-eared pied bat (Chalinolobus 

dwyeri) 

Very Minor Roosts in small shallow sandstone caves and 

mines where temperatures are likely to vary 

seasonally. Colonies are very small in size and 

geographically disparate, hence likely to be at 

lower risk. Over 75% of the entire distribution 

occurs in the risk zone. 

Large-footed myotis (Myotis 

macropus) 

Very Minor Small colony size, with individuals roosting 

together in clusters. Shares caves with bent-

winged bats. Over 60% of the entire 

distribution occurs outside the risk zone. 

Troughton’s cave bat (Vespadelus 

troughtoni) 

Very Minor Roosts in small shallow sandstone caves and 

mines where temperatures are likely to vary 

seasonally. Colonies are very small in size and 

geographically disparate, hence likely to be at 

lower risk. About 50% of the entire distribution 

occurs in the risk zone. 

 

The risk of WNS for Australian bats was then determined based on the likelihood and consequence 

scores. The consequences of exposure to P. destructans were deemed to be moderate for the 

southern bent-winged bat, which is listed as critically endangered (DSE, 2013) and exists entirely 

within the critical temperature band for WNS. Consequences for eastern bent-winged bats and little 

bent-winged bats were rated as minor, while consequences for eastern horseshoe bats, chocolate 

wattled bats, large-eared pied bats, large-footed myotis and Troughton’s cave bats were classed as 

very minor (Table 5.5).  
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The likelihood of occurrence that Australian bats will be exposed to P. destructans over the next ten 

years has been determined to be Likely. Based on a consequence assessment of Moderate for 

southern bent-winged bats, the risk of WNS is assessed as medium. For the other species the risk is 

deemed to be low for eastern bent-winged bats and little bent-winged bats, and very low for eastern 

horseshoe bats, chocolate wattled bats, large-eared pied bats, large-footed myotis and Troughton’s 

cave bats, using the matrix outlined in Table 5.6. 

 

Table 5.6. Table used to estimate the risk as a result of likelihood of occurrence (first column) and 

consequence (first header row). Table based on the Biosecurity Import Risk Analysis Guidelines 

2016: managing biosecurity risks for imports into Australia (DAWR, 2016).  

 Insignificant Very minor Minor Moderate Major Catastrophic 

Insignificant Insignificant Insignificant Insignificant Insignificant Insignificant Very Low 

Rare Insignificant Insignificant Insignificant Insignificant Very Low Low 

Unlikely Insignificant Insignificant Insignificant Very Low Low Medium 

Possible Insignificant Insignificant Very Low Low Medium High 

Likely Insignificant Very Low Low Medium High Very High 

Very 

Likely/Almost 

Certain 

Insignificant Very Low Low Medium High Very High 
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5.5. Conclusions 

 The overall likelihood of P. destructans entering Australia via human transmission (e.g. 

tourist, caver, researcher), was assessed as being Very Likely/Almost Certain to occur at 

least once within the next 10 years. 

 The overall likelihood of entry leading to exposure of any Australian cave-dwelling bat was 

assessed as being Likely to occur at least once within a 10 year period, leading to an overall 

likelihood assessment of entry and exposure of Likely. 

 Our assessment of the consequences of an incursion of P. destructans into Australia relies 

on information about many factors involved with the epidemiology and pathogenesis of 

WNS in other countries, some of which are not yet sufficiently known. However, based on 

our knowledge and expertise, we predict that there is a risk to southern Australian cave-

dwelling bat populations from WNS, although the large scale mortalities seen in North 

America are unlikely. 

 Lower mortality rates associated with WNS may be significant for the survival of the 

southern bent-winged bat which, as a result of other threatening factors, is already listed as 

critically endangered and whose entire population lies within the low temperature zone. For 

other bat species whose distributions extend well outside this zone, higher mortality rates 

due to WNS might only impact their southern populations. 

 The confidence in this risk assessment would be significantly improved by a greater 

understanding of whether P. destructans is currently present in Australia. The conclusions of 

the risk assessment may be substantially changed if this pathogen is detected. An ongoing 

surveillance program could determine if the agent is present but not causing disease (and 

therefore of no concern), or detect it as soon as possible after introduction. Assuming P. 

destructans is currently absent from Australia, based on an absence of the fungus in a pilot 

prevalence survey (Holz et al. unpublished data), the absence of clinical signs and detected 

population impacts, White-nose Syndrome Response Guidelines have been developed by 
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Wildlife Health Australia in consultation with stakeholders (Wildlife Health Australia, 

2017), to assist response agencies in the event of an incursion of WNS into bats in Australia. 

These guidelines would be strengthened by further research into cave temperatures and 

hibernating bat biology, as well as education programs targeting cavers, show-cave 

managers and tourists. 
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Chapter 6  

Don’t blame the creepy bat flies – no association found between declining 

numbers of bent-winged bats and ectoparasite infections  

Published: 

Peter H. Holz, Linda F. Lumsden and Jasmin Hufschmid. (2018) Ectoparasites are unlikely to be a 

primary cause of population declines of bent-winged bats in south-eastern Australia. International 

Journal for Parasitology: Parasites and Wildlife 7: (3) 423-428. 

 

6.1. Abstract 

While bats carry a diverse range of ectoparasites, little research has been conducted on the effects 

these organisms may have on bat populations. The southern bent-winged bat (Miniopterus orianae 

bassanii) is a critically endangered subspecies endemic to south-eastern Australia, whose numbers 

have declined over the past 50 years for unknown reasons. As part of a larger study to investigate 

the potential role of disease in these declines, southern bent-winged bats from four locations were 

captured and examined for the presence of bat flies, mites, ticks and the nematode Riouxgolvania 

beveridgei (previously associated with skin nodules in bent-winged bats). Results were compared 

with those obtained from the more common eastern bent-winged bat (Miniopterus orianae 

oceanensis), sampling animals from three different locations. All four types of parasite were found 

on both subspecies. There was no correlation between the presence of ectoparasites, body weight or 

any signs of disease. However, prevalence of tick and R. beveridgei infections were greater in 

Victorian southern bent-winged bats than South Australian southern bent-winged bats and eastern 

bent-winged bats, possibly indicative of some type of chronic stress impacting the immune system 

of this subspecies.   
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Key words: bat fly, Miniopterus orianae bassanii, Miniopterus orianae oceanensis, mite, tick, 

nematode, Riouxgolvania beveridgei 

 

6.2. Introduction 

Historically, the perception among ecologists was that ‘well-adapted’ parasites do not harm their 

hosts (McCallum, 2012). However, models have shown that parasites may be capable of making 

significant contributions to species extinctions (de Castro & Bolker, 2005). These models are 

supported by clinical evidence of parasites exerting substantial negative effects, not just on 

individuals, but also on populations. Sarcoptic mange, caused by the mite Sarcoptes scabiei, has 

caused population declines of 86% in Barbary sheep (Ammotragus lervia) in Spain (Gonzalez-

Candela et al., 2004), 85% in red foxes (Vulpes vulpes) in Britain (Soulsbury et al., 2007) and local 

extinctions of common wombat (Vombatus ursinus) populations (Martin et al., 1998) in Australia. 

Infection with Varroa destructor, a parasitic mite of the Asian honeybee (Apis cerana), has caused 

the collapse of European honeybee (Apis mellifera) colonies worldwide due to its consumption of 

haemolymph and transmission of pathogens, such as the deformed wing virus (Rosenkranz et al., 

2010). 

 

Bats, often seen as carriers of many disease agents (Wibbelt et al., 2010b), have also experienced 

the negative consequences of infectious and parasitic diseases. The recent appearance of white nose 

syndrome (caused by the fungus, Pseudogymnoascus destructans) has caused mass mortalities of 

insectivorous bats in North America (Blehert, 2012). Angiostrongyliasis (caused by the rat 

lungworm, Angiostrongylus cantonensis) was diagnosed as a cause of neurological disease and 

death in flying foxes in Australia (Barrett et al., 2002).  
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Bent-winged bats are small, cave-roosting, insectivorous bats (Richards & Reardon, 2008). In 

south-eastern Australia there are two subspecies of the large bent-winged bat (Miniopterus orianae) 

that form separate maternity colonies (Cardinal & Christidis, 2000). The southern bent-winged bat 

(M. orianae bassanii) occurs only in south-western Victoria and south-eastern South Australia 

(SA). There are three maternity caves, one near Warrnambool, one near Cape Bridgewater (both in 

Victoria) and the other near Naracoorte in SA. In the last 50 years, the size of the Naracoorte 

population of southern bent-winged bats has declined from an estimated 100,000 - 200,000 in 1963 

(Dwyer & Hamilton-Smith, 1965) to 25,000 - 35,000 in 2011 (Lear, 2012). The Warrnambool 

population is thought to have declined from 15,000 to 10,000 over the same time period (DELWP, 

2017). The subspecies was listed as critically endangered under the Environment Protection and 

Biodiversity Conservation Act in 2007. The eastern bent-winged bat (M. orianae oceanensis) is 

more common and widespread, being distributed along the east coast of Australia (Richards & 

Reardon, 2008). Although numbers appear to be stable in Victoria, the subspecies is listed as 

vulnerable due to the use of a single maternity site in this state.  

 

While disease has been identified as a possible cause for the declines in southern bent-winged bat 

populations (DELWP, 2017), there has been only one published disease investigation of this 

subspecies: in 2009, southern bent-winged bats with pale nodular cutaneous lesions were detected at 

Naracoorte (McLelland et al., 2013). These were caused by Riouxgolvania beveridgei, a nematode 

from the Order Muspiceida. Muspicioid parasites have been found previously in bats, rodents, deer, 

kangaroos, humans and crows (Anderson, 2000), but Riouxgolvania are only parasitic on bats 

(Hasegawa et al., 2012). Larvae leave the parent worm by migrating between layers of the cuticle of 

the head, and ultimately escape by perforating the cuticle. This kills the parent, which remains 

within the nodule (Bain & Chabaud, 1979; Rausch & Rausch, 1983). The nodule formed by the 

worm in the skin of the bat contains a tiny opening, which allows the larvae to emerge onto the 
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skin. Infection of hosts presumably occurs by direct contact between bats, leading to larval skin 

penetration (Anderson, 2000). Pathogenicity for bats is unknown, but related parasites have caused 

severe polymyositis in humans (McKelvie et al., 2013). 

 

Insectivorous bats are also known to host many other ectoparasites, such as bat flies, mites and 

ticks. Bat flies are a highly specialised group of dipteran ectoparasites that are related to the sheep 

ked and hippoboscid flies (Dick & Patterson, 2006). They are only found on bats, consuming the 

blood of their hosts (referred to as haematophagy). There are no reports of bat fly infections causing 

anaemia, but they have been associated with weight loss (Linhares & Komeno, 2000), increased 

grooming behaviour (Obame-Nkoghe et al., 2016) and the transmission of potential pathogens, such 

as dengue virus (Abundes-Gallegos et al., 2018) and Polychromophilus spp. (Obame-Nkoghe et al., 

2016).  There are two families, the Streblidae and the Nycteribiidae (which are wingless) (Maa, 

1971). Bat flies reproduce via viviparous puparity, in which eggs are fertilized internally and all 

larval stages develop within the female (Dick & Patterson, 2006). Larvae moult twice inside the 

female, and gravid females deposit a single, third instar larva on the roosting substrate. Once 

deposited, the larva immediately forms a puparium. Following a pupal stage that lasts three to four 

weeks, an adult fly emerges, which must locate and colonize a bat host (Dick & Patterson, 2006). 

 

Bent-winged bats are parasitised by a number of species of mites. The most common family is the 

mesostigmatid Spinturnicidae, which is found only on bats, but a number of other mesostigmatid 

(Rhinonyssidae and Macronyssidae) and prostigmatid (Myobiidae) families are also known to be 

parasitic on Australian bent-winged bats (Domrow, 1987, 1991). Spinturnix mites remain on the 

bats year round, including during hibernation, are only present on the wing membranes and 

consume blood. Minimal pathology has been attributed to mite infections on bats, but recent studies 
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found that they increase grooming behaviour (Godinho et al., 2013) and could act as mechanical 

vectors of P. destructans (Lucan et al., 2016). 

 

Ticks also parasitise bats, with Ixodes holocyclus, the paralysis tick, causing high mortality and 

morbidity in flying foxes in northern Australia (Olsson & Woods, 2008). This species of tick has 

not been found on bent-winged bats, but other Ixodes species have, without causing any apparent ill 

effects (Arthur, 1956; Roberts, 1970). 

 

As part of a larger disease investigation, the aims of this study were to compare the presence of 

each of these parasites in southern bent-winged bats with the more common eastern bent-winged 

bats and to determine whether there is an association between the parasites and bat health. 

 

6.3. Material and methods 

6.3.1. Study population and sites 

Sampling was undertaken during summer (January-February), autumn (March-April), late winter 

(August) and early spring (September), between April 2015 and August 2017. Trapping for 

southern bent-winged bats occurred at the Naracoorte (36.9602° S, 140.7413° E) breeding cave, 

but, because of the difficult access to the breeding cave near Warrnambool, no trapping occurred 

there. Instead, those southern bent-winged bats were trapped at nearby non-breeding caves 

(Allansford (38.3861° S, 142.5931° E) and Portland 1 and 2 (38.3609° S, 141.6041° E)). Eastern 

bent-winged bats were trapped at abandoned mines at Christmas Hills (37.6515° S, 145.3173° E) 

and Eildon (37.2343° S, 145.8976° E) and the only Victorian breeding cave near Lakes Entrance 

(37.8511° S, 147.9958° E) in eastern Victoria. [Note that due to concerns that members of the 

public may enter caves and disturb bats, this paper uses a generic description of the cave locations, 
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rather than the specific name of each cave.] For details on sampling periods and sample sizes see 

Table 6.1.  



 
 

Table 6.1. Prevalence (%) of ectoparasites in southern and eastern bent-winged bats in south-east Australia by species, location and month. All bats are adults 

unless indicated. Some individuals were infected with multiple species of the same parasite group. n = bat sample size; ND = species not determined (the 

presence of bat flies and mites on bats were recorded but no specimens were collected for species determination). 

 Southern Bent-winged Bats Eastern Bent-winged Bats 

 Allansford Portland 1 Portland 2 Naracoorte Christmas Hills Eildon Lakes Entrance 

 Sep 2015 Sep 2016 Feb 2017 Aug 2017 Jan 2016 Sep 2016 Apr 2015 Sep 2015 Sep 2016 Mar 2017 

 n=32 n=45 n=44 n=67* n=63 n=75 n=35 n=26 n=39 n=51^ 

Bat Flies 19 36 52 21 87 17 6 15 18 29 

    Penicillidia tectisentis 6 18 27 ND 48 16 0 0 0 0 

    P. oceanica 0 0 0 ND 0 0 6 8 15 18 

    Nycteribia parilis vicaria 13 7 32 ND 37 3 0 0 3 16 

    Species not determined# 0 13 0 21 19 0 0 8 0 0 

Mites 9 4 95 43 95 8 0 12 0 82 

    Spinturnix loricata 0 4 86 ND 89 1 0 0 0 0 

    S. psi 0 0 0 ND 0 0 0 4 0 82 

    Ichoronyssus miniopteri 3 0 20 ND 3 7 0 0 0 10 

    Macronyssus aristippe 3 0 0 ND 2 0 0 0 0 0 

    Species not determined# 3 0 0 43 6 0 0 8 0 0 

Ixodes simplex 16 27 0 3 2 5 0 0 26 0 

Riouxgolvania beveridgei 44 53 9 54 6 11 0 8 0 0 

* A 68
th
 bat was examined for bat flies but escaped before being checked for other ectoparasites. ^ 20 juvenile and 31 adult bats. 

#
 It was not possible to determine the species 

of some of the bat flies and mites collected.
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6.3.2. Sample collection 

Individuals were caught as they flew out of the caves/mines, using harp traps (Austbat, 

Bairnsdale, Victoria (Tidemann & Woodside, 1978)) set at dusk at the entrances. Traps were 

monitored continually with the bats either left in the harp trap bag, or transferred in small 

numbers to cloth bags, prior to sampling. All bats were examined for any external signs of 

disease, aged as juveniles or adults (based on the presence or absence of a cartilaginous core 

at the metacarpal-phalangeal joint (Brunet-Rossinni & Wilkinson, 2009)), sexed, forearm 

length measured from carpus to elbow, and weighed. 

 

The body and wings of each bat were scanned for the presence of bat flies, mites and ticks by 

parting the fur and extending both wings. Where found, a sample of these were removed and 

placed in an Eppendorf tube containing 70% ethanol. The species of bat fly was determined 

under a stereo microscope (Nikon SMZ 745T, Tokyo, Japan) using a morphological key 

(Maa, 1971). Mites were placed on a glass slide, cleared over at least 48 hours in lactophenol, 

and species determined under a compound microscope (Olympus BH-2, Tokyo, Japan) using 

morphological keys (Domrow, 1971, 1987). Tick species was determined under a stereo 

microscope using a morphological key (Roberts, 1970). All identifications were undertaken 

in conjunction with taxon experts.  

 

Nodules found on wings and legs appeared similar grossly to those reported previously from 

southern bent-winged bats from Naracoorte (McLelland et al., 2013). To confirm their 

identity, nodules were microscopically examined from six southern bent-winged bats from 

Portland 1 cave. Bats were anaesthetised by mask induction using isoflurane (Forane, Baxter, 

Old Toongabbie, Australia) and oxygen. Once anaesthetised, a single nodule was surgically 
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removed from each bat and placed in 70% ethanol. Skin was closed using tissue glue 

(Vetbond, 3M, St. Paul, USA).  

 

6.3.3. Statistical analyses 

A range of potential internal and external predictor variables were screened for association 

with presence of infection with bat flies, mites, ticks, and R. beveridgei using univariable 

logistic regression (using maximum likelihood estimates) and calculating Odds Ratios (OR) 

(using Wald estimates). Odds Ratios represent the odds of an event happening over that event 

not happening; they are generally regarded as statistically significant if their 95% confidence 

interval does not include 1.0. In the context of the present study, they indicate the odds of a 

relationship between the predictor variables and the presence of infection with the parasites 

(dependent variable). Internal variables examined here included location group (South 

Australian southern bent-winged bat, Victorian southern bent-winged bat and Victorian 

eastern bent-winged bat ), body weight, sex, age (adult or juvenile) and absence/presence of 

co-infection with bat flies, mites, ticks, and R. beveridgei nodules (internal factors). Season 

(spring, summer, autumn, winter) was the only external factor included. The effect of age 

could only be examined for mites, as this was the one parasite where sufficient numbers were 

found on juveniles (no ticks and R. beveridgei, and only two juveniles with bat flies) to 

enable comparisons. Similarly, there were no cases of infection with R. beveridgei or ticks in 

autumn, so for those two parasites, the predictor “season” included winter, spring and 

summer only. Residuals were examined to check that model assumptions were met. All 

factors significant at p < 0.20 were subsequently included in a multivariable logistic 

regression model, using backward stepping. The final model only included those variables 

significant at p < 0.05; again, residuals were examined to check that model assumptions were 

met. All statistics were performed using Minitab 18 (Minitab, USA). 
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6.4. Results 

None of the bats examined showed external evidence of clinical disease. The nodules 

removed from the six bats at the Portland 1 cave all contained parasites that were identified 

morphologically as R. beveridgei (Bain & Chabaud, 1979), the same species as that described 

from the Naracoorte bats. As a result of these findings, all nodules were assumed to represent 

infection with R. beveridgei due to their similar appearance and location on affected bats.  

 

Bat fly, mite, tick and R. beveridgei prevalence varied widely between the various bat groups, 

with 6-87% (bat flies), 0-95% (mites), 0-27% (ticks) and 0-54% (R. beveridgei) of the 

sampled bats infected, depending on location group and sampling period (Table 6.1).  

 

Three species of bat flies were identified: Penicillidia tectisentis (Figure 6.1) was only found 

on southern bent-winged bats (at all locations this subspecies was sampled); Penicillidia 

oceanica (Figure 6.2) was only found on eastern bent-winged bats (at all locations that 

subspecies was sampled); while Nycteribia parilis vicaria was found on both bat subspecies 

and at all locations sampled, except Christmas Hills. Mite species identified were Spinturnix 

loricata (Figure 6.3), found on southern bent-winged bats at three of the four locations 

sampled, and Spinturnix psi (Figure 6.4), found on eastern bent-winged bats at two of the 

three locations sampled. While these represented the majority of mites found, two other 

species were also detected: Ichoronyssus miniopteri and Macronyssus aristippe (Table 6.1). 

All ticks were identified as Ixodes simplex. 
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Figure 6.1. Dorsal view of Penicillidia tectisentis. Note notopleural setae (Arrow). 
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Figure 6.2. Dorsal view of Penicillidia oceanica. Note absence of notopleural setae (Arrow). 
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Figure 6.3. Ventral view of idiosoma of female Spinturnix loricata. Rectangle in inset 

photograph denotes position of sternal shield. Note elongate sternal shield (Arrow). 
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Figure 6.4. Ventral view of idiosoma of female Spinturnix psi. Rectangle in inset photograph 

denotes position of sternal shield. Note subcircular sternal shield (Arrow). 
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After univariable screening, a range of predictors were significant at the p < 0.20 level. There 

was no association between the presence of parasites and body weight and so it was excluded 

from the final models. The final, multivariable, models showed significant associations 

between ectoparasite infection status and age, season and location group (for details on ORs, 

confidence intervals and p-values of all models, see Table 6.2). None of the 20 juvenile bats 

examined were found to carry ticks or R. beveridgei, and only two juveniles were parasitised 

by bat flies. However, mite infections were more common on juvenile bats than adults (OR = 

9.3). Season was a significant predictor of all ectoparasite infections (all p < 0.001). Infection 

with bat flies and mites was most likely in summer, and while there were no infections in 

autumn, tick infections were most prevalent in spring, and R. beveridgei infections least 

prevalent in summer (Table 6.2). Sex was only significantly associated with infection with R. 

beveridgei, with males more likely to be parasitized (OR = 2.1). While bat fly and mite 

infections were not associated with location, Victorian southern bent-winged bats were more 

likely than South Australian southern bent-winged bats to carry ticks (OR = 6.4) and R. 

beveridgei (OR = 6.1). Eastern bent-winged bats were less likely to be infected with R. 

beveridgei than either of the southern bent-winged bat groups, however, they were more 

likely to carry ticks than the South Australian southern bent-winged bats (Table 6.2).  



 
 

Table 6.2. Multivariable logistic regression models for bat flies, ticks, mites and Riouxgolvania beveridgei infections in southern (SBWB) and 

eastern (EBWB) bent-winged bats from Victoria (Vic) and South Australia (SA), for variables significant at the p < 0.05 level.  

 Bat Flies Ticks Mites R. beveridgei 

Variable OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value 

Location Group      0.003      <0.01 

Vic EBWB vs  
SA SBWB 

   4.7 1.2, 18.1     0.20 0.04, 0.95  

Vic SBWB vs  
SA SBWB 

   6.4 1.8, 22.8     6.1 2.9, 12.8  

Vic SBWB vs  
Vic EBWB 

   1.3 0.56, 3.2     30.1 6.8, 132.6  

Juvenile vs Adult       9.3 2.5, 34.9 <0.01    

Male vs Female          2.1 1.2, 3.7 0.009 

Season   <0.01   <0.01   <0.01   <0.01 

Spr vs Aut 0.8 0.4, 1.5     0.06 0.02, 0.15     

Sum vs Aut 5.6 2.9, 10.8     14.3 6.4, 31.8     

Win vs Aut 1.1 0.5, 2.3     1.2 0.6, 2.4     

Sum vs Spr 7.0 4.1, 11.8  0.08 0.01, 0.59  229.1 89.3, 587.8  0.1 0.06, 0.35  

Win vs Spr 1.3 0.7, 2.6  0.12 0.03, 0.56  19.5 8.3, 45.9  1.1 0.56, 2.1  

Win vs Sum 0.2 0.1, 0.4  1.6 0.14, 18.4  0.11 0.03, 0.40  7.3 3.0, 18.1  

OR = odds ratio; CI – confidence interval; Spr = Spring; Sum = Summer; Aut = Autumn; Win =Winter; significant OR values in bold 
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6.5. Discussion 

The aim of this study was to compare parasite types and prevalence between two bent-winged 

bat subspecies, in order to detect differences and possible associations with indicators of 

clinical disease that may have contributed to the population decline of the southern bent-

winged bat. Both subspecies were found to carry bat flies, mites, ticks and R. beveridgei, with 

location and season significantly affecting occurrence. None of the bats demonstrated any 

correlation between infection, low body weight or obvious clinical signs of disease.  

 

While low body weight was not associated with parasitic infections in our study, shortened 

periods of rest and sleep, as a result of increased time spent grooming, can lead to decreased 

survival and reproductive success (Giorgi et al., 2001). This has been reported to occur for 

bat fly and mite infections (Linhares & Komeno, 2000; Giorgi et al., 2001; ter Hofstede & 

Fenton, 2005; Lucan, 2006; Godinho et al., 2013), but not for ticks or R. beveridgei (Evans, 

2009; McLelland et al., 2013). Increased grooming reduces the amount of time bats spend 

resting and increases their metabolic rate (Giorgi et al., 2001). Southern bent-winged bats at 

Naracoorte have been found to spent 16% of their roosting time grooming, with 62% at rest, 

and 22% active (Codd et al., 2003). Grooming activity was not assessed in the current study 

but it is possible for bat fly and mite infections to have significant consequences for their 

hosts, without necessarily causing weight loss, by decreasing reproductive success and 

shortening sleep cycles (Giorgi et al., 2001).  

 

More juvenile bats than adults were infected with mites in this study. Mite and bat fly 

reproduction has been reported to be synchronised with bat reproduction leading to greater 

parasitic burdens in juveniles and pregnant and lactating females (Zahn & Rupp, 2004; 

Lourenço & Palmeirim, 2008). This is due to decreased grooming behaviour (an energy 
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expensive activity that declines to compensate for the demands of lactation) and lower 

immunity in young bats and lactating females, leading to potentially very high burdens 

(McLean & Speakman, 1997; Christe et al., 2000). Unfortunately only 20 juveniles (none of 

which were positive for ticks or R. beveridgei and only two were positive for bat flies) were 

sampled during the breeding season at Lakes Entrance (Mar 2017), so it was not possible to 

determine any association between parasite infection rate and juvenile body weight.  

 

The seasonality of bat fly and mite infections we observed was also consistent with 

synchronisation with bat reproduction as mentioned above (Lourenço & Palmeirim, 2008), 

exposing the greatest number of new hosts to parasitic colonisation. Southern and eastern 

bent-winged bats give birth in late spring/early summer, depending on location (Dwyer & 

Hamilton-Smith, 1965), probably resulting here in the significantly increased prevalence of 

bat fly and mite infections found during the summer season (Tables 6.1 and 6.2). However, 

exceptions to the increased parasite prevalence associated with reproductive cycle hypothesis 

also occur. Gould’s wattled bats (Chalinolobus gouldii) in Melbourne, Victoria, which 

usually give birth in late spring, were more heavily infected with Trichonyssus womersleyi 

mites during winter (Evans, 2009). Tick infections in our and the Evans (2009) study, were 

most common in spring, and R. beveridgei infections were most prevalent in winter and 

spring. Clearly, parasitic infection prevalence is influenced by multiple factors and 

determinants likely vary between parasite species.   

 

Environmental conditions, for example, may significantly affect parasite abundance. Ticks 

require high environmental humidity in order to develop (Randolph & Storey, 1999). Evans 

(2009) speculated that high humidity during winter may permit nymphal tick development, 

with a peak in adult numbers occurring during spring. Humidity measured in August 2015 in 



151 
 

the Victorian breeding cave and in September 2015 in the nearby Allansford cave was above 

80% (unpublished data). However, humidity measured in September 2014 in the South 

Australian breeding cave was around 60%, and did not climb above 80% until 31 October. 

Therefore, if humidity is a significant factor in tick development, these climatic differences 

could explain why significantly more Victorian southern bent-winged bats carried ticks in the 

spring compared with South Australian southern bent-winged bats. If there were differences 

in humidity within eastern bent-winged bat roosts this might also explain why the population 

sampled at Christmas Hills in the spring was negative for ticks, while 26% of the group at 

Eildon was positive. Unfortunately, humidity data for these study sites was not available.  

 

Little is known about the life history of R. beveridgei, including its prepatent period. The 

prepatent period of Muspicea borreli, a related parasite found in mice, is 50 to 60 days (Spratt 

et al., 2002). It is possible that R. beveridgei transmission may have occurred during summer 

or autumn but the parasite did not develop to the point of producing visible skin nodules until 

later in the year, hence the peaks observed in winter and spring. The only previous survey of 

R. beveridgei infection in bent-winged bats, undertaken during spring 2009, found a higher 

prevalence of R. beveridgei (45%) in the South Australian bent-winged bats (McLelland et 

al., 2013) than the in the bats sampled during spring in our study (11%). Due to a dearth of 

information about the parasite’s life cycle, it is not possible to determine why prevalence has 

declined, or why it was significantly higher for the Victorian southern bent-winged bats in the 

current study compared with the other two bent-winged bat populations.  

 

In conclusion, significant differences were detected between bent-winged bat populations for 

tick and R. beveridgei prevalence, and between seasons for all parasite groups. While there 

was no correlation between these findings and any obvious detrimental effects, factors such 
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as grooming behaviour and resting times were not assessed. These should be examined in 

future work to determine if ectoparasite infections could be influencing these activities 

leading to potentially reduced survival and breeding rates.  

 

Previous work has shown that bats living in fragmented habitat can suffer chronic stress 

leading to reduced immune function (Seltmann et al., 2017) and higher parasite burdens 

(Christe et al., 2000; Christe et al., 2007; Lourenço & Palmeirim, 2008). The habitat occupied 

by southern bent-winged bats is highly fragmented. Only 16% of the original native 

vegetation remains in the South Australian range of the species (South East Natural 

Resources Management Board, 2010), while the Victorian southern bent-winged bat habitat 

contains only 17% of its original vegetation (Glenelg Hopkins Catchment Management 

Authority, 2013). This compares with native vegetation percentages of 45-62% for the 

eastern bent-winged bat environments (Victorian Environmental Assessment Council, 2010). 

While the current study examined parasite prevalence, it did not assess parasite burdens on 

individual bats or their immunocompetence. The difficulties inherent in estimating immune 

function and ectoparasite load in live animals would make these types of studies problematic. 

However, the results could inform future management decisions as they may reveal a 

correlation between habitat quality, parasite infection rates and burdens and bat immune 

capability. 
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Chapter 7  

Polychromophilus melanipherus and haemoplasma infections not associated 

with clinical signs in southern bent-winged bats (Miniopterus orianae 

bassanii) and eastern bent-winged bats (Miniopterus orianae oceanensis)  

Published: 

Peter H. Holz, Linda F. Lumsden, Alistair R. Legione and Jasmin Hufschmid. (2019) 

Polychromophilus melanipherus and haemoplasma infections not associated with clinical 

signs in southern bent-winged bats (Miniopterus orianae bassanii) and eastern bent-winged 

bats (Miniopterus orianae oceanensis). International Journal for Parasitology: Parasites and 

Wildlife 8: 10-18. 

 

7.1. Abstract 

While bats are often viewed as carriers of infectious disease agents, little research has been 

conducted on the effects these pathogens may have on the bat populations themselves. The 

southern bent-winged bat (Miniopterus orianae bassanii) is a critically endangered 

subspecies endemic to south-eastern Australia. Population numbers of this bat have declined 

over the past 50 years, but the reasons for this are unclear. As part of a larger study to 

determine if disease could be a contributing factor to this decline, southern bent-winged bats 

from several locations in Victoria and South Australia were captured and examined for the 

presence of the blood parasite, Polychromophilus melanipherus, and haemoplasmas. Results 

were compared with those obtained from populations of the more common, partially 

sympatric, eastern bent-winged bat (Miniopterus orianae oceanensis) from three different 

locations in Victoria. Both organisms were found in both subspecies, with no association 

between the probability of infection, body weight, abnormal blood parameters or any other 
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indicators of ill health. However, Victorian southern bent-winged bats had heavier burdens of 

P. melanipherus than both the South Australian southern bent-winged bats and eastern bent-

winged bats, possibly indicative of some type of chronic stress impacting the immune system 

of this population. Chronic stress has had similar effects on parasite prevalence in populations 

of other species as well. 

 

Key words: bats; haemoplasma; Miniopterus orianae bassanii; Miniopterus orianae 

oceanensis; parasites; Polychromophilus melanipherus 

 

7.2. Introduction 

Historically, parasites were rarely considered as causing significant extinction-threatening 

processes (McCallum, 2012). Diverse host communities, i.e. those with high biodiversity, 

may inhibit the spread of parasites if the number of susceptible species is diluted by a large 

number of non-susceptible species (Civitello et al., 2015), but anthropogenic impacts have 

caused dramatic declines in biodiversity worldwide. Australian declines are eight times the 

global average (Wilting et al., 2017). It has been suggested that this loss of biodiversity is at 

least partly responsible for the increase in the number of emerging diseases, including those 

caused by protozoa such as Polychromophilus melanipherus (25% of emerging diseases) and 

bacteria such as haemoplasmas (10% of emerging diseases) (Woolhouse & Gowtage-

Sequeria, 2005).  

 

While some parasitic infections may appear to be subclinical, they can still exert a negative 

effect on their host. Anthelmintic treatment of wild common eider ducks (Somateria 
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mollissima) infected with gastrointestinal helminths but showing no clinical signs, resulted in 

markedly increased survival (Wobeser, 2008). A study of migrating passerines found that 

haemosporidian infections extended the time of migration, more heavily infected birds 

arriving later than less infected birds despite no difference in their physical condition 

(Emmenegger et al., 2018). 

 

As well as these more subtle effects, parasites, including haemoparasites, cause major 

diseases of humans (e.g. malaria infections resulted in an estimated 445,000 deaths in 2016 

(World Health Organisation, 2017)) and agricultural animals (e.g. diseases caused by Babesia 

and Anaplasma cost the Australian cattle industry close to $16 million dollars per annum 

(McLeod & Kristjanson, 1999)). Wildlife is also impacted. For example, haemoparasites 

have been implicated in major species population declines, such as trypanosome infections 

which were linked to the extinction of Maclear’s rat (Rattus macleari) on Christmas Island 

(Wyatt et al., 2008), and avian malaria which contributed to the extinction of up to 23 

endemic Hawaiian forest bird species (Atkinson, 2008).  

 

Bats are known to be infected with a number of different haemoparasite species, including 

trypanosomes (Mackie et al., 2017), Babesia vesperuginis (Corduneanu et al., 2017) and four 

genera of haemosporidians: Plasmodium, Nycteria, Hepatocystis and Polychromophilus 

(Garnham, 1966; Megali et al., 2011; Schaer et al., 2013). The first three genera only occur in 

the tropics of Asia and Africa, while Polychromophilus also occurs in temperate regions of 

Europe, the United States and Australia (Garnham, 1973a; Megali et al., 2011). There are five 

species within the Polychromophilus genus: P. corradetti has been found in the greater long-

fingered bat (M. inflatus) and P. adami has been found in the least long-fingered bat (M. 
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minor minor), both from Africa. Polychromophilus deanei has been found in Pallas’s long-

tongued bat (Glossophaga soricine) and the black myotis (Myotis nigricans) in Brazil 

(Garnham et al., 1971), while P. melanipherus is reportedly only found in bats of the genus 

Miniopterus (Megali et al., 2011). An early report claimed to have found this parasite in 

eastern long-eared bats (Nyctophilus bifax), inland forest bats (Vespadelus baverstocki) and 

Semon’s leaf-nosed bats (Hipposideros semoni) in Australia (Mackerras, 1959). However, it 

has since been shown that morphological characteristics alone are unreliable when it comes 

to differentiating haemosporidians (Megali et al., 2011). Garnham (1973b) reclassified the 

parasite found in the aforementioned bats as P. murinus, which is found in vespertilionid 

bats. 

 

South-eastern Australia is home to two subspecies of the large bent-winged bat (Miniopterus 

orianae) (Richards & Reardon, 2008).  The southern bent-winged bat (M. orianae bassanii) 

occurs only in south-western Victoria and south-eastern South Australia (SA). There are two 

maternity caves in Victoria, near Warrnambool and Cape Bridgewater, and one near 

Naracoorte in SA. In the last 50 years, the size of the Naracoorte population of southern bent-

winged bats has declined from an estimated 200,000 in the 1950s to 20,000 in 2009 

(DELWP, 2017). The Warrnambool population declined from approximately 15,000 to 

10,000 over the same time period (DELWP, 2017). The subspecies was listed as critically 

endangered under the Environment Protection and Biodiversity Conservation Act in 2007. 

The eastern bent-winged bat (M. orianae oceanensis) is more common and widespread, being 

distributed along the east coast of Australia (Richards & Reardon, 2008). Although numbers 

appear to be stable, the subspecies is listed as vulnerable in Victoria due to the use of just a 

single maternity site.  



159 
 

Disease has been identified as a possible cause for the declines in southern bent-winged bat 

populations (DELWP, 2017). Despite this, there has been only one published disease 

investigation of this subspecies (McLelland et al., 2013), which did not examine blood-borne 

parasites. 

 

Polychromophilus melanipherus has been recorded from presumptive eastern bent-winged 

bats in NSW and Queensland (Mackerras, 1959; Dew & McMillan, 1970). Bat flies, which 

are common, haematophagous external parasites of bats, are the accepted intermediate host 

(Mackerras, 1959; Dew & McMillan, 1970; Gardner & Molyneux, 1988; Obame-Nkoghe et 

al., 2016). The life cycle for P. murinus from Daubenton’s bats (Myotis daubentonii) has 

been described (Gardner & Molyneux, 1988) and is assumed to be similar for P. 

melanipherus. Sporogony occurs within the bat fly, oocysts forming in the midgut and 

sporozoites invading the salivary glands. These are then injected into the bat host. 

Schizogony takes place in the bone marrow, spleen, lungs, kidneys and liver, releasing 

pigmented gametocytes which invade erythrocytes (Figure 7.1). These are then taken up by 

bat flies when they are feeding on their host, and the cycle repeats itself (Mackerras, 1959; 

Garnham, 1973b; Gardner & Molyneux, 1988). Prevalence and infection intensity in bent-

winged bats from New South Wales were reported to be seasonal, lowest in April and highest 

in August (Dew & McMillan, 1970). As P. melanipherus is a haemoparasite, it may be a 

potential cause of erythrocyte destruction and anaemia. 
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Figure 7.1. Blood smear showing Polychomophilus melanipherus gametocytes within 

erythrocytes (Arrows). Diff Quik stain. x 400 magnification. 

 

Haemotropic mycoplasmas, or haemoplasmas, are cell wall-less, gram negative, non-acid-fast 

bacteria that cannot be cultured, are distributed worldwide and reside on the surface of 

mammalian erythrocytes. They were originally classified as rickettsia in the genera 

Haemobartonella and Eperythrozoon, but molecular work has confirmed their identity as 

mycoplasmas (Messick & Harvey, 2012). Haemoplasma infection has been reported in a 

wide range of hosts including humans (Steer et al., 2011), dogs (Compton et al., 2012), cats 

(Messick, 2004), turtles (Jarred et al., 2018), white-tailed deer (Odocoileus virginianus) 

(Maggi et al., 2013), Darwin’s fox (Lycalopex fulvipes) (Cabello et al., 2013), Japanese 

badgers (Meles meles anakuma) (Harasawa et al., 2014), raccoon dogs (Nyctereutes 
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procyonoides viverrinus) (Harasawa et al., 2014) and bats (Mascarelli et al., 2014; Millan et 

al., 2015; Ikeda et al., 2017). They have been associated with haemolytic anaemia, ill thrift 

and infertility, but infections are also frequently asymptomatic (Messick and Harvey, 2012; 

Cabello, et al. 2013; Maggi, et al., 2013; Millan, et al. 2015). The status of Australian bats 

regarding haemoplasma infections and their potential pathogenicity is unknown.  

 

The aims of this study were to survey southern bent-winged bats for P. melanipherus and 

haemoplasmas and compare the results with the more common eastern bent-winged bats. We 

hypothesised that P. melanipherus and haemoplasmas would be associated with signs of 

anaemia and would be more prevalent in southern bent-winged bats. This work was part of a 

larger disease investigation involving viruses (Holz et al., 2018a), fungi (Holz et al., 2018c) 

and ectoparasites (Holz et al., 2018b). 

 

7.3. Material and methods 

7.3.1. Study population and sites 

Sampling was undertaken during summer (January-February), autumn (March-April) and 

early spring (September), between April 2015 and March 2017. Trapping for southern bent-

winged bats occurred at the Naracoorte breeding cave, but, because of the difficult access to 

the breeding cave near Warrnambool, no trapping occurred there. Instead, those southern 

bent-winged bats were trapped at nearby non-breeding caves (Allansford (38.3861° S, 

142.5931° E) and Portland (38.3609° S, 141.6041° E) 1 and 2). Eastern bent-winged bats 

were trapped at abandoned mines at Christmas Hills (37.6515° S, 145.3173° E) and Eildon 

(37.2343° S, 145.8976° E) and the only Victorian breeding cave near Lakes Entrance 

(37.8511° S, 147.9958° E)  in eastern Victoria. Due to concerns that members of the public 
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may enter caves and disturb the critically endangered southern bent-winged bats, this paper 

uses a generic description of the cave locations, rather than the specific name of each cave.  

 

7.3.2. Sample collection 

Individuals were caught as they flew out of the caves/mines, using harp traps (Austbat, 

Bairnsdale, Victoria, (Tidemann & Woodside, 1978)) set at dusk at the entrances. Traps were 

monitored continually with the bats either left in the harp trap bag, or transferred in small 

numbers to cloth bags, prior to sampling. All bats were examined for any external signs of 

disease, aged as juveniles or adults (based on the presence or absence of a cartilaginous core 

at the metacarpal-phalangeal joint (Brunet-Rossinni & Wilkinson, 2009)), their sex was 

determined, forearm length measured from carpus to elbow, and weighed. 

 

For blood collection, bats were placed in dorsal recumbency and a maximum of 90 µl blood 

collected from the median vein, located over the ventral aspect of the humerus (Olsson & 

Woods, 2008). Ethanol 70% was used to wipe down the skin surface over the vein. A 

solution of EDTA was drawn into a 0.5 ml insulin syringe (Becton, Dickinson and Company, 

New Jersey, USA). The EDTA solution was then expelled, coating the interior of the syringe 

with anticoagulant. Blood was collected in the syringe, a drop was expressed onto a glass 

slide and a smear made immediately. If sufficient blood was able to be collected for 

molecular testing, the remainder was placed in a labelled Eppendorf tube (Eppendorf South 

Pacific Pty Ltd, North Ryde, Australia), which was held at 4
o
C prior to transport back to the 

laboratory. 
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Packed cell volume (PCV) and red cell count (RCC) were determined on an XT-2000i 

haematology analyser (Sysmex, Kungsbacka, Sweden). Left over blood was frozen at -20
°
C 

prior to DNA extraction and PCR assay. 

 

During the course of the study, seven dead bats were examined opportunistically (six from 

the Naracoorte cave and one from the Warrnambool breeding cave). Bats were necropsied 

and examined histologically. The causes of death were trauma unrelated to the study (five 

cases) and unknown (two cases). Tissue samples (lung, liver, spleen) were collected for the 

PCR detection of P. melanipherus.  

 

7.3.3. Laboratory methods 

Blood smears were air dried and stained with Diff Quik stain (Thermofisher, Riverstone, 

Australia). Each slide was scanned for ten minutes under x 100 oil immersion for the 

presence of P. melanipherus gametocytes. The number of gametocytes found over this time 

period was recorded. For each slide, ten monolayer blood fields were also examined for the 

presence of polychromatophilic erythrocytes (PE). These were counted and divided by ten to 

obtain a mean polychromatophilic erythrocyte count per oil immersion field (Briggs & Bain, 

2016). 

 

For molecular testing for P. melanipherus, blood and organ samples were thawed to room 

temperature. DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, Melbourne, 

Australia) according to manufacturer’s instructions. Extracted DNA was used as a template in 

a PCR, using primers designed to amplify a 787 bp nucleotide sequence of the mitochondrial 

cytochrome b gene: DW2/F (5′-TAATGCCTAGACGTATTCCTGATTATCCAG-3′) and 

DW4/R (5′-TGTTTGCTTGGGAGCTGTAATCATAATGTG-3′) (Duval et al., 2012). PCR 
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cycles conditions were: 5 minutes at 94
°
C, followed by 40 repetitive cycles of 30 seconds at 

94
°
C, 90 seconds at 59

°
C (the annealing temperature was decreased from 60°C as this 

modification yielded more obvious bands on the agarose gel) and 90 seconds at 72
o
C 

followed by a final 10 minute extension at 72
°
C. PCR negative controls containing no DNA 

template were also included. PCR products were visualised on an agarose gel. Positive 

samples underwent DNA purification (QIAquick Gel Extraction Kit, Qiagen, Melbourne, 

Australia) and Sanger sequencing (Big Dye Terminator version 3.1, Applied Biosystems, 

Melbourne, Australia) to confirm their identity. 

 

The same extracted DNA samples were used as templates in two haemoplasma PCRs 

designed to amplify a 1380 bp region of the 16S rRNA gene. Amplification was performed 

using two sets of oligonucleotides: HemMycop16S-41s (5′-

GYATGCMTAAYACATGCAAGTCGARCG-3′) and HemMyco16S-938as (5′-

CTCCACCACTTGTTCAGGTCCCCGTC-3′); HemMycop16S-322s (5′-

GCCCATATTCCTACGG GAAGCAGCAGT-3′) and HemMycop16S-1420 as (5′-

GTTTGACGGGCGGTGTGTACAAGACC-3′) (Maggi et al., 2013). PCR cycle conditions 

were: 2 minutes at 94
o
C, followed by 55 cycles of 15 seconds at 94

o
C, 15 seconds at 68

o
C 

and 18 seconds at 72
o
C, followed by a final 1 minute extension at 72

o
C (Ikeda et al., 2017). 

PCR negative controls containing no DNA template were also included. PCR products were 

visualised on an agarose gel. Positive samples underwent DNA purification (QIAquick Gel 

Extraction Kit, Qiagen, Melbourne, Australia) and Sanger sequencing (Big Dye Terminator 

version 3.1, Applied Biosystems, Melbourne, Australia) to confirm their identity. 
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7.3.4. Sequence and phylogenetic analyses 

Polychromophilus and haemoplasma sequences were analysed with Geneious 7.1 software 

(Biomatters Ltd, Auckland, New Zealand). They were compared with published nucleotide 

sequences in the GenBank database (NCBI, 2016) using the BLAST-N algorithm (Altschul et 

al., 1990). Nucleotide phylogenetic trees were generated using MrBayes v3.2.6 (Huelsenbeck 

& Ronquist, 2001) with four heated chains, a chain length of 1,000,000, sampling every 

1,000 iterations, and a burn in of 10%. Model selection was undertaken using 

ModelGenerator v0.85 (Keane et al., 2006). Models used were the general time reversible 

model (Tavare, 1986) and the Hasegawa Kishino Yano model (Hasegawa et al., 1985), each 

with gamma-distributed rate variation across sites, for Polychromophilus and haemoplasma 

respectively.  

 

7.3.5. Statistical analyses 

A range of potential internal and external predictor variables were screened for association 

with infection with P. melanipherus and haemoplasma, using univariable logistic regression 

and calculating Odds Ratios. Odds Ratios (OR) indicate the odds of an event happening 

versus it not happening, and are thus in this context used to assess whether the probability of 

infection is associated with a specific predictor variable, and are considered significant when 

their 95% confidence interval does not include 1. The variables examined included location 

(grouped as South Australian southern bent-winged bat, Victorian southern bent-winged bat 

and Victorian eastern bent-winged bat), body weight, sex, age (adult or juvenile), PE, PCV, 

RCC and absence/presence of co-infection with ectoparasites (bat flies, mites, ticks, 

Riouxgolvania beveridgei), P. melanipherus and haemoplasma (internal factors). Season 

(spring, summer, autumn) was the only external factor included. Residuals were examined to 

confirm that model assumptions were met. All factors significant at p < 0.20 were 
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subsequently included in a multivariable logistic regression model, using backward stepping. 

The final model only included those variables significant at p < 0.05; again, residuals were 

examined to confirm that model assumptions were met. All statistics were performed using 

Minitab 18 (Minitab, USA). 

 

7.4. Results 

In total, 274 blood smears were examined for the presence of P. melanipherus (Table 7.1) 

and polychromatophilic erythrocytes (Table 7.2). Where sufficient blood was available, PCV 

and RCC were also measured (Table 7.2). Polychromophilus melanipherus was detected in 

36.5% (n = 274) of smears (Table 7.1). Prevalence by location group was 57.4% for 

Victorian southern bent-winged bats (n= 61), 33.6% for South Australian southern bent-

winged bats (n = 128) and 25.9% (n = 85) for eastern bent-winged bats. After univariable 

screening for P. melanipherus, sex, PE, haemoplasma, location group and season were 

significant at the p < 0.20 level. When these variables were placed in multivariable models, 

location group was the only significant predictor (p < 0.05) of P. melanipherus infection (p = 

0.004). Victorian southern bent-winged bats were more likely than South Australian southern 

bent-winged bats (Odds Ratio = 2.0, 95% Confidence Interval = 1.1, 3.7) and eastern bent-

winged bats (Odds Ratio = 3.1, 95% Confidence Interval = 1.6, 6.2) to be infected with P. 

melanipherus. There was no significant difference between eastern bent-winged bats and 

South Australian southern bent-winged bats (Odds Ratio = 0.6, 95% Confidence Interval = 

0.4, 1.1).  



 
 

Table 7.1. Prevalence of Polychromophilus melanipherus and haemoplasmas in southern and eastern bent-winged bats by blood smear and/or PCR. n 

= sample size. NT = not tested due to insufficient blood volume collected. Intensity of infection = mean number of organisms observed/bat following a 

ten minute scan of the slide under oil immersion.  

Location Date 

Polychromophilus melanipherus Haemoplasma 

Prevalence (%) 
Intensity of 

infection (smear)  

Prevalence (%) 

Blood smear (n) PCR (n) PCR (n) 

Southern bent-winged bats      

Allansford Sep 2015 58 (19) NT 2.9 ± 4.6 NT 

Portland 1 Sep 2016 54 (26) 90 (10) 4.2 ± 7.0 21 (14) 

Portland 2 Feb 2017 63 (16) 100 (3) 1.5 ± 1.6 33 (3) 

Naracoorte Jan 2016 41 (59) 88 (8) 1.1 ± 2.1 17 (6) 

Naracoorte Sep 2016 28 (69) 42 (36) 0.8 ± 2.1 3 (35) 

Mean  41 (189) 60 (57) 1.6 ± 3.6 10 (58) 

Eastern bent-winged bats      

Christmas Hills April 2015 20 (10) NT 0.6 ± 1.6 NT 

Christmas Hills Sep 2015 35 (17) 67 (6) 1.2 ± 2.7 25 (4) 

Eildon Sep 2016 25 (36) 57 (14) 0.5 ± 1.2 8 (13) 

Lakes Entrance March 2017 23 (22) 13 (8) 0.5 ± 1.0 0 (8) 

Mean  26 (85) 46 (28) 0.6 ± 1.6 8 (25) 
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For 85 individuals, it was possible to collect sufficient blood to examine smears and conduct 

PCR for P. melanipherus. PCR detected P. melanipherus in 55% of these samples, whereas 

the organism was observed in only 38% of smears from the same bats. Six bats were positive 

on blood smear examination but negative by PCR, while 21 bats were positive by PCR but 

negative on blood smear examination. 

 

Table 7.2. Haematological parameters of southern and eastern bent-wing bats from southern 

Australia. n = sample size. NT = not tested due to insufficient blood volume collected. PE = 

polychromatophilic erythrocytes. No/OIF = mean number of PE observed/oil immersion 

field. PCV = packed cell volume. RCC = red cell count.  

Location Date 
PE 

No/OIF (n) 

PCV 

% (n) 

RCC 

x 1012/L (n) 

Southern bent-winged bats     

Allansford Sep 2015 21.0 ± 14.6 (19) NT NT 

Portland 1 Sep 2016 13.4 ± 4.4 (26) 50.8 ± 3.5 (14) 12.9 ± 1.0 (14) 

Portland 2 Feb 2017 11.9 ± 3.2 (16) 43.8 ± 2.5 (8) 11.7 ± 1.5 (8) 

Naracoorte Jan 2016 11.0 ± 2.7 (59) NT NT 

Naracoorte Sep 2016 13.2 ± 4.4 (69) 50.8 ± 6.0 (57) 12.9 ± 1.6 (57) 

Mean Total  13.2 ± 6.4 (189) 50.2 ± 5.9 (79) 12.8 ± 1.5 (79) 

Eastern bent-winged bats     

Christmas Hills April 2015 9.6 ± 2.7 (10) NT NT 

Christmas Hills Sep 2015 7.8 ± 3.5 (17) 50.8 ± 6.6 (4) NT 

Eildon  Sep 2016 11.2 ± 6.0 (36) 55.4 ± 5.4 (11) 13.8 ± 1.8 (11) 

Lakes Entrance  March 2017 11.5 ± 3.6 (22) NT NT 

Mean Total  10.4 ± 4.8 (85) 53.8 ± 6.1 (15)  
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Organs tested from the seven dead bats were all negative for P. melanipherus by PCR. No 

evidence of P. melanipherus infection was found in any of the organs examined 

histologically. 

 

After completing the Polychromophilus PCR, sufficient blood remained to run the 

haemoplasma PCR on a total of 83 samples (Table 1). Of these, 9.6% (8/83) were positive for 

haemoplasma DNA. Prevalence by location group was 23.5% (4/17) for Victorian southern 

bent-winged bats, 4.9% (2/41) for South Australian southern bent-winged bats and 8.0% 

(2/25) for eastern bent-winged bats (Table 7.1). After univariable screening for haemoplasma, 

sex, P. melanipherus and location group were significant at the p < 0.20 level. After placing 

these variables into a multivariable model, however, there were no significant (p < 0.05) 

predictors of haemoplasma infection. Nonetheless, the Odds Ratio for haemoplasma infection 

in Victorian southern bent-winged bats compared to South Australian southern bent-winged 

bats was 6.0, with a 95% confidence interval of 0.98 – 36.6, strongly suggestive of a trend for 

the Victorian location group of this subspecies to be more likely to be infected than the South 

Australian one. 

 

DNA suitable for sequencing was obtained from seven P. melanipherus (five southern bent-

winged bats and two eastern bent-winged bats) and one haemoplasma (a Victorian southern 

bent-winged bat) PCR positive sample. Polychromophilus melanipherus and haemoplasma 

sequences were compared with sequences in GenBank to determine the published sequence 

with the highest nucleotide identity. The maximum percentage predicted nucleotide identity 

to other known Polychromophilus spp. was found to range from 95% (for bat D33) to 99% 

(for bat E4) (Table 7.3). Sequences from bats D33, D39, E4, E19 and N42 also showed a high 
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percentage identity to two P. murinus haplotypes (JN990712.1 and JN990713.1), ranging 

from 94% for bat D33 up to 97% for bat E4.  

 

Table 7.3. Comparison of bent-winged bat Polychromophilus melanipherus sequences and 

haemoplasma sequence (bat D19), detected by PCR analysis, from southern and eastern bent-

winged bats from south-eastern Australia, with the Polychromophilus and haemoplasma 

sequences in GenBank with the closest identity. U Mycoplasma = Uncultured Mycoplasma. 

Bat GenBank Taxonomy ID  Accession 

Number 

Identity Query/Subject 

Nucleotides 

D23  Polychromophilus sp. 1 JS-2013 KF159675.1 99% 594/602 

D26 Polychromophilus sp. 1 JS-2013 KF159675.1 99% 594/602 

D33 P. melanipherus haplotype 4 

P. melanipherus haplotype 6 

JN990709.1 

JN990711.1 

95% 

95% 

445/470 

448/470 

D39 P. melanipherus haplotype 6 JN990711.1 96% 585/612 

E4 P. melanipherus haplotype 6 JN990711.1 99% 535/542 

E19 P. melanipherus haplotype 4 

P. melanipherus haplotype 5 

JN990709.1 

JN990710.1 

97% 

97% 

456/472 

456/472 

N42 P. melanipherus haplotype 3 

P. melanipherus haplotype 4 

P. melanipherus haplotype 6 

JN990708.1 

JN990709.1 

JN990711.1 

98% 

98% 

98% 

552/566 

555/566 

554/566 

D19 U Mycoplasma sp. clone 529 

U Mycoplasma sp. clone 530 

U Mycoplasma sp. clone 542 

U Mycoplasma sp. clone 544 

U Mycoplasma sp. clone 549 

KM538691.1, 

KM538692.1, 

KM538696.1, 

KM538697.1, 

KM538698.1 

98% 

98% 

98% 

98% 

98% 

322/330 

322/330 

322/330 

322/330 

322/330 

Pairwise alignments of nucleotides were generated using BLAST-N. 
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A phylogenetic tree demonstrating the relationship of the P. melanipherus sequences (D23, 

D26, D33, D39, E4, E19 and N42) with closely related P. melanipherus haplotypes and P. 

murinus sequences from bats, along with representatives from other haemosporidian groups, 

is presented in Figure 7.2.  
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Figure 7.2. Phylogenetic tree demonstrating the relationship between seven 

Polychromophilus melanipherus isolates detected using PCR in Victorian southern bent-

winged bats (D23, D26, D33 and D39), South Australian southern bent-winged bats (N42) 

and eastern bent-winged bats (E4 and E19) and a selection of other haematozoa. GenBank 

accession numbers are located to the right of each organism. 

 

The D19 haemoplasma sequence shared a 98% identity with a range of uncultured 

Mycoplasma species (Table 7.3), all previously recorded from Schreibers’ bats (M. 

schreibersii) in Spain (Millan et al., 2015). D19 also shared a 96% identity with a sequence 

found in a Spanish long-fingered bat (Myotis capaccinii) (KM538693.1) (Millan et al., 2015), 

92% identity with a sequence identified in little brown bats (Myotis lucifugus) (KF713538.1) 
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from the USA (Mascarelli et al., 2014) and 89% identity to sequences found in Pallas’s 

mastiff bats (Molossus molossus) (KY356751.1) from Brazil (Ikeda et al., 2017). 

 

A phylogenetic tree demonstrating the relationship of the haemoplasma sequence type (D19) 

with closely related bat haemoplasmas and a selection of haemoplasmas found in other 

species is presented in Figure 7.3.  

 

 

 

Figure 7.3. Phylogenetic tree demonstrating the relationship between a haemoplasma isolate 

detected using PCR in a Victorian southern bent-winged bat (D19) and a selection of other 

haemoplasmas. GenBank accession numbers are located to the right of each organism. 
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7.5. Discussion 

This study measured the prevalence of two haemoparasites in two subspecies of bent-winged 

bats from south-eastern Australia. Polychromophilus melanipherus was found in over a third 

of all samples, with a higher prevalence in Victorian southern bent-winged bats than the other 

two groups. This parasite had previously been identified in samples of 495 bent-winged bat 

blood films examined from New South Wales (Dew & McMillan, 1970), with a prevalence 

ranging from 0-83%. In contrast to our study where there was no association with time of 

year, Dew and McMillan (1970) found a lower prevalence in April and higher in August. A 

study of blood films and blood spots (the latter examined by PCR) of 164 bats from Gabon 

also failed to detect any statistically significant difference in prevalence, the parasite being 

detected equally during both the wet and dry seasons (Duval et al., 2012). 

 

In the current study, microscopic examination of blood smears was compared with molecular 

methods for the detection of P. melanipherus. Prevalence rates ranged from 38% for smears 

compared with 55% for PCR. This is comparable to other studies which detected prevalence 

rates of 18-67% on smears and 63-89% by PCR (Duval et al., 2012). Prevalence estimates of 

blood parasites are typically greater using PCR than blood smear examination (Ndao et al., 

2004; Garamszegi, 2010; Wangai et al., 2011; Duval et al., 2012; Teal et al., 2012). In the 

current study, 21 bats tested negative by smear examination but were PCR positive, 

indicating the greater likelihood of false negatives occurring when blood smears alone are 

used. The accuracy of blood smear examination is dependent on the skill of the microscopist, 

the number of optical fields examined and the intensity of the parasitaemia (Valkiunas et al., 

2008; Garamszegi, 2010). Unfortunately, identification by morphological characteristics seen 

on blood smears cannot be used to reliably differentiate haemoparasite species due to 

differences seen both within and between species (Garnham, 1966; Garnham, 1973b; Megali 
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et al., 2011). The current study also demonstrated that, while PCR was better able to detect P. 

melanipherus positive bats, it may not be perfect with six bats testing negative by PCR 

despite organisms being observed on blood smear. This could have been the result of using a 

poor quality blood sample, as it was difficult to obtain sufficient blood to run the PCR in a 

number of instances. It is also possible that the organisms seen on the blood smears were not 

P. melanipherus, as morphology is not a reliable means of species identification (Megali et 

al., 2011). 

 

The P. melanipherus DNA sequenced in this study showed close association with previously 

sequenced P. melanipherus from Schreibers’ bent-winged bats from Switzerland (Witsenburg 

et al., 2012), greater long-fingered bats from Gabon (Duval et al., 2012) and Villier’s long-

fingered bats (M. villiersi) from Guinea (Schaer et al., 2013) (Figure 7.2). Current research 

indicates that Polychromophilus likely had a bird or reptile infecting Plasmodium ancestor. 

At some point in its evolutionary past it switched to a mammalian host (bats) and also 

switched vectors from Culicidae (mosquitoes) to Nycteribiidae (bat flies) (Witsenburg et al., 

2012). This is speculated to have occurred before the Miniopteridae and Vespertilionidae 

family diversifications (Duval et al., 2012). Once these two families arose, the parasites 

continued to undergo independent evolution, which gave rise to P. melanipherus in the 

Miniopteridae and P. murinus in the Vespertilionidae. Previous work reported a clear genetic 

distinction between P. melanipherus and P. murinus (Witsenburg et al., 2012). The findings 

reported in this study indicate that this genetic distinction may not be that clear, as several of 

the samples (D33, D39, E4, E19 and N42) had a high percentage of identity with both P. 

melanipherus and P. murinus isolates. Confirmation would require collecting additional 

samples of both Polychromophilus species and more extensive sequencing of mitochondrial 

genes. 
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Polychromophilus melanipherus schizogony occurs in the liver, lung and spleen (Garnham, 

1973b), which were examined histologically and tested by PCR for seven dead bats. No 

evidence of infection was found but, as no blood was collected from these bats, it was not 

possible to verify that these were true negatives.  

 

To date, the significance of the parasite on bat health is unknown. In a European study, 

intensity of infection in Daubenton’s bats with P. murinus, was inversely correlated with 

body weight (Witsenburg et al., 2014). However, unlike some other haematozoan infections, 

there was no indication of anaemia. This was speculated to be because Polychromophilus, 

unlike Plasmodium, does not undergo schizogony in the blood. Therefore, infection should 

lead to the destruction of fewer erythrocytes (Witsenburg et al., 2014).  In the present study 

P. melanipherus infections did not correlate with lower body weights. There was also no 

significant association with infection and numbers of polychromatophilic erythrocytes, red 

cell count or packed cell volume, all possible indicators of anaemia. Polychromatophilic 

erythrocyte numbers were high compared with other mammals (ranging from zero in cattle, 

sheep, goats and horses up to two cells per oil immersion field in dogs and pigs (Harvey, 

2012)), which can be indicative of a regenerative anaemia (Clark, 2004b), but bats normally 

have high counts (10 cells per oil immersion field for eastern bent-winged bats and 13 cells 

per oil immersion field for southern bent-winged bats) due to the short longevity of their 

erythrocytes (Valdivieso & Tamsitt, 1971; Riedesel, 1977; Schinnerl et al., 2011). 

 

Victorian southern bent-winged bats had a greater prevalence of P. melanipherus infections 

than South Australian southern bent-winged bats or eastern bent-winged bats. As parasite 

burdens tend to be higher in individuals with poorer immune responses (Christe et al., 2000; 
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Christe et al., 2007; Lourenço & Palmeirim, 2008), this could be an indication of some type 

of immune compromise in the Victorian southern bent-winged bat population. The source of 

this is open to speculation but could be related to the fact that southern bent-winged bats 

occupy a more disturbed environment than eastern bent-winged bats. The Victorian southern 

bent-winged bat environment contains less than 18% of the pre-European vegetation (Glenelg 

Hopkins Catchment Management Authority, 2013), while less than 6% of the original South 

Australian bent-winged bat habitat remains (South East Natural Resources Management 

Board, 2010). This is in comparison with the eastern bent-winged bat habitat which remains 

45-62% intact (Victorian Environmental Assessment Council, 2010). However, if this was 

the only reason, then the South Australian bent-winged bats should presumably be at least as 

heavily parasitised as their Victorian neighbours, which is not the case. There may be other, 

as yet unidentified factors, affecting the Victorian southern bent-winged bats.  

 

There are three published bat haemoplasma surveys, which found a variable prevalence of 

haemoplasmas in bats: 4-14% across a range of bat species tested in Brazil (Ikeda et al., 

2017), 47% of little brown bats from the USA (Mascarelli et al., 2014), and 42% of 

Schreibers’ bats from Spain (Millan et al., 2015). No clinical signs were attributed to any of 

the infections. Infection rates in this study ranged from 0-33% and were also not associated 

with any clinical effects.  

 

It is not surprising that the single sequenced haemoplasma from this study, detected in a 

southern bent-winged bat, showed the closest relationship (98% identity) with previously 

identified haemoplasmas found in Schreibers’ bent-winged bats, as the two bat species are 

closely related and, until recently, considered to be the same species (Cardinal & Christidis, 

2000). The sequence also showed a 96% identity with a human haemoplasma isolate 
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(GU562823.1) (Figure 7.3) that was a cause of haemolytic anaemia and pyrexia (Steer et al., 

2011). While the patient was diagnosed in Britain, she had recently returned from a vacation 

in Australia, and the authors speculated that the infection may have been zoonotic. The 

species specificity of haemoplasmas is not clear with several veterinary haemoplasmas, such 

as Mycoplasma suis (Yuan et al., 2009), M. haemofelis (dos Santos et al., 2008) and M. ovis 

(Sykes et al., 2010) having also been recorded from humans. Blood sucking arthropods, such 

as mosquitoes and midges, have been implicated in haemoplasma transmission (Messick, 

2004) and could act as vectors between species.  

 

7.6. Conclusions 

Based on the results from the present study, P. melanipherus and haemoplasma infections do 

not appear to be having a deleterious effect on their hosts. There was no obvious association 

with low body weight or anaemia. PCR detected more P. melanipherus infected bats than 

blood smear examination and is the recommended method for any future prevalence studies. 

More Victorian southern bent-winged bats appear to be infected with P. melanipherus, which 

is possibly indicative of some sort of underlying stress. Future research should focus on 

obtaining a broader sample size for haemoplasma testing and the investigation of a wider 

range of blood parasites, such as Bartonella (Ikeda et al., 2017) and trypanosomes (Mackie et 

al., 2017) to determine what effect, if any, they may be having on population health. 
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Chapter 8 

Trauma and misfortune found to be a major cause of death in a 

pathological investigation of two subspecies of bent-winged bats 

(Miniopterus orianae bassanii and oceanensis)  

In press: 

Peter H. Holz, Andrew Stent, Linda F. Lumsden and Jasmin Hufschmid. Trauma found to be 

a significant cause of death in a pathological investigation of bent-winged bats (Miniopterus 

orianae). Journal of Zoo and Wildlife Medicine. 

 

8.1. Abstract 

Determining the cause of mortality in endangered species is essential to understanding the 

possible reasons behind their decline and to facilitate the implementation of mitigating steps. 

The southern bent-winged bat (Miniopterus orianae bassanii) is a critically endangered bat 

whose population numbers have decreased over the past 50 years. As part of a larger 

investigation to determine if disease could be a contributing factor to the decline, 27 southern 

bent-winged bats and one eastern bent-winged bat (Miniopterus orianae oceanensis) that died 

of unrelated causes during the study were opportunistically necropsied and examined 

histologically. Trauma was the most common cause of death in the southern bent-winged 

bats, which mostly occurred at one site where infrastructure is positioned around a key 

breeding cave. In response to these findings, management actions have been implemented to 

reduce mortality rates of southern bent-winged bats. The single eastern bent-winged bat 

examined had a severe dermatitis caused by the mite, Notoedres muris.  
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     Key words: Eastern bent-winged bat, Miniopterus orianae bassanii, Miniopterus orianae 

oceanensis, mite, Notoedres muris, southern bent-winged bat.  

 

8.2. Introduction 

The number of endangered species continues to grow worldwide. In order to reverse this 

trend it is essential to determine the underlying causes leading to the decline of a particular 

species (Garnett et al., 2018). Any increase in mortality, particularly of a critically 

endangered species, could have serious consequences for the long term viability of the 

population as a whole. A recent review of bat mortality found that over half of the multiple 

mortality events investigated were anthropogenic in nature (O'Shea et al., 2016). The 

remainder included extreme weather events and the emergence of diseases such as white nose 

syndrome, which has killed millions of cave dwelling bats in North America since its 

emergence there in 2006 (Frick et al., 2016). The latter highlights the importance of acting 

swiftly to identify and potentially mitigate any new threats to critically endangered 

populations. 

 

The southern bent-winged bat (Miniopterus orianae bassanii) represents one such population. 

It was listed as critically endangered in 2007, under the Commonwealth Environment 

Protection and Biodiversity Conservation Act 1999, due to dramatic declines in numbers over 

the previous 50 years (DELWP, 2017). The southern bent-winged bat is one of two 

subspecies of large bent-winged bat that occurs in south-eastern Australia (Cardinal & 

Christidis, 2000). It utilises three breeding caves, one near Warrnambool and one near Cape 

Bridgewater, both in Victoria, and the other near Naracoorte in South Australia (DELWP, 

2017). The other subspecies is the eastern bent-winged bat (M. orianae oceanensis), which is 

more common and widespread, being distributed along the east coast of Australia (DELWP, 
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2017). Although numbers appear to be stable, it is listed as vulnerable in Victoria due to all 

breeding occurring in just one cave. 

While several reports of bent-winged bat mortalities exist in the literature (Dew, 1965; 

Dwyer, 1966; Bourne & Hamilton-Smith, 2007) the cause of the southern bent-winged bat 

population decline has not been determined. The role of disease in this decline is the subject 

of a wider investigation that is surveying both subspecies of bent-winged bats for exposure to 

a range of viruses (Holz et al., 2018a), fungi (Holz et al., 2018c) and parasites (Holz et al., 

2018b; Holz et al., 2019). Over the course of this larger study, a number of injured and dead 

bats were found. The injuries and deaths were due to causes unrelated to the study, except for 

one bat, which died during sampling. Where bats were fresh enough, the cause of morbidity 

and mortality was determined to investigate possible contributors to the population decline. 

 

8.3. Case reports 

Twenty-eight bats (27 southern bent-winged bats and one eastern bent-winged bat) were 

collected over the course of the study from January 2015 until May 2017. Of the southern 

bent-winged bats, eight were found dead; two from the breeding cave at Warrnambool and 

six from the breeding cave at Naracoorte. A further five bats from Naracoorte were found 

with traumatic injuries during fly-out at dusk and were euthanased. One bat, from Naracoorte, 

died unexpectedly during sampling. Thirteen orphaned pups that died were found during the 

2016/17 birthing season in the Warrnambool breeding cave. A single eastern bent-winged bat 

with dermatitis was caught outside the breeding cave near Lakes Entrance in Victoria and 

subsequently died while in the care of a licensed bat carer. All bats, except for the five that 

were euthanased and the eastern bent-winged bat, were frozen after death. 
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Where necessary, bats were thawed, and then necropsied and examined histologically. Tissue 

samples (lung, heart, liver, spleen, kidney, gastrointestinal tract, brain plus any grossly 

identified lesions) were collected, placed in 10% neutral buffered formalin, routinely 

processed, sectioned at 4-5 microns and stained with haematoxylin and eosin. Carcasses were 

then frozen.  

 

The ten cases of trauma comprised bats with fractured wings (n=5), cranial haemorrhage 

(n=2), pectoral haemorrhage (n=2) and ischaemic necrosis of a hind leg (n=1) (Table 8.1). 

One bat died during swab and blood collection. The only detectable lesion histologically was 

pulmonary congestion. A cause of death could not be determined for this bat, although it was 

assumed that it was likely associated with the handling and sampling effort and recorded as 

an adverse event. No cause of death could be determined for three other adults that had been 

found dead, although two had renal lesions, consisting of occasional tubular degeneration 

associated with a mild interstitial lymphoplasmacytic infiltrate. Similar findings were noted 

in two of the bats that died of trauma. Lesions did not appear severe enough to have 

contributed to the deaths of the bats.  

 

 

 

 



 
 

Table 8.1. Necropsy findings in southern bent-winged bats. Pm wt = Post mortem weight. F = Female. M = Male. SA = Subadult. NR = Not recorded. 

GIT = Gastrointestinal tract. NAD = No abnormalities detected. Euth = Euthanased. SC = Subcutaneous. 2° = Secondary 

Date found 

(dd/mm/yy) 

Location Age Sex  Pm wt 

(g) 

Gross  

findings 

Histological findings Diagnosis 

20/1/15 Warrnambool  Adult F 16.5 Pectoral haemorrhage NAD Trauma 

29/9/15 Naracoorte Adult M 14.0 Thoracic haemorrhage Autolysis Trauma 

16/1/16 Naracoorte SA NR NR Fractured radius/ulna NAD Euth, Trauma 

16/1/16 Naracoorte SA NR NR Fractured humerus NAD Euth, Trauma 

17/1/16 Naracoorte Adult M 17.5 Pulmonary congestion Pulmonary congestion Open 

17/1/16 Naracoorte SA F, M 16.0-18.0 Fractured humerus NAD Euth, Trauma 

25/9/16 Naracoorte Adult M 12.9 Necrotic right hind leg 

and uropatagium 

Ischaemic necrosis with 2° 

bacterial infiltration. Mild pyelitis 

and interstitial nephritis. 

Euth. Trauma  

13-14/12/16 Warrnambool Pup 5M, 2F 2.0-3.5 NAD NAD Open 

14/12/16 Warrnambool Pup M 4.5 Ruptured stomach. SC 

emphysema 

Pulmonary haemorrhage. Gram 

positive bacilli in multiple organs. 

Septicaemia 

7-8/1/17 Warrnambool Pup 2M 1F 9.0-10.5 NAD NAD Open 



 
 

8/1/17 Warrnambool Pup F 13.0 Possible purulent 

material in right lung 

Fibrin, exudate, necrotic debris, 

granulation tissue in pleura 

Suppurative 

pleuritis 

9/1/17 Warrnambool Adult M 15.5 Fractured radius/ulna NAD Trauma 

9/1/17 Warrnambool Pup F 8.5 NAD Reduced adipocyte size. 

Nematodes in GIT 

Inanition. GIT 

parasitism 

22/1/17 Naracoorte Adult M 17.0 Cranial haemorrhage Mild enteritis Trauma 

3/2/17 Naracoorte Adult M 9.5 Pulmonary congestion Necrotic focus in kidney Open 

3/2/217 Naracoorte Adult M 9.5 NAD Mild interstitial nephritis with 

tubular degeneration 

Open 

4/2/17 Naracoorte  Adult M 16.0 Cranial haemorrhage Nematodes in GIT. Mild 

subcapsular nephritis 

Trauma 

26/5/17 Naracoorte Adult M 14.0 NAD Possible aspiration Open 
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The 13 pups were all unweaned and found on the floor of the cave below the roosting cluster 

of bats. These ranged from newborn young found in December weighing 2.0-4.5 g, to older 

pups found in January (9-13 g) (Table 8.1). Four of these had milk in their stomachs 

indicating they had recently suckled. Nematodes were present in the gastrointestinal tract of 

one of the pups from Warrnambool as well as an adult bat from Naracoorte. 

 

Two of the pups appeared to have suffered infections. One of these was a possible clostridial 

infection based on the histological appearance of the bacteria and the presence of extensive 

subcutaneous emphysema, a characteristic seen in clostridial infections in other species 

(Kennedy & Miller, 1993). However, post mortem colonisation could not be excluded as 

some degree of autolysis was present. Clostridia have been reported both as part of the bat 

skin microbiome (Avena et al., 2016), and as a cause of disease, Clostridium sordellii being 

associated with a case of haemorrhagic enteritis (Mühldorfer et al., 2011a). The second pup 

had histological evidence of pleuritis, but a Gram stain failed to reveal any bacteria.  

 

The eastern bent-winged bat presented with hyperkeratotic nodules on the dorsal surface of 

both wings and uropatagium (Figure 8.1). Several nodules were removed by a registered 

wildlife veterinarian (PH) at the time of capture, examined microscopically in the laboratory 

and found to contain sarcoptiform mites. Due to its low body weight (9.5 g compared with a 

mean of 12.4 g for other bats from this colony) the bat was brought into captivity under the 

care of a licensed bat carer, but died shortly thereafter. Histological examination revealed a 

large number of mites and eggs present both on the skin surface and within the stratum 

corneum, as well as intracorneal pustules containing secondary coccoid bacteria (Figure 8.2). 

The mites were identified as Notoedres muris, based on an examination of scrapings of the 



188 
 

skin nodules under a stereo microscope (Nikon SMZ 745T, Tokyo, Japan), and 

morphological keys (Klompen et al., 1983; Domrow, 1992) (Figure 8.3).  

 

 

 

Figure 8.1. Eastern bent-winged bat with hyperkeratotic lesions on the dorsal surface of both 

wings and the uropatagium. 
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Figure 8.2. Histological image of the skin of the eastern bent-winged bat with Notoedres 

muris infection. Black arrow = cross section of mite. White arrows = mite eggs. 

Haematoxylin and eosin stain. 
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Figure 8.3. Notoedres muris. Rectangle in inset photograph denotes position of posterior 

genital setae (indicated by arrow), which are characteristic of N. muris (Domrow, 1992).  

 

8.4. Discussion 

The overall project was designed to explore possible infectious causes of morbidity and 

mortality in southern bent-winged bats, so it was important to determine the cause of death in 

as many bats as possible. Ten of the 14 southern bent-winged bat adults and subadults that 

were investigated had traumatic lesions (71%). Bat mortality studies of other species, using 

larger sample sizes, have found trauma to account for 34% (Mühldorfer et al., 2011a), 39% 

(Mühldorfer et al., 2011b) and 50% (O'Shea et al., 2016) of all mortalities. Eight of the 10 

traumatic injuries occurred at the Naracoorte breeding cave or nearby caves, where there is 

metal infrastructure in the openings. An approximately 1.5 metre high vertical wire fence 
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surrounds the breeding cave, with a large metal sheet set at an angle along one side of the 

opening. At least some of these injuries occurred through bats striking the metal panel or the 

fence, especially recently volant subadults. Other bats could also be heard striking the metal 

panel as they emerged from the cave, although their fate was unknown (Ingeme et al., 2018). 

The echolocation system of bats has been shown to have difficulty detecting smooth vertical 

surfaces and bats will sometimes collide with them but avoid rough surfaces (Greif et al., 

2017). In an attempt to reduce the impact of the infrastructure around the breeding cave, the 

metal panel and fence were covered with shade cloth over inflatable pool rafts in January 

2018, which appeared to stop injuries occurring (Ingeme et al., 2018). 

 

Four bats had mild renal lesions. Mild inflammation of unknown cause is common in the 

kidneys of a wide range of animal species (Maxie, 1993), and has been reported previously in 

bats in association with bacterial and coccidial infections (Mühldorfer et al., 2011b). In this 

study the lesions were considered to be too mild to have been of any clinical significance.  

 

A small number of bat pups were found in the Warrnambool cave during the 2016/17 birthing 

season. This is not unusual as pups can fall from the ceiling and, with no way of returning to 

the roost, which is 25 m above the cave floor, die of starvation or are predated. It has been 

estimated that the mortality rate of bent-winged bat pups is approximately 10% in any given 

year (Dwyer, 1966).  

 

Two bats had histological evidence of gastrointestinal nematodes. The trichostrongyle, 

Nycteridostrongylus uncicollis, has been found previously in Australian bent-winged bats 

(Humphery-Smith, 1982). While this parasite is haematophagous and was reported to form 

mesenteric nodules with associated haemorrhage, there was no mention of any deleterious 
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effects on the host (Humphery-Smith, 1982). It was not possible to confirm the identity of the 

nematodes in this study based on histology alone. 

 

Notoedres muris is a parasitic mite with a worldwide distribution that infects a wide range of 

mammals, predominantly rodents (Klompen & Nachman, 1990; Anholt et al., 2014).  It is 

frequently found on black rats (Rattus rattus) and brown rats (R. norvegicus) (Domrow, 

1992; Anholt et al., 2014), but has also been found on a range of native Australian vertebrates 

including common brush-tailed possums (Trichosurus vulpecula), northern brown bandicoots 

(Isoodon macrourus) and fawn-footed melomys (Melomys cervinipes) (Domrow, 1974).  

 

While bent-winged bats frequently carry mites, these are usually of the genus Spinturnix and 

do not cause clinical signs in their hosts (Domrow, 1971, 1987). Notoedres mites have been 

described from the particoloured bat (Vespertilio murinus) in Germany (Oudemans, 1898), 

the greater northern free-tailed bat (Chaerephon jobensis) in Australia (Klompen et al., 

1983), Moloney’s flat-headed bat (Mimetillus moloneyi) in Sierra Leone (Fain, 1959), the 

Japanese large noctule (Nyctalus aviator), hairless bat (Cheiromeles torquatus), wrinkle-

lipped free-tailed bat (Chaerephon plicatus) and Malayan free-tailed bat (Mops mops) in Asia 

(Fain, 1959; Lavoipierre, 1968; Fain & Marshall, 1977; Klompen et al., 1983). However, 

despite its wide host range, Notoedres muris had not been previously described from bats 

(Fain, 1959; Lavoipierre, 1964).  

 

The presence of clinical signs was not mentioned in any of the previously reported Notoedres 

infections in bats. However, N. muris has been described as causing a proliferative dermatitis 

in the various species on which it has been found (Domrow, 1974; Klompen & Nachman, 

1990; Anholt et al., 2014). Given the extensive nature of the lesions and the poor body 
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condition of the eastern bent-winged bat in this study, it seems highly likely that the mite 

infection had a deleterious effect on its host. This bat was one of 51 bats that were collected 

from the Lakes Entrance breeding cave, with it being the only one that displayed any 

abnormalities. It is not known if the mite can be carried by clinically unaffected bats, as skin 

scrapings were not collected from any of the others. 

 

In conclusion, trauma was the most common cause of death of the southern bent-winged bats 

examined in this study. No single infectious cause of mortality was identified, but this 

represented an extremely small sample size of the total bat populations. Notoedres muris was 

recorded from a bat for the first time. This mite may have been transmitted to the bat 

population by rats, which are commonly observed in and near the bent-winged bat caves 

(DELWP, 2017). The mite’s significance for the bat population as a whole is unknown as it 

was detected on only one animal. Future more extensive surveys should be conducted, 

examining bats for lesions and collecting skin scrapings from unaffected bats to determine if 

the mite can be carried asymptomatically. 

 

8.5. Permits   

Samples were collected with approval from the Faculty of Veterinary and Agricultural 

Science Animal Ethics Committee, University of Melbourne, Victoria (ethics approval 

1513456.1), Department of Environment, Land, Water and Planning, Victoria (permit 

number 0007644), Wildlife Ethics Committee, South Australia (permit number 37/2015) and 

the Department of Environment, Water and Natural Resources, South Australia (permit 

number Q26488-1). 
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Chapter 9 

9.1. General discussion 

Australia has an unenviable record when it comes to species extinctions and endangerment, 

with 1717 species listed as threatened and 91 as extinct as of April 2017 (Garnett et al., 

2018). While these figures appear extremely bleak, a recently published book has shown that 

it is possible to recover species that are threatened, highlighting numerous instances 

involving a range of plant and animal species (Garnett et al., 2018). Foremost among the 

reasons for success was the identification of definable causes for the species’ decline which, 

in turn, lead to concrete and achievable solutions.  

 

The main purpose of this project was to determine if infectious disease could be one of those 

definable causes contributing to the population decline of the southern bent-winged bat. With 

that goal in mind, southern bent-winged bats were surveyed for a range of viruses, fungi and 

parasites and the findings compared with a similar survey of the closely related eastern bent-

winged bats. In addition, the project conducted a risk assessment of the introduction of 

Pseudogymnoascus destructans into Australia.  

 

9.2. Short summary of findings 

 Adenoviruses, filoviruses, coronaviruses, lyssaviruses and henipaviruses were not 

detected in any of the bats sampled. Six novel herpesviruses were identified across the 

seven sample populations. While none of the herpesviruses were associated with 

clinical signs, Victorian southern bent-winged bats had the greatest number of 

herpesvirus-positive animals followed by eastern bent-winged bats and then South 

Australian southern bent-winged bats.  
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 Pseudogymnoascus destructans, the causative agent of white nose syndrome, was not 

detected in any of the samples tested. A wide variety of environmental and plant-

associated fungi were identified on the skin of both bat subspecies, including P. 

roseus, a saprophytic fungus related to P. destructans, and a Gymnoascus sp. 

Histoplasma capsulatum, a potential human fungal pathogen was found at low 

prevalence levels on bats from multiple locations, but not from the cave environment. 

 A risk assessment for the introduction of P. destructans into Australia concluded that 

for the majority of bat species likely to be impacted by the fungus the risk was low to 

very low. However, because of their endangered status and the fact that the entire 

population lives within the temperature zone that could be potentially impacted by the 

fungus, the risk for southern bent-winged bats was deemed to be medium. 

 Ectoparasites (bat flies, mites, ticks and the nematode Riouxgolvania beveridgei) were 

found across the two subspecies but were not associated with clinical signs of ill 

health. Prevalence of ticks and R. beveridgei was greater on Victorian southern bent-

winged bats. 

 Polychromophilus melanipherus and haemoplasmas were detected across the two 

subspecies. Prevalence and intensity of P. melanipherus infections was greater in 

Victorian southern bent-winged bats. PCR detected more P. melanipherus positive 

bats than blood film examination. Neither blood parasite was associated with 

anaemia. 

 Opportunistic pathological investigations of 27 southern bent-winged bats revealed 

trauma to be the main cause of death. Many of these cases involved collisions with 

infrastructure, which has since been modified, at the Naracoorte breeding cave. The 

first case of mange in a bat, caused by Notoedres muris, was diagnosed in an eastern 

bent-winged bat. 
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 Morphometric examination revealed that southern bent-winged bats were heavier than 

eastern bent-winged bats, but there was no significant difference in forearm length 

between the two subspecies. Body weight: forearm ratio was greater for southern 

bent-winged bats. This suggests that southern bent-winged bats may require more 

energy to fly and forage than eastern bent-winged bats. Consequently, southern bent-

winged bats may need to consume more food on a daily basis, potentially increasing 

their susceptibility to adverse conditions such as drought.  

 Low levels of pesticides were identified in the southern bent-winged bats sampled. 

Based on published work in other bat species, levels were considered to be too low to 

be impacting the bats. 

 

9.3. Significance of findings and study limitations 

Disease had previously been identified as one of the potential threats to the southern bent-

winged bats and a possible driver of the population decline (DELWP, 2017). To date, there 

are only two reports of disease potentially impacting southern bent-winged bats: an anecdotal 

report of an unidentified virus killing large numbers of bats at Naracoorte in 1967 (DELWP, 

2017) and an investigation in 2009 into bats at Naracoorte with skin nodules (McLelland et 

al., 2013). The latter, caused by the nematode R. beveridgei, were also recognised in this 

study. However, there was no indication that this parasite was contributing to the decline in 

numbers or impacting the bats in any way. 

 

The present study is the first to document the prevalence of a range of infectious and parasitic 

agents in both southern and eastern bent-winged bats. The study found, based on 

morphometric differences, that southern bent-winged bats may have greater daily energy 

requirements than eastern bent-winged bats. The study did not find any evidence that any of 
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the agents considered are responsible for the decline in southern bent-winged bat numbers. 

However, there are a number of caveats to this conclusion. Only bats that were healthy 

enough to fly out of their roosting caves/mines to forage were sampled. Determination of the 

impact that disease may have could be more effectively ascertained if sick or dead bats were 

selected for testing. Unfortunately, these are difficult to find as they are rapidly predated and 

scavenged. The small pathology survey of dead bats that was conducted did not reveal a 

consistent disease agent impacting the affected bats. 

 

This study also sampled a biased subset of bats. While many bats were caught by the harp 

traps, a large number also flew around them. It is possible that the more robust bats were able 

to take steps to avoid the traps which, therefore, collected less healthy individuals. This is 

speculation but, if correct, may have skewed the results regarding prevalence of the various 

infectious and disease agents. Unfortunately this hypothesis can only be tested by catching all 

bats that emerged from each cave. Observations inside the caves after all the bats had flown 

out failed to find any dead or diseased bats. 

 

An initial survey of the breeding cave at Warrnambool at the commencement of the project 

found the remains of approximately 50 decomposed bat carcasses, consisting mostly of fur, 

bones and wing membranes. No fresh carcasses were detected. Subsequent trips to this cave 

did not reveal additional, fresher, bat carcasses, potentially indicating that these deaths had 

occurred over a significant period of time. However, due to the small size of bent-winged 

bats and the presence of rats in the cave, the remains do not necessarily represent the total 

number of deaths which have occurred within the cave. They also do not indicate that the 

population has stabilised as bats may be dying outside the cave, where their bodies are 

unlikely to be found. 
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9.4. Potential causes of southern bent-winged bat population decline 

While the infectious and parasitic agents surveyed in this study do not appear to be exerting a 

deleterious effect on their hosts, many of them (herpesviruses, ticks, R. beveridgei and P. 

melanipherus) were more prevalent on Victorian southern bent-winged bats than the other 

two populations. Suppression of viruses and parasites requires a robust immune system, 

which, in turn, requires sufficient resources to fuel it. Those individuals with an abundance of 

resources are better able to divert energy away from other activities and tend to have lower 

levels of infection (Wobeser, 2008). Given the results of this study, this implies that resources 

may be limiting for Victorian southern bent-winged bats. 

 

The current study has shown that nutritional requirements may be greater for southern bent-

winged bats compared to eastern bent-winged bats as they are larger and heavier but have 

similar wing dimensions. Therefore, energy requirements may be greater also (Norberg & 

Rayner, 1987). However, southern bent-winged bats occupy an environment where food 

availability may be a limiting factor.  

 

Land use has changed dramatically since European settlement. In the Glenelg-Hopkins 

Catchment Management Region, which incorporates most of the distribution of southern 

bent-winged bats in Victoria, including the Warrnambool breeding cave, only 17% of the pre-

European coverage of native vegetation now remains (Glenelg Hopkins Catchment 

Management Authority, 2013). More specifically, the Warrnambool plain, which is where the 

breeding cave is situated, contains 7% of the original vegetation and the surrounding 

Victorian volcanic plain only has 6% of the original vegetation. Most of the rest has been 

cleared for agricultural use.  
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Only 16% of the original native vegetation remains in the South Australian range of the 

subspecies (South East Natural Resources Management Board, 2010). The Naracoorte 

Coastal Plain, which covers the Naracoorte breeding cave, contains buloke (Allocasuarina 

luehmannii) woodlands at 3% of their pre-European distribution. Less than 2% of grassy 

woodlands are currently considered to be relatively intact. Wetlands once covered a large 

proportion of the area, with an estimated 45% of the region subject to seasonal or permanent 

inundation. Land use change, post-European settlement, has significantly altered the 

landscape, resulting in the loss of many areas of wetland habitat, with less than 6% of the 

original wetland now remaining (South East Natural Resources Management Board, 2010).  

 

In contrast, the three regions sampled in this study for eastern bent-winged bats, Christmas 

Hills, Eildon and the breeding cave near Lakes Entrance, still contain 60%, 45% and 62% of 

the original native vegetation (Victorian Environmental Assessment Council, 2010). 

Therefore, eastern bent-winged bats appear to exist on land that is not as heavily cleared as 

the land occupied by the southern bent-winged bats.  

 

The bent-winged bat diet appears to consist predominantly of moths (Vestjens & Hall, 1977), 

a finding supported by the enormous number of moth wings found outside the Warrnambool 

breeding cave (Dwyer, 1965). Previous research from South Australia found that southern 

bent-winged bats occur more commonly in areas that support higher numbers of insects 

(Stratman, 2005). While a recent survey conducted near the Warrnambool breeding cave 

revealed 202 moth species (Australian Biological Resources Study, 2014), moth biomass has 

not been quantified. However, research has been conducted comparing moth numbers with 

different habitat types. A study from Finland compared habitat quality, as measured by plant 

species richness and density, with moth numbers and found that higher quality habitat 
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supported a greater number and diversity of moths (Pöyry et al., 2009). A similar study from 

Britain correlated the loss of semi-natural habitats with a continuing decline in butterfly 

numbers over the previous 30 years (Warren et al., 2001).  

 

All these factors (habitat alteration, possible reduced prey availability, greater energy costs of 

flight) suggest that southern bent-winged bat populations may be struggling to maintain 

themselves nutritionally and energetically, leading to increased levels of stress which, in turn, 

can compromise immune function (Seltmann et al., 2017). Although tissue DDT levels were 

low, Victorian southern bent-winged bats contained seven times more DDT than South 

Australian southern bent-winged bats, which may be affecting both moth numbers (Fox, 

2013) and the bats’ immune system (Faroon et al., 2002). The immune compromise 

hypothesis is supported by the fact that Victorian southern bent-winged bats were more likely 

to be positive for herpesviruses, P. melanipherus, R. beveridgei and ticks. Seltmann et al. 

(2017) suggested that bats living in actively logged habitats might be particularly prone to 

shed pathogens, consistent with results from this current study. Another study found that 

Brazilian free-tailed bats (Tadarida brasiliensis) living in two caves mounted a greater 

lymphocyte response when injected subcutaneously with an antigen (phytohaemagglutinin), 

than did their counterparts living under two bridges (Allen et al., 2009). The premise here 

was that roosting ecology can affect immune function, with bats living in the natural cave 

environment being able to mount a superior response compared to those residing in the 

artificial bridge habitat. 

 

Sufficient food may be available to sustain southern bent-winged bat populations when 

climatic conditions are favourable, but this scenario may render them more vulnerable to 

adverse conditions such as drought, which likely further decreases prey availability. Drought 
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has already been suggested as contributing to southern bent-winged bat mortality on two 

previous occasions in 1967 (DELWP, 2017) and 2006 (Bourne & Hamilton-Smith, 2007). 

 

Southern bent-winged bats are also vulnerable because of their dependence on only three 

breeding caves. This restriction places them at increased risk of extinction (Sagot & Chaverri, 

2015), as they are susceptible to both cave and habitat disturbances (Furey & Racey, 2016), 

which may affect future breeding success and force them to forage over large distances 

(South Australian southern bent-winged bats have been recorded to fly up to 70 km in one 

night (van Harten et al., 2018)).   

 

To summarise, southern bent-winged bats live in a more altered habitat than eastern bent-

winged bats, which may result in chronic stress manifested by increased parasite burdens and 

depressed immune function. They may require more energy to forage than eastern bent-

winged bats but potentially have access to more limited resources. None of these factors, if 

taken independently, will necessarily affect the viability of southern bent-winged bat 

populations but, taken together, may make the population as a whole more susceptible to any 

additional stressors, be that pesticide exposure or adverse climatic conditions, such as 

drought. This form of synergism is not without precedent. Mortality in honey bee colonies 

was significantly greater when bees were exposed to both neonicotinoid pesticides and a poor 

quality diet than when exposed to each one individually (Tosi et al., 2017).  

 

While conditions are favourable, southern bent-winged bats appear able to maintain their 

populations but, as a result of all these factors, they appear to be much closer to a tipping 

point than their close relatives, the eastern bent-winged bats. Therefore, while disease is not 

driving the southern bent-winged bats to extinction it may be acting as a red flag, indicative 
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of a species that is currently struggling with a multitude of challenges which it faces into an 

uncertain future. 

 

9.5. Future directions 

Future research directions specific to each of the infectious diseases considered in this thesis 

have been discussed in detail in the individual chapters. While these are appropriate for 

advancing the study of those agents, they are unlikely to be the best approach to 

comprehensively determine the specific drivers of population decline in southern bent-

winged bats, and ultimately protecting bat populations into the future. The future research 

directions listed below take a broader view and are proposed as directions of study that will 

assist in better defining the key drivers of population declines in this species.  

 

 All significant mortality events must be investigated as soon as possible because the 

examination of freshly dead bats provides the greatest opportunity for detecting 

significant pathogens. 

 A greater understanding is required of bent-winged bat diet and prey availability. The 

diet of southern and eastern bent-winged bats should be compared and surveys of 

insect biomass in association with all breeding caves undertaken. 

 South Australian southern bent-winged bats have been recorded flying up to 70 km a 

night (van Harten et al., 2018). Similar research needs to be carried out for Victorian 

southern bent-winged bats and eastern bent-winged bats. If the hypothesis that 

degraded habitat leads to fewer moths is correct, then eastern bent-winged bats may 

not be foraging as far from their roosts as southern bent-winged bats. 

 Regular monitoring of bat populations needs to be conducted in order to determine if 

numbers are increasing, decreasing or remaining stable. 
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 Pesticide levels of eastern bent-winged bats should be determined to compare with 

levels found in southern bent-winged bats in order to better understand their 

significance. 

 While none of the infectious agents surveyed in this study appear to be contributing to 

southern bent-winged bat population declines a wider survey encompassing novel 

disease agents may provide further information. 

 Stress levels should be compared between southern bent-winged bats and eastern 

bent-winged bats. Historically blood glucocorticoid levels have been used as a 

measure of stress but these are influenced by a large number of varying factors and 

are no longer considered to be useful indicators on their own (Ralph & Tilbrook, 

2016). Instead the concept of allostasis has been developed to provide a more holistic 

approach to stress and its effects on the organism. Allostasis is the concept whereby 

an organism adapts behaviourally and physiologically to temporary stressors to 

improve its survival (Edes et al., 2018). A number of biomarkers, including varying 

combinations of glucocorticoids, albumin, corticotropin-releasing hormone, 

interleukin-6, tumour necrosis factor, fibrinogen, glucose and others have been 

combined in algorithms used to measure stress induced physiologic dysregulation or 

allostatic load (Juster et al., 2010). While blood collection is problematic due to the 

small size of the bats some of the biomarkers are also present in urine and hair (Edes 

et al., 2018). 
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