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Foreword 

Hendra virus is an emerging infectious disease, first detected in Queensland in 1994. It is now known 

that flying foxes are the reservoir host for the Hendra virus, which spills over to horse populations and 

then to humans. Whilst the number of human cases remains fortunately relatively small, the case 

fatality rate is around 60%, which has caused enormous public concern, particularly amongst those 

who associate closely with horses. Spillover events occur sporadically, although they appear to have 

been increasing in frequency. The objective of this project was to use modelling tools to identify when 

and where the risk of spillover is particularly high and to identify the factors driving spillover so that 

the risk posed by spillover both to horses and humans might be reduced. 

The key findings from this project are first, whilst the occurrence of spillover occurs primarily in the 

winter months south of the Tropic of Capricorn, there are limited reliable predictors of the risk of 

spillover on a finer spatial scale or between years. Second, there exists a key knowledge gap that 

inhibits further predictive modelling of Hendra virus dynamics and thus evaluation of potential 

predictive tools or management strategies. This gap is that it remains unclear whether the sporadic 

high rates of excretion of Hendra virus from particular bat colonies are driven by high prevalence of 

infection, or whether bats are persistently infected, but sporadically excrete virus at high levels. The 

report identifies the research to discriminate between these two hypotheses.  

This report is an addition to RIRDC’s diverse range of over 2000 research publications and it forms 

part of our National Hendra Virus Research Program R&D program, which aims to improve strategies 

to prevent transmission of Hendra virus from flying foxes to horses, from horses to humans, from 

horses to horses, and potentially to other susceptible species. 

Most of RIRDC’s publications are available for viewing, free downloading or purchasing online at 

www.rirdc.gov.au. Purchases can also be made by phoning 1300 634 313. 

 

Mr John Harvey 

Managing Director 

Rural Industries Research and Development Corporation 

http://www.rirdc.gov.au/
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Executive Summary 

What the report is about 

We present the results of our research on Hendra virus dynamics in fruit bat populations in Australia. 

Hendra virus, the first of a recent series of high-profile emerging pathogens traced to bats, typifies the 

spillover process for many bat-borne zoonoses. Hendra virus, a negative sense, single-stranded RNA 

virus in the genus Henipavirus (family Paramyxoviridae), is endemic in Australian Pteropus spp. (fruit 

bats or flying-foxes). Hendra virus spills over from bats into domestic animals, primarily horses, 

which amplify the virus and subsequently infect humans.   

Within this report we: 

1. Characterised the major features of Hendra virus spillover from 1994-2014 and proposed an 

integrative conceptual framework for assessing drivers of bat virus spillover from the cellular 

to the landscape level (chapter 1).   

2. Developed a conceptual and quantitative framework of spillover for all zoonotic pathogens 

(chapter 2).  

3. Developed epidemiological theories regarding the mechanisms that may be driving periods 

and places of high prevalence in bat populations and described three major hypotheses 

(chapter 3).  

4. Developed an agenda for research that would allow for differentiation among these hypotheses 

(chapter 3).  

5. Constructed models to predict the occurrence of aggregations of fruit bats and examined the 

patterns of spillover in relation to these aggregations (chapter 4).  

6. Analyzed the data collected in Field et al. 2015 to elucidate the conditions that promote 

periods of high prevalence of Hendra virus (chapter 5).  

7. Developed the foundation for mechanistic models of virus dynamics to compare to Hendra 

virus data. 

  

Who is the report targeted at? 

This report is written for the National Hendra Virus Research Program, administered through RIRDC. 

The scientific papers accompanying the report are targeted at scientific researchers working on Hendra 

virus and other zoonotic viruses, particularly of bats, and at managers who are attempting to deal with 

the threat of zoonotic spillover of Hendra virus from bats through horses to humans. 

Where are the relevant industries located in Australia?  

These results particularly affect the equine and veterinary industries in eastern Australia, particularly 

northern New South Wales and Queensland. As Hendra virus has caused considerable public concern, 

the results also affect the general public in these areas. 

Background 

Aims/objectives 

Equine and veterinary industries will benefit from a greater depth of understanding of the risk factors 

for Hendra virus spillover. This will enable better targeting of preventative actions. 

Methods used  

We used a combination of statistical modelling, time-series modelling and mechanistic mathematical 

modelling to complete our research. 
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Results/key findings 

1. A series of at least six enabling conditions are necessary for Hendra virus spillover; these 

involve bat, horse and environmental factors (Plowright et al. 2015). 

2. Hendra virus spillover events are clustered in time and space. All the subtropical spillovers 

have occurred in the cooler months of May through October, with the peak in July. No 

spillover events have occurred in the subtropics during summer. In the northern tropics, 

spillover events have been detected throughout the year. The locations of clusters vary 

among years (Plowright et al. 2015).  

3. Virus excretion from bats may occur in spatial and temporal pulses that can drive spillover 

(Plowright et al. 2015).  

4. Three hypotheses may explain temporal and spatial pulses of virus shedding in bat 

populations: episodic shedding from persistently infected bats or transient epidemics 

passing as waves of bat-to-bat transmission between bat populations with either permanent 

individual immunity or waning immunity (Plowright et al. in Press).  

5. Differentiating among these hypotheses is critical as each has different drivers and would 

require different interventions. Research methods that must be combined to distinguish 

among these scenarios include field sampling to document seroprevalence and prevalence, 

statistical modelling to identify patterns of infection, pathogen sequencing and 

phylogenetic analysis, and dynamic simulation modelling to generate epidemiological 

scenarios that can be evaluated with data (Plowright et al. in Press).   

6. Spatiotemporal heterogeneity in Eucalypt-based food resources is a major driver of bat 

population behaviour at the landscape scale; aggregations can be predicted with machine 

learning approaches on the basis of a vegetation indices, cumulative precipitation, and 

temperature anomalies (Giles et al. in Submission). 

7. In southeast Queensland, spillover was not associated with large aggregations of fruit bats 

attracted by nectar-based foraging resources, but rather by behaviour of smaller resident 

subpopulations (Giles in Submission). 

8. Hendra virus pulses were identified every 3-6 months using two statistical procedures that 

estimate cycle periods in time series data, but these estimates were characterised by high 

uncertainty (Paez et al. in Prep).   

9. Peaks in Hendra virus prevalence were concentrated around winter months, although this 

was not consistent across latitudinal gradients, a result that is consistent with previous 

studies (Paez et al. in Prep).  

10. Peaks in Hendra virus prevalence were weakly synchronised across sites within 500 km. 

However, the change in Hendra virus prevalence from one month to the next was not 

correlated across sites (Paez et al. in Prep). 

11. Environmental conditions during bat pregnancy and lactation affect the magnitude of 

Hendra virus prevalence in the subsequent year: Increased precipitation over lactation had 

a negative effect whereas increased maximum temperature had a positive effect (Paez et 

al. in Prep).  

Implications for relevant stakeholders 

Our research has notified times of the year and locations where Hendra virus spillover to horses is 

especially likely. Whilst those involved in the equine industries should always be aware of the 

possibility of Hendra virus infection, they need to be especially vigilant at these particular times and 

places. 
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For policymakers, a key finding is that we found no evidence that Hendra virus spillover is associated 

with high densities of fruit bats. This suggests that culling will not decrease spillover risk at regional 

levels.  

A critical gap in knowledge has been identified. It is unclear whether high rates of viral excretion at 

certain times and places is driven by epizootics of Hendra virus in bat colonies (i.e. prevalence of 

infection) or whether bats are persistently infected and excrete high levels of virus at particular times, 

affected by seasonal factors or environmental drivers. The empirical data necessary to distinguish 

between these two hypotheses does not exist and obtaining it should be a high priority, as it will 

strongly influence appropriate management actions. 

Recommendations 

Our recommendations are particularly targeted at policymakers and managers. 

1. It is important to ensure that those involved in the equine industry or others who have close 

contact with horses remain vigilant about the possibility of Hendra virus spillover, but that 

they are particularly vigilant at the times and places identified in the report when spillover is 

most likely. 

2. It is critical that further work is undertaken to determine whether pulses of Hendra virus 

excretion occur because of corresponding pulses in infection in bat populations, or whether 

bats are persistently infected but there are pulses of excretion. If it is indeed the latter, which 

appears to be increasingly likely, identifying the factors that trigger these pulses of excretion is 

important for management. 
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Introduction 

HENDRA VIRUS EPIDEMIOLOGY RELEVANT TO THIS 
PROJECT 

 

Hendra virus is a newly emerged disease with spillover from its endemic reservoir host 

(Australian Pteropus bats) into horses occurring with apparent increasing frequency (Field and 

Kung 2011, Plowright et al. 2011). Index cases in horses have been primarily pasture grazers, 

and transmission is presumed to be via ingestion of pasture contaminated with bat urine or 

direct ingestion of spats (fibrous pulp or seeds of fruit “spat” out by fruit bats while feeding). 

Spillover has a strong seasonal component, occurring primarily in June through September 

(McFarlane et al. 2011; Plowright et al. 2011). The striking seasonality, and the secular trend of 

increasing incidence of spillover events over time, may be driven by an increase in the number 

(or proportion) of infected bats (over time and/or seasonally); an increase in the excretion of 

Hendra virus from bats; changing environmental conditions favouring survival of virus outside 

of the host (McFarlane et al. [2011] show this is unlikely); increasing geographic overlap of 

bats and horses; seasonal changes in horse management, behaviour or susceptibility; or a 

combination of these factors (Field and Kung 2011; McFarlane et al. 2011; Plowright et al. 

2011; Plowright et al. 2008). 

 

A critical issue is to understand why both the increasing frequency and the distinct seasonality 

of spillover events are observed. Recent modelling efforts by Plowright et al. (2011) suggest 

that anthropogenic environmental change may drive the geographic distribution, as well as the 

increasing frequency of spillover events.  Fruit bats are dependent on flowering and fruiting 

resources from native forests, which are patchily distributed in space, and ephemeral and 

irregular in time (Eby 1991). Loss of habitat, and possibly climate change altering flowering 

patterns, has led to a major distributional shift of fruit bats into urban and peri-urban areas 

where urban gardens are becoming an increasingly reliable alternative to native forests (Eby 

1991; McDonald-Madden et al. 2005).  

 

Plowright et al. (2011) used simple models to simulate the impact that changes in bat ecology 

may have on Hendra virus dynamics. They propose duelling hypotheses that: (1) spillover is 

increasing concomitant with increasing geographic overlap of bats with horses; (2) spillover is a 

consequence of sporadic epidemics that may be changing in intensity due to decreased 

connectivity between increasingly urbanised bat colonies; and (3) that spillover is increasing 

because of stressors to bat populations. The likelihood of each hypothesis was affected by the 

assumed host-viral dynamic: sporadic epidemics impacted by connectivity were more likely 

when bats experience acute, immunising infections, while seasonal forcing was a more 

dominant feature when bats (even a small proportion) were chronically infected or experienced 

latent/recrudescent infections (Plowright et al. unpublished data). Although Plowright et al. 

provide some important insights into Hendra virus emergence, their modelling approaches did 

not incorporate some important drivers of disease transmission such heterogeneity in bat 

population size and changes in population size associated with reproduction or resource 

concentration. Furthermore, their models were limited to a narrow interpretation of within-host 

viral dynamics. Therefore, although Plowright et al. provide an excellent basis for hypothesis 

generation, their models are not suitable for the fine-scale prediction of spillover events needed 

for outbreak prevention and control. 
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The Role of Models in Guiding Applied Epidemiological Research 

Models are critical in managing any applied epidemiological problem. However, they need to be 

applied in an iterative manner throughout the life of a research program, rather than being 

developed either at the commencement or at the end of the program. At a relatively early stage 

of a research program, broad-brush models can be developed with relatively little empirical data 

with the objective of representing what is known about the processes driving the dynamics of 

the system. This plays two key roles. First, it suggests a range of possible hypotheses about the 

way in which the system works. Second, it identifies key gaps in the understanding of the 

system, providing information on the sensitivity of the system to various parameters and 

processes. This then sets priorities for collection of empirical data. When such data have been 

collected, a second phase of models can be developed that can be more detailed, incorporating 

additional critically important features, given the improved understanding of the system and 

better estimates of key parameters. These more sophisticated models can then be used to 

identify processes and parameters that require further investigation. These models can also be 

used to explore specific management scenarios and to make predictions about the likely 

response of the system in the future. This process may need to be repeated a number of times. 

Plowright et al (2008) provide an overview of this process, coined ‘triangulation’, and 

represented as a triangle where the three nodes represent laboratory studies, field studies, and 

model exploration. There is a critical feedback loop between the model exploration and field 

studies, involving hypothesis generation, parameter estimation, prediction and sensitivity 

analysis. This project is aimed specifically at the “model exploration” node of the triangle. In 

addition, there are reciprocal feedbacks between model exploration and laboratory studies and 

laboratory studies and field studies. 
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Objectives 

The principal objective of this project was to provide ongoing modelling support to the National 

Hendra Virus Research Program. A series of models will be developed, with increasing 

complexity and level of detail as data become available to justify this. The models will have 

several roles in the overall management program. In the initial phases of the project, we will use 

models to synthesise the existing information and to identify information gaps, in particular 

demographic and epidemiological parameters to which Hendra virus dynamics in bat 

populations are particularly sensitive. As the project progresses, models incorporating the 

critically important biological features will be built using information collected following the 

initial modelling phase. This iterative process will be repeated a number of times. The overall 

final objectives are the following: 

1. To develop a predictive model of fruit bat colony dynamics, as a function of distance 

between colonies, climatic variables, season and vegetation. 

2. To develop a network-based model of Hendra virus dynamics based on colony size, 

connectivity, seasonality and climatic variables. 

3. To use the previous two models to develop temporal and spatial risk maps of the 

potential for Hendra virus transmission to horses and identify potential means of 

mitigating inter specific transmission. 



 

4 

Methodology 

The Structure of This Report  

This project has led to the preparation of a number of scientific papers, which are at various 

points in the publication process. These papers are provided in full as attachments in the final 

report provided to RIRDC. In the body of this report, we have provided the full citation of each 

paper and it’s abstract as separate chapters. We co-opted a range of additional Australian and 

international authors to provide specific expertise for each of these papers. Authors who are 

either named investigators on this project or were directly financially supported by the project 

are bolded. Following these summaries, we provide a discussion of how these individual papers 

are linked to the original objectives of the project. 

Research methodology  

We commenced the project by conducting a workshop to which a large number of researchers 

working on all aspects of Hendra virus were invited. The objective of this workshop was to 

determine the current state of knowledge concerning Hendra, to gain an understanding of what 

data were available and to identify critical knowledge gaps. This would then form a basis for 

setting modelling priorities, following the overall principles established by Restif et al. (2012). 

Further workshops were also held in the second and third years of the project, both to review 

progress made by all researchers funded through the National Hendra Virus Research Program 

and to ensure that the modelling remained relevant to the current understanding of Hendra virus 

epidemiology. 

At the conclusion of the first workshop, the findings of which are published in Plowright et al. 

(2015), it became apparent that two critical constraints in modelling Hendra virus dynamics 

were (i) a poor understanding of the theoretical underpinnings of viral spillover and (ii) basic 

uncertainty as to whether Hendra virus is maintained in fruit bat populations through 

Susceptible – Infected – Resistant epidemiological dynamics, with pulses of viral excretion 

corresponding to peaks in bat infection, or whether Hendra virus infections are persistent in bats 

and pulses of viral excretion are a result of increased excretion from bats, which are at other 

times covertly infected. We therefore needed to develop a theoretical understanding of these 

processes and to determine what the critical data would be that would enable these two 

processes to be distinguished. This substantially determined the work that resulted in the second 

and third chapters in this report. 

A further constraint on our modelling was that we did not gain access to the data from the 

researchers collecting the field data until the final year of the project. Following assistance from 

the National Hendra Virus Research Program, we did eventually gain access to the data, with 

the analysis reported in chapter 5. Nevertheless, the delay in gaining access to the key 

epidemiological data led us to focus more strongly on developing an understanding of the 

theoretical and conceptual aspects of Hendra virus dynamics. 
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Chapters 

Chapter 1: Synthesis and critical review of Hendra virus 
dynamics. 

Plowright, R.K., Eby, P., Hudson, P.J., Smith, I.L., Westcott, D., Bryden, W.L., Middleton, 

D., Reid, P.A., McFarlane, R.A., Martin, G., Tabor, G.M., Skerratt, L.F., Anderson, D.L., 

Crameri, G., Quammen, D., Jordan, D., Freeman, P., Wang, L.F., Epstein, J.H., Marsh, G.A., 

Kung, N.Y. & McCallum, H. (2015) Ecological dynamics of emerging bat virus spillover. Proc 

R Soc Lond B Biol Sci, 282, 20142124. 

 Abstract 

Viruses that originate in bats may be the most notorious emerging zoonoses that spill over from 

wildlife into domestic animals and humans. Understanding how these infections filter through 

ecological systems to cause disease in humans is of profound importance to public health. 

Transmission of viruses from bats to humans requires a hierarchy of enabling conditions that 

connect the distribution of reservoir hosts, viral infection within these hosts, and exposure and 

susceptibility of recipient hosts. For many emerging bat viruses, spillover also requires viral 

shedding from bats, and survival of the virus in the environment. Focusing on Hendra virus, but 

also addressing Nipah virus, Ebola virus, Marburg virus and coronaviruses, we delineate this 

cross-species spillover dynamic from the within-host processes that drive virus excretion to 

land-use changes that increase interaction among species. We describe how land-use changes 

may affect co-occurrence and contact between bats and recipient hosts. Two hypotheses may 

explain temporal and spatial pulses of virus shedding in bat populations: episodic shedding from 

persistently infected bats or transient epidemics that occur as virus is transmitted among bat 

populations. Management of livestock also may affect the probability of exposure and disease. 

Interventions to decrease the probability of virus spillover can be implemented at multiple 

levels from targeting the reservoir host to managing recipient host exposure and susceptibility. 

Figure 1: Hendra virus spillover events from 1 January 1994 –1 December 2013 by 
latitude, month, and date.  

a) The distribution of Hendra virus spillover events across eastern Australia.  The Tropic 

of Capricorn separates the northern tropics from the southern subtropics.  

b) Hendra virus spillover events by latitude and date within month.  Letters represent 

months from April through March. 

c) Hendra virus spillover events by latitude and date within year. The colours represent the 

Gaussian kernel estimation of density of spillovers per unit area. Red represents areas 

and times with relatively high densities of spillover events. From Plowright et al. 2015 

Proceedings Royal Society B. 
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Chapter 2: The dynamics of spillover 

Raina K. Plowright, Colin R. Parrish, Hamish McCallum, Peter J. Hudson, Albert I. Ko, 

Andrea L. Graham, James O. Lloyd-Smith.
  
Pathways to zoonotic spillover. Nature Reviews 

Microbiology (in revision) 

Abstract 

Zoonotic spillover, the moment a pathogen passes from another species to a human, is a poorly 

understood phenomenon. Zoonotic spillover requires multiple factors to align, including the 

ecological, epidemiological, environmental and behavioural determinants of pathogen exposure 

and the within-human factors that affect susceptibility to infections. In this Opinion article, we 

put forward a synthetic framework for animal-to-human transmission that integrates the many 

processes involved at scales from molecules to landscapes. This framework reveals that all 

zoonotic pathogens must overcome a hierarchical series of barriers to cause spillover infections 

in humans. Understanding how these barriers are linked functionally and quantitatively and how 

they interact in space and time will greatly improve our ability to predict, prevent, or control 

spillover events. This work provides a foundation for transdisciplinary investigation of spillover 

and a new body of synthetic theory on zoonotic transmission. 

 

Figure 2: Pathways of Spillover 

The risk of spillover is determined by a series of processes that link the ecological dynamics of 

infection in reservoir hosts, the epidemiological and behavioural determinants of exposure, and 

the within-host biological factors that shape susceptibility of the recipient host. In this paper 

(Plowright et al. In Review in Nature Reviews Microbiology), we present a conceptual 

framework for these processes across all possible forms of transmission. 
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Chapter 3: Transmission or within-host dynamics driving 
pulses of zoonotic viruses in reservoir-host populations 

Raina K. Plowright, Alison J. Peel, Daniel G. Streicker, Amy Gilbert , Hamish McCallum, 

James Wood, Michelle L. Baker, Olivier Restif. Transmission or within-host dynamics driving 

pulses of zoonotic viruses in reservoir-host populations.  PLOS Neglected Tropical Diseases 

(accepted, May 16, 2016) 

 

Abstract 

Progress in combatting zoonoses that emerge from wildlife is often constrained by limited 

knowledge of the biology of pathogens within reservoir hosts. We focus on the host-pathogen 

dynamics of four emerging viruses associated with bats: Hendra, Nipah, Ebola, and Marburg 

viruses. Spillover of bat infections to humans and domestic animals often coincides with pulses 

of viral excretion within bat populations, but the mechanisms driving such pulses are unclear. 

Three hypotheses dominate current research on these emerging bat infections. First, pulses of 

viral excretion are driven by epidemics associated with seasonal variation in transmission 

among hosts. Long term immunity in bats allows virus to become extinct within and recolonise 

populations. Intervals between epidemics are driven by the time required to replenish the pool 

of susceptible individuals. Second, pulses are driven by epidemics associated with transmission, 

but intervals between epidemics are driven by waning immunity within bats. Third, pulses are 

generated through episodic shedding from persistently infected bats. The three scenarios can 

yield similar patterns in epidemiological data, but strategies to predict or manage spillover risk 

resulting from each scenario will be different. We outline an agenda for research on viruses 

emerging from bats that would allow for differentiation among the scenarios and inform 

development of evidence-based interventions to limit threats to human and animal health. These 

concepts and methods are applicable to a wide range of pathogens that affect humans, domestic 

animals, and wildlife. 
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.  

Figure 3: SILI vs SIR and SIRS dynamics 

Drivers of disease dynamics within hosts, and within populations, given persistent infections 

with latency and reactivation (SILI dynamics) or immunising infections with or without waning 

immunity (SIR or SIRS dynamics). A common factor among scenarios is seasonal forcing, 

which occurs through birth pulses, seasonal transmission, or periods of environmental or 

physiological stress. These factors affect SILI dynamics through reactivation and SIR or SIRS 

dynamics through transmission (From Plowright et al. In Press in PLOS Neglected Tropical 

Diseases) 

 

  



 

9 

Chapter 4:  Models of Eucalypt phenology predict bat 
population flux 

Models of Eucalypt phenology predict bat population flux. John R. Giles, Raina K. Plowright, 

Peggy Eby, Alison J. Peel, and Hamish McCallum. Remote Sensing of the Environment (in 

review) 

 

Abstract 

Fruit bats (Pteropodidae) have received increased attention after the recent emergence of 

notable viral pathogens of bat origin. Their vagility hinders collection of data on abundance and 

distribution, which constrains modelling efforts and our understanding of bat ecology, viral 

dynamics and spillover. We addressed this knowledge gap with models and data on the 

occurrence and abundance of nectarivorous fruit bat populations at three day roosts in southeast 

Queensland. We used environmental drivers of nectar production as predictors, and explored 

relationships between bat abundance and virus spillover. Specifically, we developed several 

novel modelling tools designed to infer the complexities of fruit bat foraging ecology, 

including: 1) a dataset of spatial variables comprised of Eucalypt-focused vegetation indices, 

cumulative precipitation, and temperature anomaly, 2) an algorithm that associated bat 

population response with spatial covariates in a spatially- and temporally-relevant way given 

our current understanding of bat foraging behaviour, and 3) a thorough statistical learning 

approach to finding optimal covariates for models. We identified spatial covariates that classify 

fruit bat occupancy at each of our three study roosts with 86-93% accuracy. Negative binomial 

models explained 43-53% of the variation in observed abundance across roosts. Our models 

suggest that spatiotemporal heterogeneity in Eucalypt-based food resources could drive at least 

50% of bat population behaviour at the landscape scale. We found that 13 spillover events were 

observed within the foraging range of our study roosts, and they occurred during times when 

models predicted low population abundance. Our results suggest that, in southeast Queensland, 

spillover may not be driven by large aggregations of fruit bats attracted by nectar-based 

foraging resources, but rather by behaviour of smaller resident subpopulations. Our models and 

data integrated remote sensing and statistical learning to make inferences on bat ecology and 

disease dynamics. This work provides a foundation for further studies on landscape scale 

population movement and spatiotemporal disease dynamics. 
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 Figure 4: Roosts analysed 

Map of the study area in southeast Queensland showing locations for three analysed roosts 

(green triangles), maximum foraging radius (40km), and locations of spillover events (red 

circles) that have occurred within the foraging radius of each roost. Time series of census counts 

display the recorded population counts at each location. In Giles et al. In Submission 

 

Figure 5: Predictive performance of final selected models 

 This analysis used a 50/50 training/testing split. Data points from the training set are displayed 

in blue, and data points from the test set are displayed in red with the points in the temporal 

spacer displayed as black exes. 95% bootstrapped confidence intervals are shown in grey. In 

Giles et al. In Submission 
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Chapter 5 Conditions affecting the timing and magnitude of 
Hendra virus shedding across bat populations in Australia 

David J Paez, John Giles, Craig Smith, David Jordan, Hume Field, Hamish McCallum, Raina 

Plowright. Conditions affecting the timing and magnitude of Hendra virus shedding across bat 

populations in Australia (in preparation, final authorship list to be determined) 

Abstract 

Longitudinal studies across time and space are crucial to forecast and manage emerging 

zoonotic diseases, including their potential for spillover to humans and other animals. Hendra 

virus (HeV) is a paramyxovirus endemic to bats in Australia which can be lethal if transmitted 

to horses and humans. However, we know little about the spatio-temporal patterns of variation 

and the mechanisms responsible for this variation. Here, we analyse a large data set comprising 

13630 samples of pooled urine collected in 11 populations over 3.5 years. We quantify the 

frequency of pulses of HeV excretion from bats (i.e. cycle periodicities) and determine whether 

pulses occur in synchrony across sites. We then test whether surrogate measures of 

physiological stress, such as bat abundance, temperature and precipitation during gestation 

explain HeV outbreaks. We show that on average HeV pulses occur every 3-6 months by using 

two statistical procedures that estimate cycle periods in time series data, but these estimates are 

characterised by high uncertainty. We also found that the highest HeV virus peaks tend to be 

concentrated around winter months, although this was not consistent across latitudinal 

gradients, a result that is consistent with previous studies. We also detected weak synchrony in 

the temporal characteristics of HeV prevalence across sites within 500 km. However, the change 

in HeV prevalence from one month to the next was not correlated across sites. Therefore, the 

mechanisms generating synchrony in time series may only occur at local scales. Finally, we 

found that environmental conditions during bat pregnancy and lactation affect the magnitude of 

HeV prevalence in the subsequent year: Increased precipitation over lactation had a negative 

effect whereas increased maximum temperature had a positive effect. Our results therefore 

support the hypothesis that certain conditions over the period of gestation can increase HeV 

shedding.  
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. 

 

 

Figure 6: Wavelet analyses of Hendra virus prevalence 

 Analysis shown for three sites (analysis of data from Field et al. 2015). Top panels show 

warmer areas concentrating around the period for a particular time (x-axis), with white lines 

encircling areas with high confidence in periodicity. Areas outside the shaded cone may suffer 

from edge effects and we thus do not interpret. Middle panels show the time series and the 

bottom panels show the overall trend of Hendra virus prevalence over time, obtained from 

fitting a smooth loess function. Both spectral decomposition and wavelet analyses detect a 

periodic signal occurring over 2-7 months. However, we have large uncertainties around these 

estimates. From Paez et al. In Preparation 
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Results 

Discussion of results compared with the objectives 

The original principal stated objective of the project was to provide ongoing modelling support 

to the National Hendra Virus Research Program, developing models of increasing complexity. 

The first phase was to use modelling approaches to synthesise the existing information and 

identifying information gaps. This was successfully accomplished in chapter 1 (Plowright et al. 

2015), a paper that is identified as “highly cited” by the leading scientific database the Web of 

Science. This paper proposed a conceptual framework for understanding spillover transmission 

and outlined the enabling conditions necessary for Hendra virus spillover. Critically, the paper 

highlighted that the prevalence of virus in bats is only one of a number of factors that must be 

considered to understand spillover; horse exposure and susceptibility are also necessary factors 

for cross-species transmission of Hendra virus. This novel framework was the basis of our 

invitation to develop a synthetic conceptual model for spillover of all pathogens (now in review 

in Nature Reviews). 

A major knowledge gap revealed in chapter 1 and at the workshops of Hendra virus  researchers 

was uncertainty as to whether dynamics can be best described by the conventional SIRS 

(susceptible – infected – resistant – susceptible) epidemiological paradigm, which has formed 

the basis of almost all existing epidemiological models (Anderson & May 1979; May & 

Anderson 1979), or whether a Susceptible – Infected – Latent – Infected (SILI) model 

framework is more appropriate.  

The development of epidemiological theory that this question led to is reported in chapter 3. A 

critical issue identified here is that the existing data, including that collected by the National 

Hendra Virus Research Program, are not capable of resolving which of these two frameworks is 

more appropriate. Chapter 3 identifies the nature of the empirical information that would be 

required to distinguish between SIRS and SILI dynamics and discusses the implications that 

these two alternative modes of dynamics may have for managing zoonotic spillover from 

viruses such as Hendra.  

Conceptual advances from this paper led to the development of new avenues of research and 

based on these, Dr Alison Peel, (who was  employed half-time on the RIRDC Grant from 

November 2013-November 2014) secured a 3-year Queensland government Accelerate Early 

Career Postdoctoral Fellowship for a project entitled "Bridging the gaps in Hendra virus 

research". This project further develops relationships and data sharing agreements between 

Griffith University and Biosecurity Queensland and the CSIRO Australian Animal Health 

Laboratory, and the broader Hendra virus community. The project recognises that the 

fundamental knowledge gap in Hendra virus research is the mechanism driving pulses of viral 

shedding from bats and that many novel viruses (including some Hendra-like) have been 

detected in Australian bats, yet their distribution, spillover and pathogenic potential is unknown  

(Smith et al. 2011, Vidgen et al. 2015). Hendra virus exists within this diverse community of 

viruses and not all flying fox species are equally competent hosts (Smith et al. 2014, Goldspink 

et al. 2015). Natural host-virus systems are complex and further insight into viral transmission 

dynamics can be gained by exploring dynamics within a multi-host-multi-pathogen framework 

(Vasco et al. 2007; Viana et al. 2014). Innovative techniques are required to utilise existing 

Hendra virus datasets to delineate the mechanisms driving viral pulses and new data from 

existing samples are required to identify the spillover risk of other bat-associated viruses. 

Screening bat urine samples for other bat-associated viruses will provide data on the viral 

community circulating within bat populations, their effects on Hendra virus dynamics and 

potential spillover importance. This research will develop a better understanding of Hendra 

virus transmission dynamics will provide a tool to improve identification of high-risk periods 
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for spillover and make evidence- based predictions on the consequences of mitigation measures 

(including vaccination and roost dispersals). 

Chapter 4 specifically addresses the first of our objectives – to develop a model of fruit bat 

colony dynamics. It shows that it is possible to predict whether or not roosts sites in south-east 

Queensland are occupied and also the number of bats occupying the colonies, using remotely 

sensed vegetation data within the bat foraging range around the roost and climatic variables. 

These variables drive nectar phenology in flowering eucalypts. Critically for management, roost 

occupancy lags these remotely sensed variables by up to 18 months, meaning that it should be 

feasible to predict fruit bat colony size well in advance. 

Our models provide an important observation related to the temporal relationship between 

pathogen spillover and bat population dynamics due to nectar foraging. Hendra virus spillover 

in this region is likely not driven by large groups of migratory bats that feed on nectar and 

pollen of Eucalypts. Most Hendra virus spillover events occur in winter in southeast Queensland 

when our abundance models predict relatively low (mean of 3,020) population sizes at roosts. 

Interpretation of spillover risk based on our models and data alone is speculative, however they 

support the hypothesis that spillover may be associated with resident sedentary subpopulations 

that choose to remain in the roost and subsist on urban-based resources when nectar availability 

is low (Plowright et al. 2015). General foraging behaviour of fruit bats allows them to form 

sedentary populations in response to both seasonal changes in nectar availability and loss of 

foraging habitat. If winter population sizes approach or surpass the seasonal carrying capacity of 

the landscape, and food resources are limited, part of the population may also suffer from 

nutritional stress. Further, lower night time temperatures may increase caloric requirement and 

the cost of immune functioning (Hawley & Altizer 2011), facilitating winter nutritional stress, 

which Plowright et al. (2015) propose may lead to increased viral shedding. Although 

physiological stress is a recurrent theme in disease ecology (Hawley & Altizer 2011; Brearley et 

al. 2013; Hing et al. 2016), and has been observed in the Hendra virus disease system 

(Plowright et al. 2008), its role in Hendra virus spillover is difficult to determine without 

additional data on chronic or periodic states of stress in bats (McMichael, Edson & Field 2014). 

Alternatively, increased urban foraging in winter, leading to increased contact with horses, 

could be the only risk factor needed to drive spillover.  

Chapter 5 continues on from chapter 4, addressing the second of our final objectives, which was 

to model Hendra virus dynamics. To then aid model development of HeV dynamics with 

realistic assumptions, we first explore relevant patterns of HeV variation from the longitudinal 

study conducted by Field et al. (2015). Here, we aim to evaluate the temporal and spatial 

variation in HeV pulses by estimating the timing of pulses and levels of synchrony of HeV 

prevalence across populations. We also use this data to determine whether climatic measures 

indicative of physiological stress for Pteropus bat hosts can help explain the spatio-temporal 

variation in HeV prevalence. From the data of Field et al. (2015), we used data of 11 sites that 

had the best temporal representation of HeV pulses. We used a variety of statistical procedure to 

analyse these data. First, to estimate periodicity, we used spectral decomposition of time series 

and wavelet transforms. To then investigate patterns of synchrony across space, we used cross-

correlations between the time-series and a non-parametric covariance function which fits a 

smoothing spline to estimate the change of cross-correlations with geographical distance. To 

then evaluate the effect of climatic variables and bat abundance on the timing and magnitude of 

HeV pulses, we used mixed effects models. 

Although we emphasise that these hypotheses are not mutually exclusive, analyses of the spatio-

temporal data of Field et al 2015 provided some support for the hypothesis that certain climatic 

variables that could be associated with physiological stress are associated with the magnitude of 

the HeV pulse. Specifically, our results show that on average HeV pulses occur every 3-6 

months although these estimates are very imprecise. We also detected weak synchrony in the 

temporal characteristics of HeV prevalence across sites within ~500 km, suggesting that the 
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mechanisms generating pulses occur mostly at local scales. Finally, we found that 

environmental conditions during bat pregnancy and lactation affect the magnitude of HeV 

prevalence in the subsequent year: Increased precipitation over lactation negatively affected 

pulse magnitude whereas increased maximum temperature had a positive effect.  However, we 

also found that the magnitude of the pulse increases as the abundance of P. alecto, measured 

when the pulse occurred, increased. These results therefore support the hypothesis that certain 

environmental conditions over the period of gestation can increase HeV shedding. 

 Our results on the effects of biotic and abiotic conditions on HeV pulses are currently guiding 

the development of mechanistic models of HeV dynamics. Specifically, to understand the 

effects of viral reactivation on disease dynamics, models will be constructed to contain both an 

infectious state but also a carrier, non-infectious state. Such models are traditionally used to 

understand dynamics of human diseases, such as Herpes. We will, however, develop functions 

specific to the rate of reactivation (i.e. the rate at which carrier individuals move to the infected 

class) which based on our results, will depend on the relationship between physiological stress 

and immunocompetence. To also account for the significant density dependent effects, these 

models will incorporate the effect of the discrete birth pulses characteristic of bat species and 

the effects of migration and connectivity.  

The third of our original objectives, to develop temporal and spatial risk maps of the potential 

for Hendra virus transmission to horses and identify means of mitigating interspecies 

transmission has not been fully accomplished, because it relies critically on resolving whether 

Hendra virus epidemiology is driven by SIRS or SILI dynamics. If epidemiology is driven by 

SIRS dynamics, then developing strategies that to break the transmission cycle between 

individual bats and between bat colonies will be critical in managing the virus in bat 

populations. On the other hand, if epidemiology is driven by SILI dynamics, then the critical 

issue is determining the factors that drive increased rates of viral excretion from bats.  

Nevertheless, our results from understanding bat colony dynamics in chapter 4, which can 

identify, in advance, years when colony occupancy is likely be particularly high, coupled with 

our results from chapter 5, which analyse in detail the seasonal dynamics of Hendra virus 

secretion can be used to identify times and places at which the total amount of Hendra virus 

shedding is likely to be particularly high and therefore the threat of spillover to horses is likely 

to be especially significant. Our work on understanding the dynamics of spillover reported in 

chapter 2 sheds further light on this issue. 

Further work on Hendra virus dynamics is continuing in the laboratories of McCallum at 

Griffith and Plowright at Montana State University. This work would not have been possible 

without the RIRDC funding and data from RIRDC funded projects, but is now being supported 

by the relevant universities. John Giles is completing his Ph.D. at Griffith, exploring how 

remotely sensed spatial data can be used, in association of mechanistic models, both to predict 

dynamics of bat populations and pulses of Hendra virus excretion. Jaewoon Jeong is also 

completing his Ph.D. at Griffith, using epidemiological models to explore factors that influence 

the timing of the peak of excretion in bat populations and also to explore culling scenarios. 

David Paez, an Australian citizen, is employed by Montana State University (having been 

partially supported by RIRDC funding to date) to conduct sophisticated statistical analysis and 

to build mechanistic models of Hendra virus dynamics. Each of these subprojects will 

contribute further outcomes relevant to the third and final objective of our overall project. 
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Implications 

Our research has identified times of the year and locations where Hendra virus spillover to 

horses is especially likely. Whilst those involved in the equine industries should always be 

aware of the possibility of Hendra virus infection, they need to be especially vigilant at these 

particular times and places. 

For policymakers, a key finding is that we found no evidence that Hendra virus spillover is 

associated with high densities of fruit bats. This suggests that culling will not decrease spillover 

risk at regional levels.  

A critical gap in knowledge has been identified. It is unclear whether high rates of viral 

excretion at certain times and places is driven by epizootics of Hendra virus in bat colonies (i.e. 

prevalence of infection) or whether bats are persistently infected and excrete high levels of virus 

at particular times, affected by seasonal factors or environmental drivers. The empirical data 

necessary to distinguish between these two hypotheses does not exist and obtaining it should be 

a high priority, as it will strongly influence appropriate management actions. 
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Recommendations 

The following recommendations are an edited version of a White paper based on discussions 

held at 2014 RIRDC Hendra Virus workshop, Stradbroke Island, which was attended by 

representatives of most of the research groups working on Hendra virus and organised by our 

group at Griffith University (in particular by Dr Alison Peel).  

This White Paper contains input from each of the research groups, but was drawn together by 

Dr Peel. The White Paper summarises the understanding of the Hendra virus research group as 

of November 2014 on processes driving bat zoonoses, including, but not restricted to Hendra 

virus. 

Dynamics of Infection and Spillover of Emerging Zoonoses (DISEZ) group 

 

Background 

 Bats are reservoir hosts for many emerging zoonotic pathogens. In addition to being of 

significant public health concern, examples such as Ebola virus, Hendra Virus, Nipah 

Virus and SARS-Coronavirus incite fear and disrupt international movements and trade 

and are considered potential bioterrorism threats.  

 Known zoonotic pathogens are often detected alongside a wide diversity of closely 

related viruses in their natural bat hosts, with unknown pathogenic potential.  

 These diverse 'viral communities’ often include progenitors/ancestral viruses to major 

human pathogens (e.g. mumps) 

 Common characteristics can be identified across multiple viral communities (Table 1) 

o Of particular note: 

 Bats appear to be immunotolerant to these viruses and support 

asymptomatic and apathogenic infections. There are significant 

differences between innate immune responses in bats compared to other 

mammalian species. It is not known if bats clear the infections or 

become persistently infected.  

 long periods of undetectable prevalence within a colony are 

interspersed with sporadic, yet seasonally clustered, shedding pulses of 

multiple viruses simultaneously. This appears to be unique to bats. 

 Hendra virus in Australian fruit bats, and its spillover to horses and humans, is the best 

understood emerging bat pathogen spillover system, and ‘provides an ideal case study 

for developing insights into the dynamics of bat virus spillover’ (Plowright et al 2015). 

 Multidisciplinary experience, expertise and infrastructure created in Australia as a result 

of its experiences with Hendra virus, make it an ideal location to investigate additional 

potentially-zoonotic viruses in bats, and thereby identify commonalities among bat 

virus systems and drivers of spillover. 
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Table 1: Common characteristics of emerging zoonotic pathogens from bats, using henipaviruses, coronaviruses and filoviruses as examples 

Characteristics Henipaviruses Coronaviruses Filoviruses Mechanisms and Drivers to consider 

Community of reservoir hosts over 
wide spatial scale 

HeV – up to 4 ff spp- some appear 
more important as shedders than 
others. 

Multiple spp for NiV/NiV-related 
viruses 

Species specific – Aus ?unclear Multiple species have antibodies, but 
little known on true reservoir species 

Bats are Volant and often 
migratory/nomadic. 

Interactions between sympatric bat species. 

Movement patterns of infected vs 
uninfected colonies 

 

Wide host range (most viruses 
host specific) 

Yes Most tend to be species specific? 

Yet SARS had wide host range 

Yes Utilise conserved receptors (eg 
henipaviruses = ephrin) 

Asymptomatic in bats1 
(immunotolerance) 

Highly pathogenic to humans and 
other animals 

Yes – bats asymptomatic 

Yes – humans, pigs, horses, lab 
animals - highly pathogenic 

No – dogs, rabbits 

Yes – bats asymptomatic 

Yes – humans - highly pathogenic 

Yes – bats asymptomatic (Marburg, Ebola) 

Yes – humans (Zaire), primates - highly 
pathogenic 

No – pigs (reston) – not highly pathogenic 

Does asymptomatic= limited immune 
response = no long lived immune class  

Low prevalence, variable 
seroprevalence  

Yes – 0-6% prevalence 

0 -80% seroprevalence 

0-17% prevalence Low prevalence – too few samples to 
measure 

1-20 % seroprevalence, though variable 
(usually 1-8%) 

Movement of infected bats 

Waning immunity 

Immunocompromise? 

Shed in intermittent, seasonal 
pulses as part of viral community 

Yes – multiple PMV 

 

Shed in urine 

SARS china – pulses + multiple CoV,  

CoV Australia – pulses 

Viral community= multiple CoV + 

Yes – seasonal- Marburg 

 

Route of shedding unknown  

Seasonal forcing of transmission or seasonal 
shedding 

                                                      

1 With the exception of lyssaviruses 
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quasispecies 

 

Shed in faeces 

Viral survival in the environment Max  few hours in good conditions Up to month in good conditions and in 
faeces 

4 spp of CoV in Aus microbats - Craig 

Up to a few weeks in ideal laboratory 
conditions but probably hours to days in 
natural conditions 

 

Intermediate hosts Horses 

Pigs 

Goats/cattle? 

Dogs/cats? 

Primates 

Civets 

Ferret badgers 

Camels 

Primates 

Duikers 

Pigs 

Dogs 

 

Landscape – change affecting 
frequency and nature of 
interaction between bats 
intermediate hosts and or 
intermediate hosts-humans 

Habitat loss and subsequent food 
shortages may be shifting bats into 
urban areas in the Australian 
subtropics. 

 Africa - Bushmeat hunting and butchering 
now has greater connectivity to large 
population centers 
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Hypothesis 

 Sporadic, yet seasonally clustered, shedding pulses of multiple viruses simultaneously is a key 

feature of pathogenic bat viruses 

  

Aim 

 Identify the processes driving viral shedding pulses from bat populations 

 

Specific Aims 

 

1. Address key ecological dynamics questions remaining for Hendra virus 

a. Assess hypotheses of immunotolerance and persistent infections 

i. Undertake immunological experiments to assess newly-identified 

immunological markers in wild bats, captive bats, and captive bats treated 

with immunosuppressants. 

ii. Develop and implement technology to track individual wild bats through time 

(biosensors), collecting physiological, movement, foraging, and 

antibody/antigen data. 

b. Extend longitudinal viral prevalence surveys to consider broader viral communities, 

rather than just known spillover virus. For example, newly developed multiplex assays 

allow sensitive testing for Hendra virus and 10 related paramyxoviruses 

simultaneously 

c. Combine intensive longitudinal sampling efforts in spillover focal areas with less-

intensive sampling in populations at spatial and climatic extremes to better understand 

dynamics in space and time 

2. Utilise multidisciplinary experience, expertise and infrastructure in Australia to rapidly 

understand the dynamics, host ecology, spillover potential and social implications of other 

pathogenic bat viruses. 

a. There is broad serological evidence of filoviruses in bats in Asia and the presence of 

the same bat species in Australia would suggest the strong likelihood of the presence 

of similar viruses here 

b. Investigate potential hosts of Filoviruses in Australia, using Ebola virus as a screening 

test and a marker for shedding of multiple pathogens simultaneously 

i. Establish appropriate bat primary cell cultures to facilitate virus isolation 

ii. Utilise combination of serology and regular sampling for virus (blood, throat 

swabs and rectal swabs), with and rapid sample processing and testing using 

family-based PCRs followed by virus isolation and next generation 

sequencing techniques to detect novel viruses. 

c. Sampling approach could be guided by a model-guided fieldwork approach (Restif et 

al, 2012)  

3. Generalise findings across bat viruses and host ecosystems globally 

a. Identify commonalities in bat immunology and other drivers of viral shedding pulses 

in bats 

b. Bring bat virus scientist community and data together (large datasets), allowing 

linkage of spillover data in humans to pulses in bats 

c. Recommend sampling and surveillance schemes 

d. Assist in skills transfer to other countries 

 

Outcomes/Benefits 
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1. Short term 

a. Extensive Filovirus dataset in a natural host system, allowing insight to underlying 

host dynamics driving spillover of Ebola virus in Africa 

b. Technology development, for application in other systems 

c. Pooled data sets across multiple systems 

2. Long term 

a. Existing understanding indicates many ways in which bat viral systems are different, 

e.g. their ecology, immunology, movement. It is not possible to make predictions 

regarding drivers of bat virus spillover in the absence of insights provided from 

targeted longitudinal and laboratory studies such as those proposed here. 

b. Understanding the drivers of viral shedding pulses will inform management and 

mitigation efforts and allow predictions with changing conditions (such as species 

distributional shifts with climate change) 

c. Insights common to multiple bat virus systems will allow development of protocols 

for preparedness and rapid response in the event of novel virus spillover. Subsequent 

technology, skills and knowledge transfer to less developed nations will build capacity 

to respond in regions at high-risk of spillover
2
. 

 

  

                                                      

2
 Note that funding often exists for in-country training for scientists from less developed nations (e.g. 

existing Wellcome trust call). However, experience at AAHL indicates that this may not always be the 

best option. AAHL have achieved greater success by providing interdisciplinary training in Australia 

to a group of scientists from several different countries, with the aim of those scientists transferring the 

skills back to their own countries. Using this approach, networks of scientists across multiple less-

developed countries are formed which act as a support and troubleshooting network when trying to 

apply skills and protocols in-country.  Funding for this kind of work is often focussed on in-country 

training, and therefore inclusion of funding for this kind of training in this proposal is critical to 

achieve this aim. 
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