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Foreword 

Hendra virus emerged in 1994 and after a high profile index outbreak affecting horse stables 
in the Brisbane suburb of Hendra spilled over rarely for the next sixteen years, approximately 
one event per year. However, it had a high case fatality rate in horses and humans (50-75%). 
In 2011 a large cluster of 21 spillover events occurred along a coastal strip of 160 km from 
southern QLD to northern NSW. In response to the increased spillover risk, potential for 
propagating epidemics and the high virulence in both horses and humans, the National HeV 
Research Program (NHVRP) was launched in 2012 and included this project. 

The objective of the project was to develop models that could predict the risk of Hendra virus 
spillover, specifically the transmission of Hendra virus from flying foxes to horses. This would 
enable better targeting of risk mitigation strategies, improved health outcomes for horses and 
humans and cost savings in disease prevention. Horse owners, veterinary practitioners, 
wildlife managers and policymakers are likely to directly benefit from these outcomes. 

The key findings are: 

 Hendra virus can be directly transmitted from flying foxes to horses, and in some 
circumstances microclimates harbouring the virus may allow indirect transmission 

 The Hendra virus reservoir hosts are the black and spectacled flying foxes (Pteropus 
alecto and P. conspicillatus) 

 The high risk season of spillover below 22° South latitude is April – October and is likely 
caused by responses of black flying foxes to minimum temperature and rainfall seasonal 
amplitudes 

 Hendra virus spillover risk will expand southwards by 390-450 km, including 112-165,000 
more horses (2007 horse population census) by 2050. In northern Queensland the 
habitat of the spectacled flying fox (P. conspicillatus) will shrink, and the black flying fox 
will expand, resulting in a probable replacement of HeV reservoir hosts 

 At the paddock level, the main determinant of risk of exposure to HeV is the proportion of 
the paddock covered by food trees for flying foxes. 

Recommended changes in mitigation strategies for horse owners and policy makers are: 

 Given that transmission to horses can be direct, restricting access of horses during the 
night to areas covered by food trees for flying foxes will significantly reduce risk 

 Keeping grass short and increasing canopy openness in areas covered by trees will 
decrease the survival capacity of HeV, further reducing exposure risk but may have little 
effect on transmission risk 

 In cases where restriction of access to trees is not possible, assessment will have to be 
made to see whether reducing grass height under trees encourages horses to spend 
more or less time under trees at night 

 The mitigation strategies mentioned above, along with vaccination should be enforced 
within and around the areas and times we identified to be at greater risk 

 Anticipating the effects of climate change will help prevent cases where spillover risk is 
currently perceived as low but is likely to change (i.e. the Hunter Valley). 

The One Health Research Group within the College of Public Health, Medical and Veterinary 
Sciences, James Cook University was contracted by AgriFutures Australia (RIRDC) to 
undertake this research project. This research was funded by the Commonwealth of 
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Australia, the State of New South Wales and the State of Queensland under the National 
Hendra Virus Research Program 

This report is an addition to AgriFutures Australia’s diverse range of over 2000 research 
publications and it forms part of our National Hendra Virus Research Program, which aims to 
minimise the impact of Hendra virus.  

Most of AgriFutures Australia’s publications are available for viewing, free downloading or 
purchasing online at www.agrifutures.com.au. Purchases can also be made by phoning 1300 
634 313. 

 

John Harvey 
Managing Director 
AgriFutures Australia  

http://www.agrifutures.com.au/
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Executive Summary 

What the report is about 

The report describes how we have improved our understanding of the transmission of 
Hendra virus from flying foxes to horses. This information improves our ability to better 
manage the risk of transmission and spillover even with good vaccination rates of horses 
against Hendra virus. In areas where vaccination is poor then our findings are even more 
likely to prove lifesaving. 

Who is the report targeted at? 

This report is targeted at private horse owners, equine veterinary practitioners, biosecurity 
policy makers and stakeholders, wildlife managers and environmental agencies. 

Where are the relevant industries located in Australia? 

The members of the horse industry located along the east coast of Australia, from central 
New South Wales (Kempsey area) to far north Queensland (Port Douglas) and surrounding 
areas are most affected by the findings in this report. The industry members that may most 
benefit from the outcomes of our research are individual horse owners, veterinary 
practitioners, commercial horse breeders, the horse racing industry, agistment service 
providers and biosecurity and wildlife management policy makers. 

Background 

Diseases that originate in wildlife and spillover to humans and domestic animals are of 
increasing public health concern. Of the wildlife groups in which emergent diseases originate, 
bats (Mammalia:Chiroptera) are a common source of some of the most virulent organisms: 
Ebola and Marburgh viruses, SARS Coronavirus and Nipah and Hendra viruses. Of these, 
Hendra virus (HeV) is the only one that has not caused an epidemic outbreak after it spills 
over to horses and thence to humans. However, its geographic location in Australia 
represents an unparalleled opportunity to study its spillover dynamics, given the research 
capacity and human resources immediately available. Understanding spillover dynamics 
enables us to reduce the risk of propagating epidemics by decreasing the frequency of 
spillover. Since emergence HeV has spilled over to horses on 55 occasions along a 1500 km 
coastal strip in eastern Australia, from northern Queensland to central New South Wales, 
with mortality rates in horses and humans of 50-75%. 

In this study we used a series of modelling techniques to address basic questions of HeV 
epidemiology and ecology: What are the essential components of the spillover system? How 
is HeV transmitted from flying foxes to horses? Which reservoir host species are involved in 
spillover? Can we predict spillover? How does the behaviour of the spillover host affect 
spillover risk? How can we best mitigate risk of HeV spillover? 

Aims/objectives 

The project aimed to develop a flying fox to horse HeV transmission model that could be 
used to design better risk mitigation strategies against HeV spillover. It also aimed to develop 
research capacity in modelling disease spillover through research training of a PhD student. 

Methods used  

We used a series of statistical, mathematical and computational techniques to: 
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1. Model HeV survival in the environment from laboratory data 

2. Identify the flying fox species transmitting HeV to horses using spatial records of flying 
foxes and climate 

3. Predict HeV spillover seasonal patterns using climate and flying fox and horse population 
data 

4. Predict future risk of HeV spillover in response to climate change using flying fox and 
climate data 

5. Identify paddock characteristics that increase probability of contact with HeV, by tracking 
horses with GPS collars and measuring the paddocks’ vegetation. 

Results/key findings 

 We identified the potentially important components of transmission of HeV from flying 
foxes to horses (Plowright et al 2015). 

 By modelling HeV survival in the environment we found that the limited survival of HeV in 
many spillover events dictates that it must be transmitted directly from flying foxes to 
horses (Martin et al 2015).  

 In further analyses of HeV’s survival in horse paddocks we found that vegetation can 
provide shelter from desiccation and maximum temperatures, thereby increasing survival 
at certain times (Martin et al accepted).  

After investigating the climatic requirements of flying fox species we identified that black and 
spectacled flying foxes are the reservoir hosts that transmit HeV to horses (Martin et al 
2016).  

We developed HeV transmission models, represented as risk maps, under current climatic 
conditions and those predicted to occur by year 2050. These maps represent the first 
predictions of HeV spillover. We found risk will increase southwards and that black flying 
foxes will replace spectacled flying foxes in the north (Martin et al submitted). 

We found predictors of times of higher risk of HeV spillover by identifying the climatic 
variables related to the seasonal pattern of spillover. We found that greater seasonal 
amplitudes of minimum temperature and rainfall drive seasonality of HeV spillover in winter in 
the subtropics (Martin et al submitted). 

The main determinant of risk of exposure of horses in paddocks to HeV is flying fox food tree 
cover. Other vegetation characteristics such as grass and weed height have little effect 
(Martin et al submitted) 

Implications for relevant stakeholders 

Our results provide useful information for the horse owner community and equine veterinary 
practitioners to implement more effective and efficient HeV spillover mitigation strategies.  

For policy makers we provide risk predictions such as a series of risk maps that can be used 
to allocate resources towards facilitating adoption of mitigation strategies by the horse owner 
community. 
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Recommendations 

Horse owner community, veterinary practitioners, commercial horse breeders and agistment 
service providers 

 Restrict access to trees that are known to be food resources for flying foxes at least 
during the night. If access to tree shaded areas is necessary for shelter, it should be 
allowed after the sun has fully risen. 

 Reduce grass height under trees (if any) to less than 5cm to decrease survival of Hendra 
virus. 

 Remove low lying branches from trees to increase the amount of light that reaches the 
ground and prevent horses from feeding on leaves directly from the tree. 

 If these measures by some reason encourage horses to spend more time under trees, 
restriction of access is necessary. 

 Prepare for seasons of high spillover risk: April-October below 22° south latitude. 

Biosecurity policy makers and stakeholders 

 Use the risk maps to allocate resources to encourage adoption of the mitigation 
strategies listed above along with vaccination. 

 Anticipate the colonisation of areas that are currently considered of low risk by black 
flying foxes. 

 Increase disease prevention messaging and surveillance during seasons of high spillover 
risk: April-October below 22° south latitude. 

 Use the risk maps and flying fox distribution maps to identify areas to restore flying fox 
feeding habitat away from horses in paddocks. 

Wildlife managers and environmental agencies 

 Design conservation measures in anticipation that spectacled flying fox habitat will shrink 
and black flying fox habitat will increase. 

 Use the risk maps and flying fox distribution maps to identify areas to restore flying fox 
feeding habitat away from horses. 
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Introduction 

Spillover is often used to describe the transmission of diseases from a wild animal reservoir 
to a human or domestic animal host (Daszak 2000). Viruses that spill over from bats 
(Mammalia:Chyroptera) to humans or domestic animals have gathered considerable 
attention from the scientific community, for their capacity to cause lethal diseases and 
occasionally large outbreaks in humans. For instance, Nipah virus (NiV) (Chua 2003), SARS 
Coronavirus (He et al. 2004), Marburg virus and Ebola virus (Leroy et al. 2005), cause fatal 
disease in humans and some domestic animal species (NiV in pigs). These epidemics pose 
a sudden burden to public health systems and can affect the services they provide for other 
more common diseases, generating a negative feedback effect with long lasting 
consequences (Chang et al. 2004; Plucisnki et al. 2015). 

Unlike epidemics which are propagating, disease spillover tends to occur intermittently in 
disparate locations (Iacono et al. 2016). The exact location of spillover can be the product of 
simple randomness within the disease transmission system or the signal of undetected 
epidemics in some of the reservoir host populations (Keeling & Rohani 2007), leading to 
greater risk of spillover (Amman et al. 2012). This is but one of the many complexities of 
spillover systems which have to be considered in order to understand them and predict 
spillover occurrence. 

Hendra virus emerged in the Brisbane suburb of Hendra, Queensland, Australia, involving 
the death of 20 horses and one human (Murray et al. 1995). It was initially classified as a 
Morbillivirus, but it was sufficiently different to be considered a new genus, Henipavirus, of 
the Paramyxoviridae family. After the emergence of a similar virus in Nipah, Malaysia in 
1998, the genus Henipavirus was formed. A long process of sampling domestic and wildlife 
species in search of reservoir hosts culminated in flying foxes, bats of the genus Pteropus 
being the first species found to be infected with the same virus found in the outbreaks (Halpin 
& Field 1996). However, it took several years to confirm, beyond any doubt, that flying foxes 
are the reservoir hosts of HeV and NiV (Halpin et al. 2000; Halpin et al. 2011). 

Between HeV’s emergence in 1994 and 2 November 2016, it has spilled over and been 
detected in horses 55 times. Transmission to humans has only occurred after close contact 
with contaminated fluids of HeV diseased horses, HeV has never been observed to transmit 
directly from flying foxes to humans (Halpin & Field 1996; Halpin et al. 2000; Field et al. 
2010). Spillover to horses occurs along 1500 km of the eastern Australian coast from central 
New South Wales (NSW) to far north Queensland (QLD). In some of the spillover events 
there have been short chains of transmission among horses, as occurred during the index 
case in 1994. While no large epidemics have yet occurred in spillover hosts, these stuttering 
transmission events show the potential for evolution of continued transmission among novel 
hosts (Iacono et al. 2016). 

Between 1994 and 2010 HeV spillover was relatively rare, with close to one spillover event 
per year. However, in 2011 a large cluster of 21 events occurred along a coastal strip of 160 
km from southern QLD to northern NSW. In response to the increased spillover risk, potential 
for epidemics and the high virulence in both horses and humans (50-75%), the National 
Hendra Virus Research Program (NHVRP) was launched in 2012. The main reason for which 
we decided to undertake this modelling project, was that HeV’s classification as a biosecurity 
level four pathogen makes experimental studies extremely expensive and often not feasible 
or unethical. Therefore, modelling can help to make sense out of disparate existing data 
relevant for understanding and predicting the HeV spillover system. 
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Objectives 

Objective 1 Develop bat to horse transmission model  

Develop a model that explains the risk of spill over of Hendra virus from bats to horses. This 
model will incorporate factors that affect the transmission of the virus from bats to horses. 

Objective 2. Parameterise and validate model 

Estimate parameter values from longitudinal data sets using Markov Chain Monte Carlo 
methods along with laboratory, field and experimental data, and expert advice. 

Objective 3. Perform qualitative analyses and computer simulations 

Perform mathematical analysis and simulations of the model to provide insights to the 
properties of the system, by establishing relationships between the variables considered and 
how they influence each other, making it possible to find stable solutions, threshold quantities 
and determine the effects of uncertainty, which have been found critical in many epidemic 
scenarios. 

Objective 4. Assess the effectiveness of management strategies 

We will evaluate the costs and benefits of the most effective management strategies found 
through the proposed methodology for objective 3 in order to facilitate decision making. 

Objective 5. Research training 

This project will provide research training and ensure that the PhD candidate attains a high 
level of research skills in the area of mathematical zoonotic disease modelling. This is an 
area of growing importance which currently lacks human capacity. 
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Methodology 

We tried to adhere as much as possible to the objectives of the original application.  

Objective 1. Develop bat to horse transmission model  

Develop a model that explains the risk of spill over of Hendra virus from bats to horses. This 
model will incorporate factors that affect the transmission of the virus from bats to horses. 

In order to achieve this, we identified factors that could be used in the model to explain risk. 
First we modelled HeV environmental survival using laboratory data from HeV survival 
experiments performed by Paul Selleck at the CSIRO Australian Animal Health Laboratory. 
With the resulting model we performed simulations to estimate HeV survival across the 
distribution of HeV’s reservoir hosts to see whether virus survival could predict spillover 
events. The reason for doing so was that the routes of HeV transmission were poorly 
understood, and that the resulting model could be used as part of a larger predictive 
framework. 

Then we modelled the climatic requirements of the four bat species that had been found to 
have antibodies against the virus. With these models we identified which of the four flying fox 
species were most likely involved in HeV spillover to horses. We then produced a model that 
uses environmental suitability for the bat species that are reservoirs to HeV and climate data. 
The model was used to predict future areas at risk of HeV spillover using multiple predictions 
of climate change conditions by 2050. Finally, we modelled risk of exposure of horses to HeV 
within the paddock based on horse movement. We determined the effects of paddock 
structure on horse movement and hence risk of HeV exposure.  

Objective 2. Parameterise and validate model 

Estimate parameter values from longitudinal data sets using Markov Chain Monte Carlo 
methods along with laboratory, field and experimental data, and expert advice. 

All the models that were produced to fulfil objective 1 were thoroughly tested to see whether 
they could predict spillover occurrence. With these tests not only did we make sure the 
spillover risk model adequately predicted areas at risk of spillover, but we tested associations 
between flying fox species distributions and HeV survival with spillover risk. The resulting 
novel associations that we found were fed into the spillover risk model as factors that explain 
spillover risk. 

Objective 3. Perform qualitative analyses and computer simulations 

Perform mathematical analysis and simulations of the model to provide insights to the 
properties of the system, by establishing relationships between the variables considered and 
how they influence each other, making it possible to find stable solutions, threshold quantities 
and determine the effects of uncertainty, which have been found critical in many epidemic 
scenarios. 

The type of models that we developed were mainly statistical and computational and so their 
analysis was slightly different in comparison with what was originally planned. 

First, the survival model that was used to test if HeV survival in the environment could be 
used to predict spillover was used to simulate HeV survival timelines. These timelines 
represent the amount of virus left in the environment 12h after it has been excreted by flying 
foxes, the time spent until 90% of the virus has died and the probability that virus 
accumulates in the environment after successive days of excretion. These simulations may 
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well be used as rough guidelines to find the time at which a paddock can be considered free 
from the virus depending on the tree shade and length of the grass. 

Spillover risk models were used to identify areas where the models might be unreliable, thus 
presenting a measure of uncertainty in predictions.  

Objective 4. Assess the effectiveness of management strategies 

We will evaluate the costs and benefits of the most effective management strategies found 
through the proposed methodology for objective 3 in order to facilitate decision making. 

No econometric analyses were performed. However, to identify factors that could affect the 
effectiveness of some of the mitigation strategies at the paddock level, we analysed horse 
movements in relation to risk of exposure to HeV and the structure of the paddock. To do so, 
we built our own GPS trackers that recorded the longitude and latitude of the horse location 
at 1 min intervals. Paddock vegetation height was sampled with transects to register the GPS 
coordinates with a hand-held GPS and to produce interpolated maps of vegetation. To 
analyse the collected horse movement data, we compared the recorded movements with 
random expectations using simulated movement data. 

Objective 5. Research training 

This project will provide research training and ensure that the PhD candidate attains a high 
level of research skills in the area of mathematical zoonotic disease modelling. This is an 
area of growing importance which currently lacks human capacity. 

Mr Gerardo Martin completed a PhD program at James Cook University during this project on 
“Modelling transmission of Hendra virus from flying foxes to horses” and most of the findings 
reported here derive from his studies. His PhD thesis is currently under examination. 
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1. Ecological dynamics of emerging bat 
virus spillover 

This chapter was a collaborative effort among the researchers involved in the National 
Hendra Virus Research Program between November 2012 and December 2014 (Plowright et 
al., 2015). It consists of a review of bat-borne zoonotic viruses with Hendra virus (HeV) 
included as a case study and was led by Raina K. Plowright. We identified the separate 
components of a system that are required for disease spillover to occur.  

Our findings were published as: 

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. and 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. 

 

2. Hendra virus survival 

Diseases are transmitted when live infectious particles of a microbial agent enter the body of 
a host to reproduce (Ewald 1987). The ways by which microbes can be transmitted depend 
on the way they leave the body of an infectious individual and their entrance route into a 
susceptible host (Walther & Ewald 2004). Some entrance routes require the disease agent to 
survive in the environment such as pathogens that rely on oral transmission like food-borne 
diseases and poliomyelitis virus (Peleg 1996; Kramer et al. 2006). Therefore, by studying 
HeV survival in the environment we can infer the most likely transmission routes from flying 
foxes to horses. Furthermore, measuring the decay rate of HeV where bats excrete the virus 
in the environment will provide estimates of transmission risk and suggest methods and 
times to best mitigate risk.  
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Identifying transmission routes of Hendra virus from flying foxes to 
horses 

Hendra virus is mainly excreted in the urine of infected flying foxes (Edson et al. 2015). As a 
result, it can be transmitted both directly and indirectly to horses (i.e. involving immediate 
contact with urine while it is being excreted or after excretion and subsequent contact with 
urine contaminated feed or water). To see which of these two scenarios is more likely we 
tested if HeV survival in space and time could predict spillover to horses. 

By first analysing the course of HeV survival over time, we observed that it died faster 
immediately after excretion and then slowed down its rate of decay. This indicates that the 
majority of the virus dies within the first few hours after excretion. Figure 1 shows the course 
of HeV survival at four major spillover locations across the east coast of Australia during the 
four seasons of the year. 

 

Figure 1. Proportion of Hendra virus surviving through a course of 96h at air temperatures 
(shaded area 24h) in four different spillover locations in the four seasons of the 
year. 

These simulations were performed using air temperatures and do not represent the 
microclimate conditions experienced by the virus when excreted by flying foxes in horse 
paddocks. 

Using the same methodology for the simulations above we measured the amount of HeV that 
would be left 24h after excretion where black flying foxes are present (Pteropus alecto) 
across the eastern coast of Australia. Then using a test that compares the proportion of area 
with equal or greater levels of virus survival, we tested if virus survival could be used to 
predict spillover1 (Peterson et al. 2008; Barve 2008). If spillover occurred where HeV could 
survive for longer, this would indicate that transmission could be indirect. Otherwise, direct 

                                                

1 Spillover locations provided by agreement with Queensland Biosecurity 
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transmission was more likely. The resulting maps of Hendra virus survival are shown in 
Figure 2. 

 

Figure 2. These maps show the proportion of HeV that is left 24h after being excreted. 

The crosses represent the spillover events that have occurred in each season. These were 
used to test if HeV survival in space could broadly predict spillover. 

With the predictability tests we observed that spillover did not consistently occur where the 
virus survived longer. Therefore, HeV survival cannot be used to predict spillover. This 
implies that HeV is more likely transmitted directly from flying foxes to horses. 

Discussion and conclusions 

We showed that HeV decay is faster immediately after excretion. HeV survival based on air 
temperatures did not explain HeV spillover events in space and time. This suggests that HeV 
is transmitted directly from flying foxes to horses. 

These results are not surprising because there are multiple processes influencing HeV 
spillover that are dependent on temperature. For instance, food resources and evaporation 
rates for flying foxes are temperature related (Hudson et al. 2010; Welbergen et al. 2008). 
The fact that temperature may be a key limiting factor in transmission of HeV is a novel 
finding. 

Other viruses that are transmitted directly have similar survival patterns to HeV under 
laboratory conditions (Kramer et al. 2006). Therefore, the characteristics of HeV survival in 
the laboratory combined with our results showing that temperature dependent HeV survival 
does not explain HeV spillover events further supports direct transmission of HeV. Flying fox 
biology may favour direct transmission via exposure to aerosolised urine (Plowright et al. 
2015). 
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However, we could not completely rule out indirect transmission due to moderate survival of 
HeV during some spillover events. Therefore, it was necessary to investigate HeV decay in 
the microclimatic conditions that the virus experiences after being excreted in horse 
paddocks. 

Our findings were published as: 

Gerardo Martin, Raina Plowright, Carla Chen, David Kault, Paul Selleck, and Lee F. 
Skerratt. Hendra virus survival does not explain spillover patterns and implicates relatively 
direct transmission routes from flying foxes to horses. The Journal of General Virology, 
pages vir.0.000073–, Feb 2015. ISSN 1465-2099. doi: 10.1099/vir.0.000073. URL 
http://vir.sgmjournals.org/content/early/2015/02/09/vir.0.000073.abstract 

Abstract 

Hendra virus (HeV) is lethal to humans and horses, and little is known about its 
epidemiology. Biosecurity restrictions impede advances, particularly on understanding 
pathways of transmission. Quantifying the environmental survival of HeV can be used for 
making decisions and to infer transmission pathways. We estimated HeV survival with a 
Weibull distribution and calculated parameters from data generated in laboratory 
experiments. HeV survival rates 24 h after excretion based on air temperatures ranged from 
2 to 10% in summer and from 12 to 33% in winter. Simulated survival across the distribution 
of the black flying fox (Pteropus alecto), a key reservoir host, did not predict spillover events. 
Based on our analyses we concluded that the most likely pathways of transmission did not 
require long periods of virus survival and were likely to involve relatively direct contact with 
flying fox excreta shortly after excretion. 
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Measuring Hendra virus survival in microclimates 

The environmental conditions at ground level are very different from those reported in 
meteorological stations (Kearney et al. 2014). Given that we have not ruled out indirect 
transmission of HeV we need to accurately estimate HeV survival in the microclimates that 
the virus experiences. Studying the environmental factors that create these microclimate 
conditions will enable us to better predict and manage virus survival. 

We sampled the microclimates occurring in horse paddocks using iButton© Hygrochron 
temperature and humidity loggers. To characterise the microclimates that affect temperatures 
we measured grass height around each data logger and tree canopy openness with 
hemispherical photography. Additional explanatory variables were obtained from 
meteorological stations during the sampling period. Data was analysed with Bayesian mixed 
effects models. 

Once we had the microclimate model’s predictions we ran survival simulations of virus 
excreted when temperature was at its lowest point at 3am. The following Figures, 3 and 4, 
show a timeline of HeV survival under the microclimatic conditions measured at ground level 
in Townsville. 

 

Figure 3. Timeline of proportion of Hendra virus surviving 12 hours after being excreted in 
two contrasting microclimates. 

Top: virus excreted in short grass (<5cm) and high tree canopy openness (>70%). Bottom: 
Hendra virus excreted in long grass (>40cm) and low canopy openness (<30%). X axis is time 
of the year (September 2014 – 2015), Y axis is proportion. 
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Figure 4. Timeline of the hours elapsed until 90% of the virus died in the same two 
contrasting scenarios in Figure 3. 

X axis is time of the year (September 2014 – 2015), Y axis is hours until death. 

Previous analyses of HeV survival found that it is very sensitive to desiccation (Fogarty et al 
2008). To incorporate this factor into these analyses we calculated how likely desiccation 
(potential evaporation from relative humidity) (Zhao et al. 2012; McDevitt et al. 2010) 
occurred in the microclimates where we simulated HeV decay. We showed that in both 
contrasting microclimates depicted in Figures 3 and 4 desiccation is highly likely to occur 
(Figure 5). Therefore, HeV survival as estimated with temperature alone is highly likely to be 
an overestimate given that desiccation invariably occurs and reduces virus survival. 
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Figure 5. Probability that there is desiccation between the same two contrasting scenarios in 
Figure 3.  

Red: high grass/low canopy openness. Green: short grass/high canopy openness. 

 

Discussion and conclusions 

Our simulations of HeV survival in microclimates in Townsville show that virus survival is 
lower at temperatures experienced at ground level than under ambient air temperatures. The 
additive effect of desiccation on HeV decay can reduce these survival estimates (Fogarty et 
al. 2008). These simulations can also be run to estimate virus survival under the 
microclimatic conditions that occur in other high HeV risk areas. However, given that we only 
collected data in Townsville, temperature and humidity predictions at ground level for other 
regions should be validated prior to application. 

The effect of desiccation at 37°C is a half-life reduction of 1200 times (i.e. the time elapsed 
until 50% of the virus dies at 37°C under desiccation is 1/1200th of the time elapsed without 
desiccation at 37°C) (Fogarty et al. 2008). Given that we found that desiccation is very likely 
to occur in both microclimate types, HeV indirect transmission may only occur shortly after 
viral excretion. This further supports our previous conclusion that direct transmission 
between flying foxes and horses predominates.  
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Our findings were submitted for publication on 27th of September 2016 as: 

Gerardo Martin, Rebecca J Webb, Carla Chen, Raina K Plowright, and Lee F Skerratt. 
Microclimates rarely allow indirect spillover of the bat borne zoonotic Hendra virus. Microbial 
Ecology, (Accepted). 

Abstract 

Infectious diseases are transmitted when susceptible hosts are exposed to pathogen 
particles that can replicate within them. Among factors that limit transmission the 
environment is particularly important for indirectly transmitted parasites. To try and assess a 
pathogens’ ability to be transmitted through the environment and mitigate risk we need to 
quantify its decay where transmission occurs in space such as the microclimate harbouring 
the pathogen. Hendra virus, a Henipavirus from Australian Pteropid bats spills-over to horses 
and humans, causing high mortality. While a vaccine is available, its limited uptake has 
reduced opportunities for adequate risk management to humans, hence the need to develop 
synergistic preventive measures, like disrupting its transmission pathways. Transmission 
likely occurs shortly after virus excretion in paddocks, however no survival estimates to-date 
have used real environmental conditions. Here we recorded microclimate conditions and 
fitted models that predict temperatures and potential evaporation, which we used to simulate 
virus survival with a temperature-survival model and modification based on evaporation. 
Predicted survival was lower than previously estimated and likely to be even lower according 
to potential evaporation. Our results suggest that relatively direct transmission is more likely 
under average conditions, however, indirect transmission may occur within a narrow range of 
microclimate circumstances. We recommend restricting horses’ access to trees during night 
time and reducing grass under trees to reduce virus survival. 

 

3. Effects of climate on Hendra virus 
spillover risk 

Identifying reservoir host species 

The first condition for spillover to occur is the presence of reservoir hosts (Plowright et al. 
2015). Within the areas inhabited by reservoir hosts, HeV levels shed into the environment 
vary according to their own dynamics in the reservoir host (i.e. prevalence and intensity of 
infection), and how the reservoir hosts use the available space. Consequently, spillover risk 
varies in space and time due to the distributional pattern of the reservoir hosts and the HeV 
levels within them. 

We used two basic ecological concepts to find which Australian flying fox species were more 
likely to be transmitting HeV to horses; the ecological niche and distance to the niche 
centroid of species. The ecological niches were modelled to find the areas where the four 
flying fox species can survive, breed and persist (Hutchinson 1957). The distance to the 
niche centroid (a similarity measure with optimal conditions) was used to find how population 
density of each flying fox species varied within their distributional areas (Martínez-Meyer et 
al. 2013). 

To predict the distributional areas of flying foxes, we obtained spatial records of flying fox 
presence from the global biodiversity information facility (GBIF, http://www.gbif.org), the Atlas 
of Living Australia (ALA, http://www.ala.org.au) and Roberts et al (Roberts et al. 2012). The 

http://www.gbif.org/
http://www.ala.org.au/
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climatic spatially referenced data in the form of raster map images was obtained from the 
WorldClim database (http://www.worldclim.org) (Hijmans et al. 2005). 

The analytical method used to process the sampled climatic data (a subset of WorldClim for 
each flying fox species) with the presence data sets was Maxent (Phillips et al 2006). The 
resulting spatial predictions obtained with Maxent were used to calculate the distance to the 
niche centroid of each species across an area encompassing all HeV spillover events. To 
identify the species involved in spillover we saw how many times spillover occurred closer to 
the niche centroid of each bat species, and calculated the probability of observing the 
resulting counts. After that we tested if the flying fox species most frequently found 
associated with spillover decreased in abundance with greater distance from their niche 
centroid. 

We validated the predictions of the flying fox models by separating spatially the records of 
bat presence and processing independent data with the partial ROC test (Peterson et al. 
2008). The resulting distributions are shown in Figure 6. 

 

 

Figure 6. Maps of distributional areas predicted for each of the Australian flying fox species 
(M area). 

Blue represents areas where bats can be present with a probability ≥0.5.  

  

http://www.worldclim.org/
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When we tested if spillover occurred closer to the niche centroid of certain species, we saw 
that it occurred closer to the centroid of the black and spectacled flying foxes (P. alecto and 
P. conspicillatus). Figure 7 shows HeV spillover in relation to the niche centroid of these two 
species, whose population density decreased with greater distance from the niche centroid 
(Figure 8). 

 

 

Figure 7. Spillover events (circles) overlaid on distance to the niche centroids of black (left) 
and spectacled (right) flying foxes. 

Darker blue areas have better climatic conditions for each species. 
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Figure 8. Correlation between distance to the niche centroid (DNC) and population density of 
black (P. alecto, blue dots), and spectacled flying foxes (P. conspicilaltus, grey 
dots).  

 

Discussion and conclusions 

Our analyses show that spillover occurs in areas where black and spectacled flying foxes can 
have higher population densities. These results represent an ecological explanation for the 
spatial pattern of spillover, and join a growing body of evidence that these two flying fox 
species are the natural reservoir hosts of HeV (Smith et al. 2014; Edson et al. 2015). 

Recent analyses have found that HeV spillover can occur at times when flying fox densities 
are lower than usual (Giles et al. 2016). This may represent a general lack of food resources 
and a subsequent greater reliance on food in horse paddocks by flying foxes leading to 
spillover. Our results show that the carrying capacity of an area for the two flying fox HeV 
reservoir species is a key determinant of spillover risk (VanDerWal et al. 2009). 

To summarise, HeV spillover occurs in areas most likely inhabited by black and spectacled 
flying foxes. They should be considered HeV’s natural reservoir hosts. 
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Our findings were published as: 

Gerardo Martin, Carlos Yanez-Arenas, Billie J. Roberts, Carla Chen, Raina K. Plowright, 
Rebecca J. Webb, and Lee F. Skerratt. Climatic suitability influences species specific 
abundance patterns of Australian flying foxes and risk of Hendra virus spillover. One Health, 
2:115–121, 2016. ISSN 23527714. doi: 10.1016/j.onehlt.2016.07.004. URL 
http://dx.doi.org/10.1016/j.onehlt.2016.07.004 

Abstract 

Hendra virus is a paramyxovirus of Australian flying fox bats. It was first detected in August 
1994, after the death of 20 horses and one human. Since then it has occurred regularly 
within a portion of the geographical distribution of all Australian flying fox (fruit bat) species. 
There is, however, little understanding about which species are most likely responsible for 
spillover, or why spillover does not occur in other areas occupied by reservoir and spillover 
hosts. Using ecological niche models of the four flying fox species we were able to identify 
which species are most likely linked to spillover events using the concept of distance to the 
niche centroid of each species. With this novel approach we found that 20 out of 27 events 
occur disproportionately closer to the niche centroid of two species (P. alecto and P. 
conspicillatus). With linear regressions we found a negative relationship between distance to 
the niche centroid and abundance of these two species. Thus, we suggest that the 
bioclimatic niche of these two species is likely driving the spatial pattern of spillover of 
Hendra virus into horses and ultimately humans. 

Predicting the spatio-temporal pattern of spillover risk 

Risk of HeV spillover is not constant through time and space, risk is more constant in 
northern areas and more intermittent in the south (Plowright et al. 2015). While we are still 
uncertain of the biological mechanisms behind this phenomenon, it is possible to model 
spillover risk in space and time with climatic data.  

To model HeV spillover in risk and time we sampled the climates of the months where 
spillover has been detected (Biosecurity Queensland database), using raster image maps 
obtained from the bureau of meteorology (http://www.bom.gov.au). To analyse the data we 
needed methods that helped us discriminate areas and times with and without spillover. 
Therefore, we used a combination of methods, and then averaged their predictions. The 
methods used were logistic regression, boosted regression trees and random forests. To 
sample areas without spillover we used the 2007 horse census of Queensland and New 
South Wales. 

Once we validated the resulting models we used the average conditions of the months where 
spillover has been recorded to find the areas at risk. Figure 9 shows how risk changes 
between winter and summer months. 

 

http://www.bom.gov.au/
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Figure 9. Change in HeV spillover risk between months. 

Top panels show northern Queensland and bottom southern Queensland and central-north 
New South Wales. Dark brown represents higher risk. 

We represented how risk changes across latitude and time of the year by averaging the risk 
of spillover by latitude in each month. These analyses show that risk is overall lower in 
southern areas compared with the north (Figure 10). 
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Figure 10. Spillover risk by month and latitude. 

Colour gradient represents spillover risk (approximate probability, blue, then white represents 
greater risk).  

Seasonal amplitude of minimum temperature and rainfall had the most influence in the 
climatic models. Another highly influential factor was horse density, which had a negative 
effect. 

Because these methods are correlative and do not necessarily capture the underlying 
mechanisms, we identified geographical areas and times where the models could produce 
spurious predictions. These areas were the southern limit of the entire area all year and 
around 30° south latitude during February-March and December. 

Discussion and conclusions 

We have identified the climatic factors that could be driving the seasonal pattern of spillover. 
The high risk season in southern areas including south east Queensland and northern NSW 
is probably from April-October. Risk is not seasonal and is generally higher in northern 
Queensland. 

The specific mechanisms that are driving the seasonal spillover pattern in southern areas are 
still unknown, but may be related to flying fox species specific responses to the climatic 
factors we identified. Other mechanisms could involve horse seasonal susceptibility or the 
higher presence of food resources inside horse paddocks during winter in southern areas. All 
of these factors should be investigated in order to better understand the causes of 
seasonality of spillover and adequately manage risk. 
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Our findings were submitted for publication on 27th July 2016 as:  

Gerardo Martin, Carlos Yanez-Arenas, Carla Chen, Raina K Plowright, Billie J Roberts, and 
Lee F Skerratt. Seasonal spillover of Hendra virus: distribution and climatic drivers. 
EcoHealth (In review). 

Abstract 

Disease seasonality is the periodic change of incidence. Understanding its mechanisms can 
improve mitigation of health impacts driven by climate variability. Hendra virus emerged in 
Australia, spilling over to horses from its bat reservoirs. Spillover occurs during winter below 
the tropics but is a seasonal within the tropics. We generated a model that reproduced the 
spatio temporal pattern of risk of spillover using presence-absence data. Spillover presence 
was obtained from the spillover database of Biosecurity Queensland and absences with a 
horse census of Queensland and New South Wales. The seasonal amplitude of minimum 
temperature and rainfall were highly influential in the model and explained seasonality. 
Bimodal responses of other variables suggest spillover involves two systems in the north and 
south. We recommend enhanced preventive management from Mar-Sep below this latitude. 
Future research should look for immune and behavioural responses to food shortage in bats 
and horses in this latitudinal gradient. 

 

Predicting spillover risk with climate change scenarios. 

Spillover risk in space is mainly influenced by the presence of black and spectacled flying 
foxes. As a result, we modelled HeV spillover risk in space as explained by the distribution of 
these two species and additional climatic factors. Because we have previously shown that 
horse density has a negative effect on spillover risk we included a horse population density 
offset to correct the estimate of the effect of bats and climate. These models represent the 
first spillover risk forecasts considering two spillover systems, one by the black and another 
by the spectacled flying fox. 

The analytical methods used were Bayesian hierarchical point process models, that allowed 
us to control some spatial artefacts (Renner et al. 2015; Taylor et al. 2013). Given that we 
used the WorldClim data set (Hijmans et al. 2005) as explanatory variables, we could use the 
climate chance scenarios for prediction in time.  

To address uncertainty, we found geographical areas where the models could produce 
erroneous predictions for each climate change scenario. We present a map of uncertainty 
adjacent to the predictions of spillover risk under climate change conditions. 

We found that the risk of HeV spillover is more widespread than currently recognised. A 
potential explanation for the lack of detection of spillover in some areas at risk is that horse 
density is very low. The two models of spillover risk under current climatic conditions are 
shown in Figures 11 and 12. 
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Figure 11. Spillover risk as explained by the black flying fox. 

Darker brown represents higher probability of spillover. 

 

 

Figure 12. Spillover risk as explained by the spectacled flying fox. 

Darker brown represents higher probability of spillover. 
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The models’ projections with climate change predicted a southwards risk expansion in the 
black flying fox spillover system (Figure 13). Depending on the assumed increase in the level 
of greenhouse gas concentration 112-165,000 more horses are at risk according to the 2007 
horse census. The most severe risk scenario is under the greenhouse gas scenario 85 
(RCP85), which assumes a higher concentration of gases.  

In the spectacled flying fox system, we predicted that risk will probably shrink (Figure 14). 
The averaged probability maps show a decreased probability of spillover caused by the 
spectacled flying fox. The areas where risk will decrease as explained by this species will 
most likely be colonised by the black flying fox. This means that where spillover is currently 
caused by spectacled flying foxes black flying foxes will be more likely to be the cause with 
climate change.  
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Figure 13. Risk predictions by 2050 as explained by the black flying fox. 

In the left hand side panels colour red represents areas where risk will increase. Blue areas will 
remain at the same level of risk and green areas will decrease in risk. Top two panels represent 
a mild greenhouse gas concentration scenario and the bottom ones are a more severe 
scenario. Both right hand side panels show the average probability of spillover in relation to a 
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threshold intensity for spillover to occur. The small maps in the top right corners show the 
probability that the model predictions are erroneous. 

 

Figure 14. Risk predictions by 2050 as explained by the spectacled flying fox. 

Colour red in the left panels represents areas where risk will increase. Blue areas will remain at 
the same level of risk and green areas will decrease in risk. Top two panels represent a mild 
greenhouse gas concentration scenario and the bottom ones are a more severe scenario. Both 
right hand side panels show the average probability of spillover in relation to a threshold 
intensity for spillover to occur. The small maps in the top right corners show the probability 
that the model predictions are erroneous. 

Discussion and conclusions 

Our predictions of HeV spillover risk indicate that there will be 112-165,000 horses at greater 
risk of spillover. The majority of these horses are located south of the current southernmost 
spillover event. These predictions could be caused by temperatures increasing at latitudes 
farther from the tropics (Lafferty 2009). 

The replacement of spectacled flying foxes by blacks might have implications for both public 
health and biodiversity conservation. On the public health side, HeV dynamics in black flying 
foxes could be different and result in greater risk. On the biodiversity and conservation side, 
flying foxes provide ecosystem services, which can cease before they become extinct 
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(McConkey & Drake 2006). Despite the colonisation of these areas by black flying foxes, the 
ecosystem services that spectacled flying foxes provide could be different from those 
provided by colonising black flying foxes which might indirectly affect HeV dynamics in its 
reservoir hosts. 

Our findings were submitted for publication in December 2016 as:  

Gerardo Martin, Carlos Yanez-Arenas, Carla Chen, Raina K Plowright, Rebecca J Webb, 
and Lee F Skerratt. Climate change will increase the extent of areas at risk of Hendra virus 
spillover. Ecological Applications (In review). 

Abstract 

When Hendra virus (HeV) spills over from bats to horses and occasionally humans’ mortality 
rates can be as high as 75%. Therefore, predicting spillover is important to prevent and 
mitigate its impacts. Given our currently limited predictive capacity, ecological niche 
modelling is one of the few tools available to predict HeV spillover risk. Ecological niche 
models can produce risk maps which represent the likelihood that environmental 
characteristics are suitable for the phenomena of Hendra virus spillover. We produced two 
models to represent risk of HeV spillover in Australia with respect to its two reservoir hosts, 
the black (Pteropus alecto) and the spectacled (P. conspicillatus) flying foxes. Using 
Bayesian hierarchical models with a Log-Gaussian Cox process we maximised available 
data and generated probabilistic maps for current and future climatic scenarios. With these 
methods we included a horse population at risk offset to correctly estimate the influence of 
the climatic suitability of the reservoir host and other climatic factors on HeV spillover risk. 
We found that current areas at risk are wider than recognised. Absence of spillover in these 
areas may be due to the very low density of horses. In response to climate change, suitability 
for spillover was predicted to increase southwards due to the expansion of the potential 
distribution of the black flying fox (P. alecto), which will result in 110,000-165,000 more 
horses at risk than under current climatic conditions. Future suitability for spillover in the 
northern limits of the distributional range is highly uncertain because models faced extreme 
extrapolation in this region. However, HeV spillover as explained by the distribution of P. 
conspicillatus is likely to shrink. We recommend that HeV monitoring in bats and HeV 
prevention in horses be enhanced in areas predicted to be at spillover risk.  
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4. Effects of paddock structure on risk of 
exposure 

Horse behaviour in relation to paddock structure 

The relationship between horses and their paddock environment with regard to HeV 
exposure has been neglected and could potentially be used to inform and develop mitigation 
strategies for HeV spillover risk. When flying foxes feed in paddocks, they excrete HeV in the 
areas covered by the trees where they feed (Field et al. 2011).  

Horses are known to be selective foragers (Odberg & Francis-Smith 1976; Fleurance et al. 
2007). Horses usually prefer to feed in areas with relatively short grass and recent growth 
(Fleurance et al. 2010). Where overall grass quality is lower, horses feed where grass is 
more abundant or taller (Edouard et al. 2009). These interactions between horses and 
vegetation contribute to determine overall availability of suitable grass within paddocks. 
Consequently, the behaviour of horses may be influenced by the plant community, opening 
up possibilities for manipulation of horse behaviour by altering paddock structure. 

Here we investigated how paddock characteristics (amounts of grass and weeds and 
proportion covered by trees) affect the proportion of time horses spend under food trees for 
flying foxes where HeV is excreted (in the drip zone) (Field et al. 2011). We established 
relationships between time spent under trees and a number of paddock attributes. From 
these we developed management recommendations to reduce the risk of HeV spillover. 

To measure the proportion of time that horses spent in areas covered by trees we followed 
their movements with GPS trackers. The amounts of grass and weeds and proportion of the 
paddock covered by trees was determined by sampling grass/weed height with spatially 
referenced transects to create interpolated maps of vegetation. Tree cover was determined 
by obtaining the GPS coordinates of the trees and outlining their silhouette in Google earth. 

We analysed the data at different time scales, first we analysed the proportion of the whole 
time that horses wore the GPS trackers, then daily time spent under trees, and finally time 
spent under trees by day and night. Bayesian mixed effects logistic regression models were 
used.  

We found that of all factors, the proportion of the paddock covered by trees was the main 
determinant of the entire time spent under trees. The rest of the factors had relatively weak 
effects on time spent under trees. There were behavioural differences in the time spent under 
trees by horses during the day versus night because the structure of optimal models for day 
versus night were different. However, the total time spent under trees by horses during the 
day versus at night was not statistically different, but it was slightly higher during the day 
(Figure 15). 
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Figure 15. Proportion of time that horses spent under trees (logit scale) in response to the 
proportion of the paddock covered by trees. 

 

Discussion and conclusions 

We have shown that the main determinant of risk of contact with HeV by horses is the total 
area that can be contaminated with HeV. The interactions of horses with tree-covered areas 
have been poorly studied, and so the reasons for their use by horses are still poorly 
understood. It is generally considered that these areas are used mainly as a refuge from the 
heat (Jorgensen and Boe 2005), but there are factors that can override the need of thermal 
refuge (Duncan & Cowtan 1980; Keiper & Berger 1982). 

Wild horses are highly selective of the type of habitats they use (Duncan 1983), however the 
limited extent of paddocks prevent this, and so, we found that the movements of horses tend 
to be random. These results indicate that restriction of access to tree-covered areas is the 
best strategy to prevent exposure of horses to HeV. 
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Our findings were submitted for publication on the 1st November 2016 as: 

Gerardo Martin, Rebecca J Webb, Carla Chen, Raina K Plowright, and Lee F Skerratt. Tree 
cover in paddocks is the main determinant of exposure to Hendra virus in horses. Preventive 
Veterinary Medicine (In review). 

Abstract 

Hendra virus, the novel Australian flying fox bat Paramyxovirus of the genus Henipavirus 
causes fatal disease when it is transmitted to horses and thence to humans. Transmission of 
Hendra virus to horses is most likely to occur under the trees where bats feed. Therefore, it is 
important to understand the environmental factors that result in horses spending more time 
under trees. To provide insights and generate management strategies we investigated the 
relationship between the proportion of time that horses spend under trees and characteristics 
of their paddocks. We deployed GPS trackers in ten paddocked horses and measured 
paddock proportion covered by trees, grass and weed height, size and number of horses 
among other attributes. To analyse the data we fitted Bayesian mixed effects models to 
account for variability of individual horse behaviour, sampling artefacts and the effect of 
temporal autocorrelation. We found that time spent under trees increases mainly with the 
proportion of the paddock covered by trees during both day and night, but is usually higher 
during the day. We did not find strong effects of any paddock characteristics on time spent 
under trees during the day or night. These results indicate that the most effective risk 
mitigation strategy is restriction of access to trees. However, because we cannot discard the 
effects of vegetation, reduction of grass under trees to reduce survival of excreted Hendra 
virus has to be assessed for any undesirable consequences in places where restriction to 
trees is not possible.  
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Results 

Objective 1. Develop bat to horse transmission model  

Develop a model that explains the risk of spill over of Hendra virus from bats to horses. This 
model will incorporate factors that affect the transmission of the virus from bats to horses. 

The HeV spillover risk models that we produced account for the presence of both flying fox 
species and horses. The model predicts that risk will increase southwards with respect to the 
black flying fox (Pteropus alecto), and decrease in the north with respect to the spectacled 
flying fox (P. conspicillatus). In northern areas there will be considerable uncertainty, but we 
do not predict a decrease in spillover risk because of the colonisation of the black flying fox 
into the areas currently inhabited by the spectacled flying fox. 

As a result we have successfully accomplished objective 1, although with different methods 
from those described in the original application 

Objective 2. Parameterise and validate model 

Estimate parameter values from longitudinal data sets using Markov Chain Monte Carlo 
methods along with laboratory, field and experimental data, and expert advice. 

The modelling approaches that we used required us to parameterise and validate models 
according to the data that was available. 

The HeV temperature-survival model was validated with the R2 = 0.98 (maximum of 1) 
statistic of the model. The geo-spatial models were validated by predicting data that was not 
used during model parameterisation (model fitting procedure), and then assessing the 
statistical significance of the tests (measuring how likely it was that models were good or bad 
by chance). All of the models that we selected performed better than random, although by 
different degrees of pre-specified accuracy. 

With the microclimate models we produced a series of predictions for the area of Brisbane 
and Cairns, which are considered high HeV risk areas, however we did not have the time or 
resources to validate the microclimates predictions. 

Objective 3. Perform qualitative analyses and computer simulations 

Perform mathematical analysis and simulations of the model to provide insights to the 
properties of the system, by establishing relationships between the variables considered and 
how they influence each other, making it possible to find stable solutions, threshold quantities 
and determine the effects of uncertainty, which have been found critical in many epidemic 
scenarios. 

Objective 4. Assess the effectiveness of management strategies 

We will evaluate the costs and benefits of the most effective management strategies found 
through the proposed methodology for objective 3 in order to facilitate decision making. 

The main objective of this project was to develop models that could be used to improve our 
understanding of the Hendra virus spillover system, specifically the transmission of Hendra 
virus from flying foxes to horses. We achieved this and in so doing improved our predictive 
capacity and ability to better manage HeV spillover risk. We showed that HeV is directly 
transmitted from flying foxes to horses and in rare circumstances can be transmitted 
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indirectly (Chapter 2). We found that HeV is transmitted to horses from Pteropus alecto and 
P. conspicillatus and is more likely to occur where P. alecto and P. conspicillatus can have 
higher population densities (Chapter 3). In Chapter 3 we identified that the climatic correlates 
of the spatio-temporal pattern of spillover are probably minimum temperature and rainfall 
seasonal amplitudes. How these two variables influence the underlying biological mechanism 
is unclear. However, the bimodal responses to several climatic factors suggest that 
seasonality is related to specific traits of the two bat species along the latitudinal gradient of 
their distribution. We used the results to model the risk of HeV spillover in response to the 
effects of climate change. The resulting risk maps indicate that spillover risk is more likely to 
increase southwards, and involve a reservoir host replacement in northern Queensland. 
Finally, in Chapter 4, our analyses of horse movement data showed a very weak effect of 
paddock characteristics on how frequently horses interact with tree covered areas and hence 
HeV excreted by flying foxes. To summarise: 

1. Hendra virus transmission to horses follows a gradient that goes from direct to relatively 
direct (involving short periods of virus survival) 

2. The reservoir hosts and therefore, bat species involved in spillover are P. alecto and P. 
conspicillatus and their relative abundance correlates with risk of spillover 

3. The seasonal spillover pattern in southern Queensland and northern NSW is likely to be 
driven by flying fox species specific traits in response to minimum temperature and 
rainfall seasonal amplitudes 

4. Future risk as explained by the distribution of P. alecto and P. conspicillatus is likely to 
expand southwards. In the north P. alecto will probably replace P. conspicillatus as the 
main HeV reservoir host 

5. The proportion of the paddock covered by trees is the main paddock characteristic 
determining the probability that horses contact HeV 

Bellow we discuss in detail each of the chapters in the context of each other and the 
objectives of the project, and more generally the transmission of HeV. 

Conceptual model of the spillover system 

By following the conceptual model of Plowright et al. (2015) (Chapter 1) we identified areas 
of potential research: Hendra virus survival, reservoir host distribution and spillover host 
husbandry practices.  The framework of Plowright et al. was useful at the time it was 
published, however as of 2 November 2016 some key aspects have changed as a result of 
our research and the National Hendra virus Research Program. 

Regarding HeV survival, our own research has shown that HeV transmission to horses can 
occur directly (Chapter 2), therefore the layer “pathogen survival outside hosts” (Figure 1 
from Plowright et al., 2015) could include direct connections between the layer “pathogen 
shedding” and the layer “spillover host exposure”. Consequently, spillover host exposure 
does not depend exclusively on HeV environmental survival, but on potential contacts 
between fresh bat urine and horses, which result from heterogeneous shedding patterns. 
While these changes increase the potential sources of contact with HeV, risk mitigation 
strategies need not be entirely different; vaccination would still provide protection and 
restricting access to trees and keeping grass short under trees would decrease risk of 
contact with HeV. 

Similarly, findings in Chapter 4 indicate that the likelihood of spillover host exposure is not 
heavily influenced by paddock and grass management, making contact with HeV more 
probabilistic. The final layer, “spillover host susceptibility”, is likely to remain unknown, and 
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future modelling studies will have to assume uniform susceptibility. This assumption is 
unlikely to result in poor biological relationships between models and data, because the main 
aim of a predictive framework is reducing exposure to HeV and the probability of spillover. 

Hendra virus survival 

In Chapter 2 we showed that the poor performance of HeV survival as a predictor of spillover 
could be biologically interpreted as evidence for direct transmission. In addition, the high HeV 
survival in some spillover events suggested that transmission could also occur indirectly. The 
results led us to conclude that transmission to horses could be a gradient but appears to be 
predominantly direct. One of the major limitations of survival estimates under microclimatic 
conditions obtained in Chapter 2 is that the survival experiments were performed under 
tightly controlled conditions. The BLS4 classification of HeV impedes the possibility of more 
complicated experiments with more replicates that account for the simultaneous effects of 
more variables and treatments. Given that we already know that HeV is highly sensitive to 
desiccation (Fogarty et al., 2008) we produced estimates of how likely it is that evaporation 
occurs in the microclimates where it is excreted. These analyses indicate that evaporation is 
highly likely to occur even in the more vegetation-sheltered microhabitats. By assuming an 
additive effect of evaporation on the observed temperature dependent decay rates, a closer 
survival estimate was obtained. An experimental alternative to estimate survival in the 
environment might involve the use of a surrogate virus, like Cedar virus, a non-pathogenic 
Henipavirus closely related to HeV. 

Reservoir host distribution 

We investigated the effects of climate on the spatial patterns of HeV spillover by finding the 
climatic preferences and requirements of the four flying fox species. These models helped us 
determine which species explained the area where HeV spillover to horses has occurred. In 
the context of chapter 1 (Plowright et al., 2015), the distribution models of reservoir hosts 
correspond to the first component of the spillover system. One of the main conclusions of 
chapter 3 was that spillover tends to occur where climate allows P. alecto and P. 
conspicillatus to occur in higher densities. Therefore, the predicted area for HeV spillover to 
occur is the potential distribution of these two species. 

Recent analyses have shown that HeV spillover can occur at times when bat densities are 
relatively lower (Giles et al., 2016). This characteristic of HeV spillover does not contradict 
our predictions of HeV spillover occurring where P. alecto and P. conspicillatus occur in 
greater densities. This is because Giles et al. (2016)’s analyses and ours have different 
scales of spatial, temporal and ecological organisation. It is possible that where black flying 
foxes are abundant relatively lower densities at times may reflect food shortages and force 
flying foxes to feed in horse paddocks resulting in HeV spillover. 

We considered the causes of HeV spillover risk variability between seasons. Based on the 
bimodal response shapes to many climatic factors, we found that the most parsimonious 
explanation for the observed spatio temporal pattern was that seasonality could be the 
product of two bat species involved in spillover, resulting in two spillover systems (north and 
south).  

We found that horses have a negative effect on spillover risk. To try and explain this 
relationship we argue that land clearing for paddocks could be affecting bat feeding habitat. 
This step in addition to the Gaussian field to model spatial effects resulted in the prediction of 
additional areas at risk of HeV spillover, mainly across far northern Queensland (Figure 13). 
In the context of chapter 2, transmission in northern areas is more likely to occur directly 
because high temperatures would impede indirect transmission. As for how risk will vary 
between months, we have to take into account that these areas only have P. alecto as a HeV 
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reservoir host. Therefore, the timing of spillover risk would entirely depend on specific traits 
of this species across the predicted areas at risk. Spillover will potentially increase towards 
the south, and inland with climate change. However, the latter expansion will have to be 
assessed by monitoring of flying fox populations. In northern Queensland, the likely 
replacement of P. conspicillatus by P. alecto indicates that control strategies may have to be 
adapted to mitigate risk of HeV spillover. 

Horse behaviour and husbandry practices 

In Chapter 4 we showed how horses interact with paddock areas covered by trees (the drip 
zone, Field et al., 2011). The aim was to find paddock characteristics that decreased 
interactions between horses and the drip zone. Our main finding that horses move nearly 
randomly inside paddocks suggests that the best paddock modification is restricting access 
to the drip zone. However, we also found that some responses between the optimal models 
for day and night were opposite. The most parsimonious explanation is that horses have 
behavioural differences between day and night.   
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Implications 

To adequately mitigate HeV spillover risk a series of measures have to be undertaken at 
different levels of ecological organisation. The levels at which we have contributed 
understanding are, from large to small, reservoir host distribution and abundance, seasonal 
variability of risk, and the influence of the paddock environment on exposure risk. The HeV 
spillover risk distribution, based on the reservoir hosts’ climatic preferences and needs 
(Chapter 2), can be used to allocate resources towards prevention within these areas. An 
adaptive strategy might include allocating resources around these preferred areas, by 
accounting for the flying fox foraging range of 40 km. In addition, there have been rare 
spillover events outside these areas, like Chinchilla (Figure 7). These locations which support 
a lower abundance of black flying foxes should be included in resource allocation schemes 
for HeV spillover risk mitigation, but are of less concern. 

The seasonal risk variability displayed in Figures 9 and 10 indicates that the high risk season 
is shorter further south. However, what is currently recognised as the high risk season 
(Figure 2 from Plowright et al., 2015, Chapter 1), is influenced by the reporting date. We 
addressed this issue by assuming a delay of two weeks between transmission and reporting. 
By further assuming a one-month delay to allow uptake of mitigation strategies we estimate 
the high risk management season to be from April to October below 22° South. 

The mitigation strategies we suggest at the paddock level include restricting access of horses 
to flying fox feed trees to completely prevent exposure to HeV. If this is not possible then 
restricting access at night should mitigate most risk and keeping grass short under trees 
should mitigate any risk during the day by decreasing HeV potential survival. However, given 
the complexity of horse behavioural responses to paddock characteristics we suggest that 
the effectiveness of keeping grass low under trees should be assessed for horse behavioural 
responses. If short grass under trees encourages horses to feed and spend more time under 
trees (by increasing fresh regrowth, for instance, Edouard et al., 2009), then restriction of 
access during the night becomes increasingly important. 

A component of the spillover system that we did not address are flying fox spatial population 
dynamics, and HeV dynamics within those flying fox populations. Better understanding of this 
component is necessary for optimising mitigation strategies at finer temporal scales. 

Recommendations 

A key step towards validating our HeV survival predictions from Chapter 2 would require 
survival experiments with temperatures and evaporation rates that vary over time, with either 
HeV or a surrogate virus such as Cedar virus. Sampling microclimates from additional 
locations is necessary to determine if the survival predictions for high risk areas like Brisbane 
and Cairns are accurate. The physiological changes and susceptibility to infection in both 
horses and flying foxes between seasons along the latitudinal gradient, specifically in 
response to minimum temperature and rainfall should be undertaken. 

Our predictions of the distributional and population response of P. alecto and P. 
conspicillatus to climate change need to be validated. Monitoring of any changes in HeV 
dynamics in areas where P. conspicillatus is predicted to decline and P. alecto is predicted to 
colonise could be undertaken. Relating behavioural states of multiple horses sharing the 
same paddock would help to find if dominance hierarchies within groups of horses are 
important for risk of contact with HeV. Similar methods can be used to study horse 
behavioural responses to weather and risk of contact with HeV. 
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