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Abstract

Hendra virus causes sporadic but typically fatal infection in horses and humans in eastern Australia. Fruit-bats of the genus
Pteropus (commonly known as flying-foxes) are the natural host of the virus, and the putative source of infection in horses;
infected horses are the source of human infection. Effective treatment is lacking in both horses and humans, and
notwithstanding the recent availability of a vaccine for horses, exposure risk mitigation remains an important infection
control strategy. This study sought to inform risk mitigation by identifying spatial and environmental risk factors for equine
infection using multiple analytical approaches to investigate the relationship between plausible variables and reported
Hendra virus infection in horses. Spatial autocorrelation (Global Moran’s I) showed significant clustering of equine cases at a
distance of 40 km, a distance consistent with the foraging ‘footprint’ of a flying-fox roost, suggesting the latter as a
biologically plausible basis for the clustering. Getis-Ord Gi* analysis identified multiple equine infection hot spots along the
eastern Australia coast from far north Queensland to central New South Wales, with the largest extending for nearly 300 km
from southern Queensland to northern New South Wales. Geographically weighted regression (GWR) showed the density of
P. alecto and P. conspicillatus to have the strongest positive correlation with equine case locations, suggesting these species
are more likely a source of infection of Hendra virus for horses than P. poliocephalus or P. scapulatus. The density of horses,
climate variables and vegetation variables were not found to be a significant risk factors, but the residuals from the GWR
suggest that additional unidentified risk factors exist at the property level. Further investigations and comparisons between
case and control properties are needed to identify these local risk factors.
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Introduction

Hendra virus (genus Henipavirus, family Paramyxoviridae) was first

described in September 1994 in Australia, when it caused an

outbreak of typically fatal disease in horses and two close-contact

humans [1–4]. Sporadic cases continue to occur in horses and

humans, with some 80 confirmed or possible equine cases and

seven confirmed human cases identified to 31 December, 2012 [5–

9], and an increase in reported cases since 2006 [10]. Fruit-bats of

the genus Pteropus (commonly known as flying-foxes) are the

natural reservoir of the virus [11–16].

Effective treatment for Hendra virus (HeV) infection in horses

and humans is lacking, and while a vaccine for horses has been

recently released [17], minimising exposure risk remains a

fundamental aspect of horse owner management strategies. It is

well recognised that ecological processes influence the spatial

distribution and patterns of disease risk and disease incidence [18].

Fundamental spatial risk factors comprise the geographic distri-

bution of the pathogen, the natural host and potential spill-over

hosts, overlaid by an environmental complexity of ecological and

climatic variables that affect the behaviour of the above. The

ability of climatic variables to influence host-pathogen interactions

and spatial patterns of disease was highlighted in Australia recently

with the identification of the role of relative humidity, maximum

air temperature and wind speed in the spread of introduced equine

influenza virus [19].

A limited number of studies have sought to elaborate the

infection and transmission dynamics of Hendra virus in flying-

foxes, and identify temporal and spatial risk factors for spill-over of

infection from flying-foxes to horses. McFarlane et al (2011)

identified a positive association with postcodes containing flying-

fox roosts, and with geographic seasonal low rainfall, but found no

evident association with horse density and vegetation primary

productivity [20]. One of us (Smith, CS., unpublished data)

previously found an association with radial proximity to flying-fox

roosts, with a statistically significant increased risk of equine cases

within 7 km of a known roost. Fogarty et al (2008) showed that

Hendra virus survival in-vitro decreased with increasing temper-

ature and desiccation [21], supporting the contention that climatic

variables likely contribute to infection risk for horses. Correlates

with the presence of anti-Hendra virus antibodies in flying-foxes

are better understood, and include species, age, location, year,
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reproductive status (pregnancy or lactation) and season

[6,15,22,23].

Reported equine Hendra virus cases to date have been

restricted to the adjoining eastern Australia states of Queensland

and New South Wales. The limited case numbers prior to 2011

has precluded robust spatial analysis to date, however the

unprecedented cluster of 18 separate incidents involving 23 cases

in 2011 somewhat relieves this constraint, and with our coincident

improved knowledge of horse and flying-fox geographic distribu-

tion, invites further spatial analysis. In this paper, we model the

spatial occurrence of reported Hendra virus infections in horses,

and seek to identify key spatial and environmental risk factors.

Methods

Spatial Data
Hendra virus equine cases. There were about 80 recorded

cases of Hendra infection in horses from 40 discrete case

properties in Queensland (n = 31) and New South Wales (n = 9)

between September 1994 and 30 December 2012. These cases

were reported to and investigated by the Queensland Department

of Agriculture, Fisheries and Forestry (DAFF) and the New South

Wales Department of Primary Industries (DPI) respectively. The

40 epidemiologically unrelated properties, each with one or more

confirmed cases [9,10] are used in this study to denote individual

‘spill-over events’ of infection from flying-foxes to horses. Case

property spatial data in the form of property centroid (latitude and

longitude) was sourced in de-identified format from DAFF and

DPI.

Equine control properties. We randomly selected 1189

control properties from 118,900 registered horse properties in

Queensland, New South Wales and Victoria that had not had a

confirmed or suspect case of Hendra virus between September

1994 and 31 December 2012. This provided a case-control ratio of

nearly 1:30, and ensured that case properties were matched

regardless of variability in property characteristics. Control

property spatial data in the form of property centroid (latitude

and longitude) was sourced in de-identified format from DAFF,

DPI, and the Victorian Department of Primary Industries.

Flying-fox occurrence. Flying-fox data are recorded obser-

vations of the geographic occurrence of flying-foxes drawn from

two sources. Spatial data for the distribution of P. alecto and P.

poliocephalus was derived from Roberts et al (2011) [24] and P.

conspicillatus and P. scapulatus occurrence was sourced from WildNet,

an electronic database managed by the Queensland Department

of Environment and Heritage Protection [25]. The data collec-

tively constitute observations from sources including the Australian

Bird and Bat Banding Scheme, the Australian National Wildlife

Collection, state museums, state wildlife atlases, and published and

reputable unpublished research. Records span the period 1843–

2007, with around 75% of the observations recorded since 1994,

and cover all or part of the species mainland Australian

distribution.

Environmental data. Spatial climate data (annual rainfall,

annual minimum, maximum and mean temperature, relative

humidity) for eastern Australia based on the most recent standard

30-year period 1961–1990 as defined by the World Meteorological

Organisation [26], and normalised difference vegetation index

(NDVI) for the recent peak HeV case years of 2011 and 2012 were

sourced from the Australian Bureau of Meteorology [27].

Vegetation mapping (dominant species of the tallest stratum) was

obtained from Geoscience Australia [28].

Spatial Analysis
Analysis focused on eastern Australia, comprising the states of

Queensland and New South Wales (where all reported equine

Hendra virus cases have occurred) and the adjoining state of

Victoria. Analysis on state-based boundaries (rather than biolog-

ical boundaries) facilitated data collection. To facilitate computa-

tion, we used a 1% subset of the 118,900 potential control

properties, as indicated above. We also merged the datasets of P.

alecto and P. conspicillatus because of their demonstrated

paraphyly [29] and evident species tropism of viral infections in

bats [30–32]. All data were standardised by scaling from 0 and 1 to

allow comparison of the coefficients [33].

Spatial autocorrelation (Global Moran’s I, zone of indifference

conceptualisation) was used to identify spatial clustering and

distances at which spatial processing was most pronounced [34].

Hot spot analysis (Getis-Ord Gi*, zone of indifference conceptua-

lisation) identified areas with statistically significant clustering of

Hendra virus spillovers [35]. Geographically weighted regression

(GWS) was used to investigate the spatial pattern of spillovers in

relation to environmental data. The latter were identified using

ordinary least squares (OLS). Kernel density and inverse distance

weighted were employed to interpolate data. All variables were

included in the initial OLS model. A variable inflation factor (VIF)

.7.5 suggested redundancy amongst variables and they were

removed from the model in succession. Heteroscedasticity, or the

relationship between predicted values and changes in variable

magnitudes, was measured using the Koenker (BP) Statistic. OLS

models that display statistically significant heteroscedasiticity (P,

0.05) should use the reported Robust P, and are good candidates

for GWR. Variables that did not have a statistically significant

Robust P (P,0.1) were removed from the model in succession.

Table 1 indicates the variables used in OLS and GWR. All spatial

analysis was undertaken in Arcmap 10, Spatial Statistics Tools

(ESRI, USA).

Results

The 40 equine case properties reported up to December 2012

and the 1,189 randomly selected control horse properties are

identified in Figure 1A.

The Global Moran’s I test identified that spatial clustering of

spill-over events was evident, and was statistically significant at a

distance of 40 km (P,0.001) (Figure 2). This distance was then

used as the ‘distance band’ in the Getis-Ord Gi* analysis (below)

and as the search radius for interpolation.

Hot spot (Getis-Ord Gi*) analysis identified multiple areas of

significant clustering along the east coast of Australia (Z Score .

1.96 SD) (Figure 1B). Also interesting is the suggestion of ‘cold

spots’, clustering of control properties on the Southern Downs of

south-east Queensland and along the central coast of NSW (Z

Score ,1.00 SD).

Of the 15 spatial and environmental variables included in the

study (Table 1), six were identified as being statistically significant

in the initial and final OLS model (Table 2). Of these six, three

had an association in the GWR, with the strength and direction of

the correlation varying (Table 2). The density of flying-foxes P.

alecto and P. conspicillatus had the strongest positive correlation (.

0.5) with reported Hendra virus equine cases. The annual

minimum temperature had a weak positive correlation (,0.2)

and the density of P. scapulatus had a weak negative correlation

(.20.2). Negligible correlations (20.1,0.1) were identified for P.

poliocephalus, relative humidity (as measured at 0900) and horse

population. The predicted (P) and residual (SD) values for a
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Table 1. Description of spatial and environmental variables used in OLS and GWR.

Variable Description

P. alecto Kernel density analysis of the recorded sightings of flying-foxes/km2

P. conspicillatus ‘‘

P. poliocephalus ‘‘

P. scapulatus ‘‘

P. alecto/conspicillatus Kernel density analysis of the merged recorded sightings of both P. alecto and P. conspicillatus/km2

Distance to roost Distance to the nearest flying-fox roost

Horse population Kernel density analysis of the population of horses/km2

Horse properties Kernel density analysis of the number of horses properties/km2

Annual Rainfall Average annual rainfall over the period 1961 to 1990

Annual Mean Temp. Average annual mean temperature over the period 1961 to 1990

Annual Min. Temp. Average annual minimum temperature over the period 1961 to 1990

Annual Max. Temp. Average annual maximum temperature over the period 1961 to 1990

Relative Humidity 0900 Average relative humidity at 0900 hours over the period 1961 to 1990

Relative Humidity 1500 Average relative humidity at 1500 hours over the period 1961 to 1990

Vegetation The dominant species of the tallest stratum

doi:10.1371/journal.pone.0099965.t001

Figure 1. Equine property locations and Hendra virus spillover hot spots. (A) Forty reported Hendra virus equine cases September 1994 to
December 2012 and 1,189 randomly selected control horse properties. (B) Hot spot analysis (Getis-Ord Gi*) identified areas of significant clustering of
spill-overs (Z Score.1.96 SD) along the central and northern coasts of eastern Australia.
doi:10.1371/journal.pone.0099965.g001
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Hendra virus spill-over on horse properties are mapped in

Figures 3A and B.

Discussion

Hendra virus was initially perceived as a Queensland problem,

with the first six reported equine incidents (1994–2004) occurring

in this state. That perception changed in 2006 when the first

equine case was reported in the neighbouring state of New South

Wales. While it is probable that under-reporting of cases occurred

historically, it is less likely post-2008, with increased industry and

public awareness following the fatal infection of a veterinarian.

However, any reporting bias is likely to be constant geographi-

cally, and thus unlikely to significantly impact our analysis. A lack

of serological surveillance data precludes inclusion of sub-clinical

infections. To date, all reported cases have occurred in eastern

Queensland and New South Wales, within the variably overlap-

ping geographic ranges of all four mainland Pteropus species [10].

We analysed the spatial distribution of reported Hendra virus

infections in horses and identified that spatial clustering existed.

Spatial clustering in the landscape is evidence of underlying spatial

processes, and the pronounced clustering at 40 km, a distance

consistent with the nocturnal foraging range of flying-foxes [36,37]

suggests the foraging ‘footprint’ of a roost as a biologically

plausible underlying spatial dynamic.

Hot spot analysis (Getis-Ord GI*) is a useful tool to identify

spatial clusters of both high and low values, and has previously

been used to model disease occurrence [38–41]. Our analysis of

Hendra virus spill-over events suggests multiple hot spots along the

eastern Australia coast from far north Queensland to central New

South Wales. The largest extends for nearly 300 km, and straddles

the Queensland-New South Wales border (Fig. 1B). This hot spot

includes almost half of all known events (19/40) to 31 December

2012. While it might be argued that the spatial significance is

Figure 2. Spatial autocorrelation (Global Moran’s I) of Hendra
virus spill-overs by distance. A peak Z Score at 40 km suggests that
spatial processes exist at this distance to produce pronounced spatial
clustering.
doi:10.1371/journal.pone.0099965.g002

Table 2. Identification and modelling of spatial and environmental variables for Hendra virus spill-overs using OLSa and GWRb.

OLS Model (Initial) OLS Model (Final) GWR Model

P. alecto 0.57 (0.06)***

P. conspicillatus 0.35 (0.07)*

P. poliocephalus 20.07 (0.05)* 20.09 (0.04)*** 20.08 (0.08)

P. scapulatus 20.21 (0.05)* 20.23 (0.05)** 20.20 (0.07)

P. alecto/conspicillatus 0.48 (0.06)*** 0.53 (0.05)*** 0.55 (0.06)

Distance to roost 20.01 (0.05)

Horse population 20.09 (0.04)** 20.07 (0.03)** 20.05 (0.05)

Horse properties 0.01 (0.04)

Annual Rainfall 0.02 (0.08)

Annual Mean Temp. 0.20 (0.22)

Annual Min. Temp. 20.07 (0.16) 0.21 (0.03)*** 0.14 (0.06)

Annual Max. Temp. 0.01 (0.16)

Relative Humidity 0900 20.06 (0.09) 0.14 (0.03)*** 0.06 (0.06)

Relative Humidity 1500 0.21 (0.11)

Vegetation 0.01 (0.01)

Adjusted R2 0.18 0.18 0.21

AIC 2991.78 2994.07 21037.00

Global Moran’s I (P) 0.53 0.18 0.62

aFor the OLS models, estimates correspond to the standardised coefficient and the standard error in parentheses.
bFor the GWR model, estimates correspond to the standardised mean coefficient and the standard error in parentheses.
*P,0.10,
**P,0.05,
***P,0.01 are statistically significant levels of the OLS model.
doi:10.1371/journal.pone.0099965.t002
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confounded by the unprecedented number of cases that occurred

in 2011, when this year is excluded, this hot spot still accounts for

nearly 30% of the events, and any effect of the temporal cluster

would not fundamentally impact our analyses. From an epidemi-

ological perspective, the preponderance of spillover events in this

region suggests either the existence of a predisposing causal factor

or better detection in this region. Combined, the identified hot

spots contain about 7% of equine control properties, translating to

around 8,000 equine properties at putative elevated risk of Hendra

virus infection in eastern Australia, and suggesting advantage in

spatially targeted risk mitigation approach.

In addition to identifying areas of evident increased spillover

risk, the hot spot analysis also suggested areas of decreased risk, or

‘cold spots’. While the findings are not statistically significant, the

putative ‘cold spots’ do correspond geographically to spatial

clusters of equine control properties, and support the concept of a

spatial risk gradient.

The geographically weighted regression analysis found the

combined density of P. alecto and P. conspicillatus to be the strongest

positive correlation with reported equine case locations in both the

OLS and GWR models (Table 2). While the flying-fox dataset

likely reflects observations of varying sampling intensity, the large

number of observations and the extended timescale over which

they were made supports its use to derive relative flying-fox species

density. The spatial distribution of Hendra virus spill-over events

and their association with flying-foxes has previously been

reported [20,42]. However, Field and Kung (2011) argue that

the relationship between horses and flying-foxes alone does not

explain the observed spatial pattern [43]. Field et al (2011) suggest

that some species of flying-foxes may play a greater role in the

transmission of infection to horses [44], implying that the pattern

of spill-overs may better reflect species preponderance. This

prospect is supported by the occurrence of multiple species of

flying-fox on mainland Australia, by their differing geographic

ranges, by the evident species-specific tropism of some bat viruses,

and by the spatial occurrence of Hendra virus spill-overs. Our

positive correlation of combined P. alecto and P. conspicillatus density

with equine case locations supports this thinking, and suggests that

these species play a primary role in the infection of horses. The

frequent detection of Hendra virus genome in the urine of these

two species further supports this contention [44] (Edson, D. et al,

unpublished).

Roberts et al (2011) [24] reported the southward expansion of

the range of P. alecto. Their reported rate of southern range

expansion (100 km per decade) plus our finding of the strong

correlation between P. alecto/P.conspicillatus density and equine case

location, suggests the likelihood of a future southward expansion of

Hendra virus equine cases, unless currently unidentified moder-

Figure 3. The final GWR model for the spill-over of Hendra virus in eastern Australia, with predicted (A) and residual (B) values. The
density of flying-foxes P. alecto and P. conspicillatus had the strongest positive correlation with reported Hendra virus spill-overs (A). An absence of
spatial autocorrelation of the residuals suggests additional (as yet unidentified) local risk factors play a role in Hendra virus spill-over from flying-foxes
to horses (B).
doi:10.1371/journal.pone.0099965.g003
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ating factors exist. The absence of reported equine cases in NSW

in the 1990s, the single case in 2006, and the cluster of cases in

2011 is consistent with this scenario.

The densities of P. scapulatus and P. poliocephalus have weak

negative or negligible correlations with equine cases, reflecting the

absence of equine cases in that part of their range not overlapping

P. alecto or P. conspicillatus. This lack of positive correlation suggests

P. scapulatus and P. poliocephalus play a limited role in the infection

of horses, and is consistent with the infrequent detection of Hendra

virus genome in the urine of these species [44] (Edson, D. et al,

unpublished), despite the presence of neutralising antibodies to

Hendra virus. While it might be suggested that the spatial

correlation between equine case locations and the combined

density of P. alecto and P. conspicillatus reflects an underlying

latitudinal trend rather than a biological correlation with these two

species, two observations argue against this: firstly, the absence of a

positive gradient between far north Queensland and southeast

Queensland (indeed the reverse is true); and secondly, the evident

negative correlation between Hendra virus excretion in P.

scapulatus and P. alecto at corresponding latitudes (Field, H. et al,

unpublished).

Thus, an increasingly plausible scenario is the occurrence of

species-specific Hendra virus ‘strains’ in Australian flying-foxes

with varying infectivity and/or pathogenicity to horses. The

related Nipah virus provides a relevant precedent, with the

‘Malaysian’ strain found in P. vampyrus, the ‘Bangladesh’ strain

found in P. giganteus, and both strains detected in the geograph-

ically intermediate P. lylei in Thailand [45]. This thinking prompts

science-based risk mitigation, and poses an alternative to the

current approach of assessing risk on the basis of flying-fox

occurrence collectively.

While the presence of horses is obviously a necessary

component of equine case causality, we found that the density of

horses had negligible correlation with equine case locations, and is

evidently not a significant risk factor. McFarlane et al (2011) found

the same [20]. This scenario plausibly reflects the ubiquitous

presence of horses throughout eastern Australia, albeit at varying

densities, and thus the a priori potential for spill-over. But given the

presence of horses, our findings show that the primary spatial risk

factor for spill-over and consequent equine cases is the occurrence

of P. alecto or P. conspicillatus. However, the lack of clustering of the

residuals in both the OLS and GWR models (Global Moran’s I,

P = 0.32 and Figure 3B) suggests additional unidentified spatial risk

factors likely play a role in Hendra virus spill-over. Visual

inspection of the residuals indicates that case properties have a

high positive residual (SD.1.96), while neighbouring properties

have a negative residual (SD,–1.00). These findings suggest that

while the distribution of P. alecto and P. conspicillatus is a significant

global risk factor for spill-over, additional local risk factors play a

significant, but as yet undetermined role. These factors might

include property attributes, and husbandry and management

practices that reduce the likelihood of flying-fox-horse interaction,

such as excluding horses from paddocks where flying-foxes are

active, and covering horse food and water points were possible [9].

Further investigations and comparisons between case and control

properties are needed to confirm these local risk factors.

Our analysis of climate data sought to identify correlations

consistent with the experimental findings of Fogarty et al (2008)

who reported that Hendra virus survivability decreases dramati-

cally as temperature increases [21]. Similarly, Scanlan et al (2014)

modelled the effect of temperature on Hendra virus survival in the

environment, finding a good temporal fit with the cumulative

annual clustering of spill-overs in the Australian winter [46]. Our

finding of a weak positive correlation (0.1460.06) between a

higher annual minimum temperature and spill-over is incongru-

ent, and is likely confounded by the northern geographic

distribution (higher minimum temperatures) of P. alecto and P.

conspicillatus. More broadly, the absence of any identifiable climatic

risk factor does not preclude its existence. It might be argued that

the period of the current standard 30-yr climate dataset

constrained our ability to identify any emerging climatic factors,

but more fundamentally there are inherent challenges in terms of

which variables to include in an analysis, and on what spatial scale.

With a nomadic natural host species able to move hundreds of

kilometres in a week, it is entirely plausible that a climatic risk

factor might manifest remote to a subsequent spill-over location.

Additionally, a climatic risk factor that acts indirectly and/or after

a time-lag (for example, annual rainfall on subsequent food

resource) poses confronting analytical complexity.

Conclusion
The threat of Hendra virus causes particular anxiety and

concern for horse owners in eastern Australia because of the very

high case fatality rates in infected horses and close contact

humans. Despite the recent availability of a vaccine for horses, it

remains important that horse owners continue to implement risk

management strategies that minimise horse exposure to Hendra

virus. Our findings validate anecdotal assessments of a spatial risk

component to Hendra virus infection in horses. They indicate that

equine incidents are indeed spatially clustered, indicating under-

lying spatially occurring risk factors, and that multiple equine

infection hot spots exist along the eastern Australia coast.

Furthermore, we have shown that the density of two related

species of flying-fox, P. alecto and P. conspicillatus, has a strong

positive correlation with equine case locations. This finding

suggests that these species play a primary role in Hendra virus

infection of horses. We continue to seek other unidentified risk-

contributing variables and to refine our model accordingly.
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