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Objective To use simulation modelling to predict the potential
spread and to explore control options for a foot-and-mouth disease
(FMD) incursion in a mixed wild pig–domestic cattle ecosystem in
northern Australia.

Design Based on aerial surveys, expert opinion and published
data, the wild pig and grazing cattle distributions were simulated. A
susceptible–infected–resistant disease-spread model was coded
and parameterised according to published literature and expert
opinion.

Methods A baseline scenario was simulated in which infection
was introduced via wild pigs, with transmission from pigs to cattle
and no disease control. Assumptions regarding disease transmis-
sion were investigated via sensitivity analyses. Predicted size and
length of outbreaks were compared for different control strategies
based on movement standstill, surveillance and depopulation.

Results In most of the simulations, FMD outbreaks were pre-
dicted to be ongoing after 6 months, with more cattle herds
infected than wild pig herds (median 907 vs 22, respectively).
Assuming only pig-to-pig transmission, the infection routinely died
out. In contrast, assuming cattle-to-cattle, cattle-to-pig or pig-to-
cattle transmission resulted in FMD establishing and spreading in
more than 75% of simulations. A control strategy targeting wild
pigs only was not predicted to be successful. Control based on
cattle only was successful in eradicating the disease. However,
control targeting both pigs and cattle resulted in smaller outbreaks.

Conclusions If FMD is controlled in cattle in the modelled ecosys-
tem, it is likely to be self-limiting in wild pigs. However, to eradicate
disease as quickly as possible, both wild pigs and cattle should be
targeted for control.
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When an infection is shared between domestic livestock
and wildlife, the spatial and temporal interface between
them is a dynamic feature and includes both direct and

indirect contact. The interface commonly occurs at physical contact

points where both populations access communal resources, for
example, watering points.1 Although some studies have attempted to
estimate contact rates between livestock and wildlife,2 factors that
drive disease transmission between livestock and wildlife populations
inhabiting the same landscape are not well understood.3,4 The pres-
ence of an alternate host species is expected to increase the rate and
extent of regional disease spread and might lead to disease persistence
when otherwise it would die out in a single species.

Wild pigs and wild boar (both Sus scrofa) are infected by a range of
diseases that also infect domestic livestock, including serious
transboundary animal diseases such as foot-and-mouth disease
(FMD), classical swine fever (CSF) and African swine fever. Australia
is free of these diseases, with government and industry investing in
prevention and preparedness to ensure that any incursion will be
managed effectively and efficiently. The presence of infected wild
animal populations (particularly wild pigs and deer) in FMD out-
breaks in temperate countries is a fear because it could complicate
both control and eradication efforts, and the demonstration of
freedom.5 Despite this concern, relatively little is known about the
probability of disease transmission between domestic and wild animal
populations. Simulation modelling provides a means for making
informed judgments about disease control in the absence of detailed
empirical data.

In Australia, national response plans to the incursion of an exotic
disease such as FMD recognise that wild (feral) pigs might be infected
and might act as a reservoir of infection.6 Optimal planning requires
a good understanding of disease ecology across livestock and wild pig
populations, especially at the livestock–wildlife interface. In the
absence of the occurrence and analysis of real epidemics in Australia,
disease modelling studies can assist contingency planning.

Some modelling to investigate the role of wild pigs in FMD outbreaks
has been conducted previously in Australia.7–9 Some results indicated
that FMD would transmit rapidly through wild pig populations and
that culling of impractically high proportions of wild pig populations
would be required to induce disease fadeout.7 Subsequently, there
have been calls for the eradication of wild pigs from Australia,10,11

although largely impractical in remote landscapes in northern Aus-
tralia. Modern modelling approaches are providing new insights to
infection dynamics.5,9,12 This provides an opportunity to study the
livestock–wildlife interface, using potential epidemics of FMD in wild
pig and cattle populations in Australia. Such approaches can improve
response plans by providing disease managers with a good under-
standing of the potential role of wild pigs in the establishment, main-
tenance and spread of diseases such as FMD should they be
introduced. In this study, we used simulation modelling to investigate
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the potential spread and control of FMD in a mixed wild
pig−domestic cattle ecosystem in the Kimberley region of northern
Australia.

Materials and methods

Study area
The study area covered approximately 10,000 km2 and comprised six
pastoral leases in the Kimberley region of northern Western Australia
(Figure 1). This is a large, remote and sparsely populated region where
cattle are raised under extensive grazing systems. Pigs were introduced
by European settlers during the late 19th century and subsequently
became wild.13 The area has a tropical monsoonal climate (mean
annual rainfall 484 mm, range 163–907) and hot temperatures (mean
daily maximum temperature 30–39°C, range 18–46°C).

Aerial survey
In August 2010, aerial surveys of the study area were conducted
(designed using Distance 6.014 automated algorithms and distance
sampling15 and mark-resight (double observer)16 methodology) to
determine the abundance and distribution of wild pigs and to assess
group sizes of cattle. The results were combined with previous popu-
lation estimates for cattle and pigs17–19 and leaseholder information to
develop population distributions for disease-spread modelling.

Transects were flown in a north−south direction at 50 m above
ground level and a speed of approximately 45 kph in an R44 helicop-
ter. Surveys were undertaken during 1 week in August 2010 in the first
3 h after sunrise (≈ 0600 hours) and the last 3 h before sunset (≈17:30
hours). Areas around major permanent water sources (the Fitzroy and
Margaret rivers) were searched for up to 4 km to include likely wild
pig home ranges.3,12,20 The study area was searched using systematic
random transects to cover areas of expected high and low density.21,22

Animals were enumerated by subtised recordings using a modified
keyboard linked to a portable notebook laptop running specialist
aerial survey recording software (Aerial Survey Logger; S. McLeod and
J. Tracey, Vertebrate Pest Research Unit, NSW Department of Primary
Industries, Orange), which includes a continuous GPS track and sight-
ing recording system.23 Sighting distances were based on vertical
sighting poles attached to a cross-beam fixed through the cabin of the
helicopter. Transect sightings data, reconciled for the three observers,
was imported into Distance 6.0.14 Data were analysed using distance
methods, as recommended by Buckland et al.21 and mark-resight
(double observer) techniques,24 using the Distance software.

Population at risk
The average cattle density in the west Kimberley region is reported17 to
be 7 cattle/km2. For modelling purposes, a spatial data set of cattle
herds was synthesised. A herd is defined as a co-mingling group of
grazing cattle, which can be considered the basic epidemiological unit
for disease transmission purposes in this environment where a single
paddock may be extensive. Within the study area, most leases have
separate paddocks, which are usually defined by fences and sometimes
include geographical features such as rivers. Paddocks are large: on
average approximately 33,000 ha, but can range up to approximately
50,000 ha.17 In general, more than one discrete group of cattle can be
found within a paddock; groups are defined by the available water
sources within a paddock.

Cattle do not strongly associate with one another and instead exhibit
general gregariousness rather than tightly-knit social groups. Cattle
exhibit home range fidelity and in arid Australia some cattle may graze
up to 9 km from their watering source each day.25–29

The cattle population dataset was created based on known densities,17

property records and aerial survey data. Two of the six leases in the
study area essentially have no management of cattle and no paddock
structure, with cattle tending to aggregate along the floodplain on
these leases. Periodic, ad hoc mustering is practised. The four other
leases maintain a number of breeder herds that are placed in paddocks
with permanent water. Mustering occurs once or twice yearly between
May and October,17 when weaners are removed from breeder herds
and collected into an age or sex cohort.

The total population of cattle in the study region was estimated by
multiplying the area of cattle habitat by the average density of cattle
(7 cattle/km2). The area around water sources was assumed to be
habitable and divided into four concentric rings to allow declining
cattle densities as the distance from water increases (see behaviour and
management section for justification). These rings were 0−2, 2.1−4,
4.1−6 and 6.1−7.5 km from water and were based on previous
research,17 aerial surveys and information provided by producers in
the study area. Densities of cattle for each ring were iteratively calcu-

lated using the arbitrary function density
x

= −14 2
547
1000 (where x is dis-

tance to water) in order to simulate a population that declines in
density as distance to water increases. However, the overall cattle
density estimated (7 cattle/km2) was maintained, which resulted in
densities of 13, 11, 7 and 1 cattle/km2 for each ring, respectively.

Wild pigs are highly social animals that live predominantly in herds
and in close proximity to water sources.3,4,19,30–33 Previously, Cowled

Figure 1. Map of the location of an area in north-west Australia selected
to investigate, via disease outbreak simulation modelling, the potential
spread of a foot-and-mouth disease incursion in a population of exten-
sively managed cattle and wild pigs.
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et al. used information from the literature to estimate the distribution
of wild pigs in the study area.31 In the current study, this distribution
was modified according to the results of the aerial surveys conducted,
which included modified estimates of the overall density of wild pigs
in the study area and the maximum distance pigs were observed from
major waterways.

Epidemiological parameters (FMD) and model logic
A stochastic, spatially explicit microsimulation model that operates
within a geographic information system (GIS) was developed. The
model was adapted from an approach previously described for mod-
elling CSF incursions in wild pigs in Australia.31 A state-transition
approach is used to represent the infection process and herds (pigs
or cattle) may transition through susceptible−latent−infectious−
recovered states. The application was coded in MapBasic® and imple-
mented in Mapinfo® (Pitney Bowes, http://www.mapinfo.com/
products/applications/mapping-and-analyticalapplications).

The model takes into account spatial relationships, cattle and wild pig
social structures and species ecology and behaviours, including man-
agement practices in the case of cattle. Social units (herds) of pigs and
cattle are represented individually and all units have an area over
which they will move each day (daily home range).

Within the model, pig-to-pig (interherd) transmission can occur
when daily home ranges of infectious and susceptible groups inter-
sect, and the daily probability of infection was assumed to be 0.27. In
the absence of good data on FMD transmission in wild pigs, this
parameter has been estimated from analysis of FMD outbreaks in
domestic pigs, notably the large epidemic in pigs in Taiwan in 1997.34

Cattle-to-cattle (interherd) transmission may occur through the fol-
lowing infection pathways.

1. Shared watering points: assumes that all herds within the same
paddock that share a watering point with an infected herd have a
daily probability of infection.

2. Proximity: herds within the same paddock that do not share a
watering point, but that may come in ‘contact’ (as measured by
intersecting daily home ranges) also have a probability of infection.

3. Indirect contact: fomite transmission between cattle herds on the
same lease associated with normal management practices.

4. Cattle movements: seasonal movements that mix and move cattle
(e.g. turn-off, weaning).

With no experience of FMD in this environment, it is impossible to
precisely set parameters for these pathways. The daily probability of
infection for these pathways was assumed to be 0.14, 0.05, 0.001 and
4.75, respectively, based on previous research and expert opinion35,36

taking into account local environment and management factors. For
example, indirect contact between cattle herds on the same lease will
be mainly associated with vehicle movements (bore runs) with an
estimate of one indirect contact per herd per week and probability of
transmission in this environment considered as very low (0.01). For
cattle movements, we assume that during mustering, one infected
herd will come in contact with five other herds sufficiently close that
FMD transmission could occur. Because mustering is likely to involve
close contact between individual animals, we assumed a 95% prob-
ability of transmission if a herd is infected.

Transmission of infection from infectious pig herds to susceptible
cattle herds, and from infectious cattle herds to susceptible pig herds,

may occur when daily home ranges intersect, in proportion to the
area of home range intersection, time since the source herd was
infected (within-herd prevalence) and size of the source and exposed
herds. The risk of infection is higher from pigs to cattle than from
cattle to pigs because pigs excrete larger amounts of virus than cattle
and cattle are highly susceptible to infection by inhalation compared
with pigs.37 The assumed daily probability of infection was 0.13 and
0.01, respectively.

Periods of cattle and pig herd latency, infectiousness and immunity
were modelled as triangular statistical distributions, as previously
described by Ward et al.,35 based on expert opinion.

Control and surveillance
The model simulates control measures consistent with Australia’s vet-
erinary emergency control plan (AUSVETPLAN) for FMD.6 This
involves quarantine of infected premises and area movement restric-
tions, tracing of animal movements and surveillance, and culling of
infected and exposed animals on infected and dangerous contact
premises. Vaccination is unlikely to be considered in this remote area
with low stocking rates. In the event that wild animals are found to be
infected, a wildlife population reduction program would be applied.38

Control of FMD outbreaks in cattle in temperate countries involves
three measures: all direct cattle movements and indirect contact cease
after the index case is discovered, surveillance through stock inspec-
tions is implemented and stamping out (destruction and disposal of
cattle on infected premises) is carried out. We assumed all infected
cattle herds would be detected. The time from onset of clinical signs to
reporting was modelled as a triangular statistical distribution (7, 10, 14
days). We assumed that it would take 1 day to muster and cull cattle in
an infected paddock. Because of the very large size of pastoral hold-
ings in the study region, we assumed that only cattle in paddocks
where infection is found would be destocked. Disease control in wild
pigs is based on a control zone of 10-km radius around infected herds
that have been detected. Within this zone, pig herds are culled, based
on the likelihood that individual groups are sighted and culled. We
assumed the probability of sighting and culling pig herds in the
control zone to be 80%.39 A 10-km surveillance zone is applied outside
the control zone and sampling of herds in the surveillance zone is also
undertaken. If new infected cattle or pig herds are detected, then
control and surveillance activities are expanded appropriately.

Simulations (sensitivity analyses, experiments and scenarios)
We considered initial infection of wild pigs with subsequent transmis-
sion within the pig population and between the pig and cattle popu-
lations (mixed species infection) to be the most plausible way FMD
would be introduced and spread in this region and accordingly this
was our ‘reference scenario’. To investigate the importance of the
multi-host system, the potential spread of disease in pig populations
only and in cattle populations only (single-species infection) were
simulated separately. To start a simulation, FMD virus was introduced
to a randomly selected wild pig or cattle herd. Infection was then
allowed to spread for 6 months with no control implemented and 200
simulations were used for all scenarios.

Given the uncertainty around FMD transmission in this setting (FMD
has never occurred in this region), a sensitivity analysis of the trans-
mission probabilities was undertaken by halving and doubling the
baseline parameter estimates.
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In a second set of studies, the effectiveness of control measures was
evaluated in a mixed species outbreak using the reference scenario
(FMD randomly introduced into the pig population, with transmis-
sion from pigs to cattle and cattle to pigs permitted). Disease was
assumed to be detected 30, 60 or 90 days after introduction. The effects
of targeted control of pigs only, cattle only and pigs plus cattle were
separately considered.Again, the model was run for 6 months with 200
simulation runs in each case.

Outcome measures
The mean proportion of FMD introductions in which disease estab-
lished (still spreading at 6 months), the mean number of infected
herds at 6 months, the mean incidence rate (number of herds infected
per day), the mean total area infected (km2) at 6 months and the mean
cumulative incidence were calculated for both wild pig and cattle
herds. Prediction intervals (PI) were calculated for outcomes to
provide an indication of variability in results. This was achieved by
ranking each outcome in each scenario for all 200 model runs; the 95%
PI was then the 10th and 190th ranked values.

Results

Aerial survey
During the aerial surveys that were carried out in August 2013, 1263
cattle herds were observed. The median herd size was 4 (Q1−Q3:
2−10), with a range of 1 to approximately 1000 cattle. Cattle herd sizes
observed during aerial surveys resembled a Poisson or negative bino-
mial distribution with a mean of 1, although over-dispersion was also
evident. Cattle herd sizes were arbitrarily simulated using a Poisson

distribution (20% of herds, mean = 1), a uniform distribution (0.5% of
herds 1−1000) and a BetaPert distribution (79.5% of herds, lowest = 1,
most likely = 3, highest = 40) to derive a probability distribution that
visually resembled that observed during the aerial survey. These herds
were then randomly distributed across the study area (Figure 2),
although care was taken to distribute them in concentric rings around
waterways according to the densities derived before. The study area
was estimated to contain approximately 79,400 cattle in 8231 func-
tional herds in 84 paddocks covering the six pastoral leases.

Overall, a total of 208 wild pigs in 48 groups were counted in the aerial
survey, an estimated density of 0.62–1.68 wild pigs/km2. Assuming
1 pig/km2 of suitable habitat for the aerial survey area (6818 km2),
a total of 1190 pigs located in 275 functional herds (Figure 3) was used
in disease-spread modelling.

Baseline model simulations
In the mixed species infections, outbreaks of FMD were predicted to
establish and still be spreading at 6 months in 75−81% of introduc-
tions, with larger outbreaks being seen when disease was introduced
via the pig population (reference scenario) (Table 1). A typical
example of a disease outbreak simulation is shown in Figure 4. Smaller
outbreaks were seen in the single-species scenarios. In the cattle-only
scenario, FMD was also likely to establish and spread, with infection
still active at 6 months in 62% of runs. In contrast, in the pig-only
scenario, FMD inevitably died out without intervention. The median
survival time was only 19 days (95% PI, 12–52). In 64.5% of runs, the
infection did not spread beyond the initial infected herd, compared
with 4.5% of runs in the cattle-only scenario.

Figure 2. Map of study region showing pastoral leases, paddocks and simulated distribution of cattle herds. Note: for one lease the paddock
boundaries were unavailable and 10 × 10 km grid cells were used to distribute the cattle population.
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The largest outbreaks in both cattle and pigs (herds infected and
cumulative incidence) and area infected occurred in the reference
scenario (Table 1): a median of 2941 (95% PI, 1–5658) cattle herds
were predicted to be infected across an area of 5634 km2 (95% PI,
0–9259). Cumulative incidence of infection for cattle herds was 35.7%
(95% PI, 0–72.9). In addition, there was a median of 87 (95% PI,
1–186) pig herds infected with a cumulative incidence of 31.5% (95%
PI, 0.3–67.6). Mixed species infection initiated in the cattle population
was slightly smaller. For cattle only outbreaks, fewer herds were

infected: median cumulative incidence 14.9% (95% PI, 0–60.7). In
contrast to the mixed and cattle-only scenarios, for the pig-only out-
breaks there was very little spread: median cumulative incidence 0.4%
(95% PI, 0.4–1.5).

Sensitivity analyses
Not surprisingly, increasing the value of the epidemiological trans-
mission parameters for the reference scenario resulted in a greater
proportion of epidemics establishing: 91% compared with 81% for the

Figure 3. Map of study region showing the distribution of simulated wild pig herds. Note: for one lease the paddock boundaries were unavailable and
10 × 10 km grid cells were used to distribute the pig population.

Table 1. Predictions from a model simulating infection of extensively managed cattle and wild pigs by foot-and-mouth disease virus in north-west
Australia, based on different assumptions regarding intra- and interspecies disease transmission

Experiment Outbreaksa Cattle Pigs

Herds infectedb Area infectedc Cumulative
incidenced

Herds infected Area infected Cumulative
incidence

Pig-to-cattle* 81 2941 (0–6000)e 5634 (0–9259) 35.7 (0–72.9) 87 (1–186) 3205 (0–5634) 31.5 (0.3–67.6)

Cattle-to-pig 75 2373 (1–5658) 4645 (0–8724) 28.9 (0.1–68.7) 79 (0–170) 2506 (0–5501) 28.5 (0–61.8)

Cattle-to-cattle 62 1223 (1–5001) 2585 (0–7945) 14.9 (0–60.7) − − −
Pig-to-pig 0 − − − 1 (1–4) 0 (0–3) 0.4 (0.4–1.5)

No disease control was assumed and the model was simulation for 200 iterations for 180 days for each experiment.
*Reference scenario (initial infection of wild pigs with subsequent transmission within the pig population and between the pig and cattle
populations, and no disease control).
aProportion (%) of all simulations in which a single point introduction leads to disease transmission still occurring at 6 months. bTotal number of
herds infected throughout the simulation. cArea (km2) of a minimum convex hull (MCH) established around every infected herd throughout the
epidemic. NB: MCH requires at least three points. dProportion (%) of herds infected, the total number of infected herds ÷ total herds in contiguous
population. eMedian (95% prediction interval).

PRODUCTION ANIMALS

PR
O

D
U

C
TI

O
N

AN
IM

AL
S

© 2015 Australian Veterinary AssociationAustralian Veterinary Journal Volume 93, No 1–2, January/February 20158



baseline parameters (Table 2). It also resulted in a larger epidemic size,
particularly for the predicted number of herds infected and size of
area infected (1.5−2.1 fold increases). Conversely, decreasing trans-
mission parameters reduced the proportion of epidemics that estab-
lished and spread (57%), and reduced the number of infected herds
and size of the area infected (Table 2).

Control measures
A control strategy targeting wild pigs only was not predicted to be
successful. Assuming FMD was detected 30 days after introduction, in
a control program focused only on wild pigs, but involving cattle, 39%
of outbreaks would still be active at 6 months (Table 3). A control
program focused on cattle only, or including both cattle and pigs,

Figure 4. An example of a disease outbreak simulation of foot-and-mouth disease incursion in a population of extensively managed cattle and wild
pigs in north-west Australia.

Table 2. Predictions from a model simulating infection of extensively managed cattle and wild pigs by foot-and-mouth disease virus in north-west
Australia, based on different assumptions regarding intra- and interspecies disease transmission

Experiment Outbreaksa Cattle Pigs

Herds infectedb Area infectedc Cumulative
incidenced

Herds infected Area infected Cumulative
incidence

Baseline transmission 81 2941 (0–6000)e 5634 (0–9259) 35.7 (0–72.9) 87 (1–186) 3205 (0–5634) 31.5 (0.4–67.6)

Half transmission 57 626 (0–4093) 1055 (0–6662) 7.6 (0–49.7) 12 (1–118) 263 (0–4218) 4.3 (0.4–42.7)

Double transmission 91 5902 (0–7419) 8469 (0–10469) 71.7 (0–90.1) 183 (1–222) 5098 (0–6923) 66.5 (0.4–80.7)

Sensitivity analysis of the reference scenario (FMD introduction in a randomly selected pig herd, transmission between pig herds, pig herds to
cattle herds and between cattle herds, and no disease control) was performed by halving and doubling the baseline transmission.
aProportion (%) of all simulations in which a single point introduction leads to disease transmission still occurring at 6 months. bTotal number of
herds infected throughout the simulation. cArea (km2) of a minimum convex hull (MCH) established around every infected herd throughout the
epidemic. NB: MCH requires at least three points. dProportion (%) of herds infected, the total number of infected herds ÷ total herds in contiguous
population. eMedian (95% prediction interval).
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always resulted in eradication within 6 months. Compared with
control targeting pigs only, targeting both pigs and cattle resulted in
larger control areas, a similar number of pig herds culled but a greater
likelihood of eradicating the disease (100% compared with 61%) with
an average 69-day reduction in the time needed to control an outbreak
(Table 3). Compared with control targeting cattle only, targeting both
pigs and cattle resulted in shorter outbreaks (on average a 7-day
reduction), fewer cattle herds culled and a smaller control area
(Table 3). Even with delayed detection (at 60 days and 90 days), a
control strategy in which both cattle and pigs were targeted minimised
the time to eradication and number of cattle culled (data not shown).

Discussion

This study demonstrated that a different disease pattern will occur in
a two-species disease ecosystem compared with each species consid-
ered in isolation. Considering wild pigs in isolation, FMD inevitably
died out in a relative short time frame (weeks) in the Kimberley
environment. This is not surprising, given the relatively small number
and limited distribution of pig herds (based on aerial surveys, we
estimated that there were 1190 pigs in the study area) compared with
cattle (approximately 79,400 grazing cattle). In the cattle-only sce-
nario, the disease was more likely to establish and spread, although
there was a 38% probability that it would die out within 6 months.
However, when wild pig–cattle interactions were taken into account,
outbreaks were invariably larger and disease more likely to persist.
The findings suggest that if FMD is controlled in cattle, it is likely to be
self-limiting in wild pigs, which has important implications in terms
of disease response and resource management in this remote region.

In the event of an FMD incursion in this wildlife–livestock ecosystem,
simulation results suggest that it is the cattle population that deter-
mines the outcome. The likely reasons for this include cattle existing
in the study area at higher densities, being more dispersed, having
larger home ranges (because this species is less reliant on water-
courses) than the wild pig population and being moved large distances

during routine management practices. Because of the
interconnectedness of the cattle population, disease could be sus-
tained, thus allowing regular spillover of infection to the wild pigs that
share this landscape.

Disease control focusing on depopulation of wild pigs was predicted
to lead to only slightly smaller outbreaks compared with the uncon-
trolled situation (reference scenario). There was only a 61% probabil-
ity of FMD being eradicated with a pig-only control program. In
contrast, control only in cattle always led to eradication, suggesting
that pigs at the density observed in our study area would act as a
spillover species for FMD. However, control of both pigs and cattle
resulted in the shortest time to eradication. Thus, if time to eradication
is a driving force in the response to an incursion (i.e. to regain FMD-
free status and resume trade), then both species need to be included in
the disease management plan. If there are limited resources available,
then focusing on controlling FMD in cattle is likely to be the preferred
approach in the first instance. Once this has been achieved, assessing
the disease status of the wild pig population would then become a
priority.40 Although the role of wild pigs in the spread of disease in this
ecosystem might be minor, an equally important issue is the demon-
stration of disease freedom once an incursion has been controlled.
The cost–benefit of controlling the wild pig population in such sce-
narios also needs to be assessed.

Previous disease-spread modelling of CSF in this population of wild
pigs found that disease was likely to spread quickly.31 However, in that
study, higher wild pig densities (based on expert opinion) were
assumed. In the current study, we used lower density values based on
an aerial survey. The different findings from the two studies suggest
that the optimal approach to managing an exotic disease incursion
involving wild pigs is likely to be very sensitive to the distribution and
density of the pig population. If this is the case, then a key component
of the response should be to determine the distribution and abun-
dance of the local wild pig population (also recognising that wildlife
populations can change quickly in response to weather and other
seasonal events and the availability of natural resources). Based on

Table 3. Predictions from a model simulating infection of extensively managed cattle and wild pigs by foot-and-mouth disease virus in north-west
Australia, using three different disease control strategies: culling pigs only, cattle only or cattle and pigs using the reference scenario (FMD introduc-
tion in a randomly selected pig herd, transmission between pig herds, pig herds to cattle herds and between cattle herds, and no disease control)

Metric Control strategy

Pigs only Cattle only Cattle and pigs

Probability of eradicationa 60.9% 100% 100%

Time to eradication (days)b 111 (52–174) 49 (31–105) 42 (31–74)

Control area (sq km)c 146 (6–359) 335 (60–1079) 283 (55–1021)

Cattle herds culled − 349 (83–941) 329 (71–902)

Total cattle culled − 3332 (730–9986) 3264 (730–8529)

Pig herds culled 20 (3–49) − 20 (0–71)

The model was simulation for 200 iterations for 180 days for each scenario and disease detection was assumed to occur at day 30. Note that disease
died out before 30 days (without any intervention) in 21 out of 200 runs.
aNumber of simulations where disease was eradicated divided by total simulations. bDays until outbreak controlled: number of days from
introduction until there are no infected cattle or pigs left (or if infection still present at 180 days, outbreak uncontrolled). cArea (km2) of a minimum
convex hull established around every infected herd throughout the epidemic.
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distribution and abundance estimates, an optimal response strategy
can then be developed. It should be noted that the response will also
depend on the nature of the disease. In the case of CSF, a persistent
carrier state in pigs exists, but this is not the case for FMD. This also
needs to be taken into account when assessing the role a species may
play in maintaining and spreading disease.

The sensitivity analysis of the simulation model used in this study
identified (as expected) the critical importance of understanding
within- and between-species transmission. We assumed that the daily
probability of infection occurring, given that two wild pig herds
(infectious and susceptible) come into contact, was 0.27 when the
infectious group is fully infectious. It should be noted that the actual
parameter value is weighted by within-group prevalence of the infec-
tious group, so that it is initially low when the herd is first infected,
increases as the disease spreads within the herd and falls as individual
animals become immune. The actual average daily value over the full
infectious period was 0.10 in our simulations. In essence, if two pig
herds’ home ranges intersect on any given day, the average daily
probability that transmission would occur is approximately 10%. This
value will vary with the stage of infection in the infectious herd. Also,
transmission based on the intersection of home range assumes both
direct and indirect contact; that is, the temporal component of actual
daily movement within a herd’s home range is ignored. Retrospective
analysis of model output of pig-only runs (n = 50) indicated that,
based on the number of newly infected herds during the simulations,
the daily transmission rate was 0.026. Assuming an average 14-day
infectious period, this would equate to an interherd basic reproduc-
tion number (RO) of 0.36 (95% confidence interval (CI), 0.23−0.5).
Thus, it is not surprising that most simulated epidemics in the pig-
only transmission scenario died out. Even doubling the pig-to-pig
transmission probability had little effect (results not shown), suggest-
ing that it is a lack of contact between herds in the study area that is
important. In fact, the estimated average daily contact rate in our
dynamic model (for each simulation, the total contacts that infectious
groups had divided by the duration of the outbreak) was 0.225 per day.
An infectious herd would have an average of three contacts over its
infectious period in this environment, with only approximately 10%
chance that transmission would occur (assuming the contacted group
is susceptible).

For cattle, retrospective analysis of model output indicated that the
daily transmission rate was 0.212 and assuming an average infectious
period of 17 days, the estimated RO was 3.6 (95% CI 3.1−4.1). This
value is plausible; for example, Perez et al. estimated that the interherd
RO for the 2001 Argentine FMD outbreak in cattle ranged from 2.4 to
3.8, prior to implementation of control measures.41 In contrast, we
estimated the RO for FMD transmission between domestic pig herds
in Taiwan in 199735 (based on 717 herds infected during the first 2
weeks prior to implementation of mass vaccination and an average
herd infectious period of 14 days) to be approximately 2.0. This illus-
trates the unique characteristics of the ecosystem simulated in the
current study; the grazing cattle population is likely typical of exten-
sively managed systems throughout the world, whereas disease trans-
mission in the wild pig population is very different to the situation in
domestic pig production systems. When these two species are consid-
ered within the same wildlife–livestock ecosystem, the spread of FMD

predicted by disease modelling can reveal insights that inform disease
control policy.

Conclusions

Within the studied ecosystem, the ability of each species to spread and
sustain FMD is likely different. Because of management (cattle main-
tained at much higher density), ecology (cattle can roam further from
water sources) and epidemiology (cattle might act as the disease res-
ervoir in this ecosystem), control of the disease in cattle needs to be
prioritised. However, to quickly achieve eradication and, importantly,
to demonstrate disease freedom, response strategies must include wild
pigs. The results of this simulation study puts into perspective the role
that wild pigs might play in an incursion of FMD. The eradication of
wild pigs will not substantially reduce the risk of FMD outbreaks in
such northern Australian ecosystems, but their control remains
important after an outbreak occurs.
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