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To maintain and strengthen Australia’s competitive international advantage in sheep

meat and wool markets, the biosecurity systems that support these industries need

to be robust and effective. These systems, strengthened by jurisdictional and livestock

industry investments, can also be enhanced by a deeper understanding of individual

producer risk of exposure to animal diseases and capacity to respond to these risks.

This observational study developed a Vulnerability framework, built from current data

from Australian sheep producers around behaviors and beliefs that may impact on their

likelihood of Exposure and Response Capacity (willingness and ability to respond) to

an emergency animal disease (EAD). Using foot and mouth disease (FMD) as a model,

a cross-sectional survey gathered information on sheep producers’ demographics,

and their practices and beliefs around animal health management and biosecurity.

Using the Vulnerability framework, a Bayesian Network (BN) model was developed as

a first attempt to develop a decision making tool to inform risk based surveillance

resource allocation. Populated by the data from 448 completed questionnaires, the

BN model was analyzed to investigate relationships between variables and develop

producer Vulnerability profiles. Respondents reported high levels of implementation of

biosecurity practices that impact the likelihood of exposure to an EAD, such as the

use of appropriate animal movement documentation (75.4%) and isolation of incoming

stock (64.9%). However, adoption of other practices relating to feral animal control

and biosecurity protocols for visitors were limited. Respondents reported a high uptake

of Response Capacity practices, including identifying themselves as responsible for

observing (94.6%), reporting unusual signs of disease in their animals (91.0%) and

daily/weekly inspection of animals (90.0%). The BN analysis identified six Vulnerability

typologies, with three levels of Exposure (high, moderate, low) and two levels of Response

Capacity (high, low), as described by producer demographics and practices. The most
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influential Exposure variables on producer Vulnerability included adoption levels of visitor

biosecurity and visitor access protocols. Findings from this study can guide decisions

around resource allocation to improve Australia’s readiness for EAD incursion and

strengthen the country’s biosecurity system.

Keywords: Bayesian network model, foot and mouth disease, biosecurity, vulnerability, Australian sheep

producers, surveillance, partnership

INTRODUCTION

The Australian sheep industry has long been recognized for
its significant contribution to the global sheep meat and wool
industries (1). Protecting the sheep meat and wool industries
in the face of increasing global risks associated with significant
disease outbreaks such as foot and mouth disease (FMD) (2–4)
and maintaining Australia’s clean and green reputation should
remain a high priority. The current animal health surveillance
system for notifiable diseases includes targeted programs but
also relies on general surveillance primarily underpinned by
producers notifying their private or government veterinarian of
unusual signs of disease. By strengthening the capacity of rural
communities and the producers themselves to rapidly identify
and contain any possible future emergency animal disease (EAD)
outbreaks will enhance preparedness of the existing surveillance
systems (2, 5–7).

Historically, Australian Government resources have facilitated
locally based veterinarians and supported personnel spending
time on-farm. In keeping with global trends (8–10), these
resources are decreasing, resulting in a weakening of local
relationships and diminishing the strong surveillance networks
that previously existed (2, 11–13). The “shared responsibility”
approach to surveillance adopted by the Australian Government
(4) has great potential. However, in practice, it has not been
met with a consistent level of engagement by stakeholders (10).
This has resulted in a perception among producers that the
government is devolving itself of responsibility for surveillance
and decreasing the priority of livestock industries more generally,
further undermining the surveillance system (2, 14).

Any weakening of partnerships within the surveillance system
is of particular concern within the sheep industry, which has
traditionally had lower levels of engagement with animal health
professionals (15, 16). Learnings from the FMD outbreak across
the United Kingdom suggest that sheep are likely to play a
significant role in any undetected occurrence and spread of
FMD in the event of an outbreak because of the variable
and transient nature of ovine FMD symptoms (6, 17, 18). As
part of maintaining and strengthening protective biosecurity
and surveillance strategies, and strengthening partnerships,
understanding the diversity of the sheep industry and its unique
risk profile is vital.

Risk-based approaches to surveillance for FMD could reduce
the probability of threats occurring and assuage consequences
of a possible FMD outbreak in Australia. These approaches
can assist the identification of potential routes of entry and
establishment of FMD and effective allocation of resources for
surveillance and response (2, 8). The foundation of such an

approach is a comprehensive understanding of the factors that
may influence both likelihood of exposure to FMD and the
response capacity (willingness and ability) to respond to an
outbreak. At a national level, East et al. (5) used a multicriteria
analysis and found that current surveillance efforts are effectively
targeting the highest risk areas for an FMD incursion. Subsequent
research has highlighted further opportunities for improving
FMD outbreak preparedness by decreasing the time between
introduction and diagnosis (19). Garner et al. (20) also showed
an inverse correlation between the likelihood of successful
eradication of FMD and the time taken for initial diagnosis.

To reduce the time taken between infection and diagnosis,
understanding biosecurity beliefs and practices of producers and
those regularly in contact with livestock is paramount (12, 21).
This includes the ability to recognize unusual signs of disease
in livestock and to take appropriate steps to get a diagnosis
(22). When modeling the spread of FMD from a single index
farm, one of the most influential factors was found to be
the ability of the producer to detect unusual signs leading to
identification of FMD (23). Therefore, any risk-based approach
to surveillance needs to be informed by stakeholder engagement,
including producers’ beliefs and practices around their role in
general surveillance, defined in this study as monitoring for,
recognizing, and reporting unusual signs of disease in their
animals (22, 24–27).

To inform risk-based approaches to strengthening
surveillance strategies, an EAD risk characterization of livestock
producers based on FMD vulnerability was developed from
a cross-sectional survey that collected producer information
from the FMD-susceptible livestock industries in Australia. The
survey data were then used to populate a Bayesian Network (BN)
model for analysis of producer vulnerability (28). This paper
focuses on Australian sheep producers’ beliefs and practices
that may influence their likelihood of exposure and capacity
to respond to an FMD outbreak. The results pertaining to the
Australian beef and goat industries have been reported elsewhere
(22, 29).

MATERIALS AND METHODS

A cross-sectional study was designed, and a questionnaire was
developed to gather quantitative data to build a vulnerability-
based typology of the Australian sheep industry, using FMD
as a model. The methodological approach used for this study
was the same of that used in Manyweathers et al. (22, 29). All
research activities were approved by the Human Research Ethics
Committee at Charles Sturt University (H400201720).
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Questionnaire Design
The questionnaire was developed with reference to existing
epidemiological, behavioral, and social science research and
aimed at the examination and characterization of sheep
producers’ vulnerability to an FMD outbreak. Further details of
the design and development of the questionnaire are provided
by Manyweathers et al. (22). In brief, a vulnerability matrix
(Figure 1) guided questionnaire development, with questions
examining producers’ likelihood of exposure to FMD and
their response capacity (willingness and ability to inspect
animals, detect and report disease) to an FMD outbreak.
The questionnaire was developed by a multidisciplinary team,
including social and behavioral science researchers, veterinarians,
systems science, and biosecurity researchers, through an iterative
process. The questionnaire was then piloted prior to distribution
by one sheep industry representative, one veterinarian, and two
sheep producers, to improve validity and clarity.

The questionnaire, which consisted of 61 questions, gathered
information in relation to practices, perceptions, and attitudes
around the risk of and response to a FMD outbreak. The
following four main areas were included in the questionnaire:
Demographics and husbandry practices (24 questions), Biosecurity

FIGURE 1 | Classification matrix of vulnerability as the intersection of exposure

and response capacity: light gray = low vulnerability; medium gray = moderate

vulnerability; black = high vulnerability [(22), adapted from Nelson et al. (30)].

practices and beliefs (8), Animal health management practices
(23), and Networks and trust (10).

Questionnaire Distribution
The questionnaire was distributed online and via post between
August 2017 and June 2018, with final distribution routes guided
by available support from industry and government agencies.
Multiple farming system groups from the Riverina region in
New South Wales (NSW), along with Local Lands Services
(NSW government agency), distributed the questionnaire via
direct email link to members, with accompanying coverage
in newsletters and on Twitter and Facebook. The Livestock
Biosecurity Network distributed the questionnaire link in their
newsletters and also discussed the study during biosecurity
workshops in NSW. Interested producers were followed up and
provided with the link. In addition, a link to the questionnaire
was distributed by the Graham Centre for Agricultural
Innovation, a research center of Charles Sturt University, and
NSW Department of Primary Industries, as well as the Victorian
Farmers Federation, via their newsletters. In Western Australia
(WA), a random sample of 750 sheep producers with a registered
Property Identification Code (PIC) was emailed a link to
the questionnaire.

Sheep producers who completed the questionnaire were
invited to enter a draw for 20 × $50 retail vouchers. In addition,
they also had the opportunity to enter a draw for two smart tablets
across participants from all industries.

Data Analysis
Descriptive Analysis
Data from the online and postal questionnaires were collated
in Excel (PC/Windows XP, 2007) and checked for data entry
errors. Descriptive statistics were used to obtain an overview
of participant demographic and husbandry characteristics,
practices, and attitudes (IBM SPSS Statistics for Windows,
Version 20.0. Armonk, NY: IBM Corp.).

FIGURE 2 | Bayesian network conceptual model for examining Australian sheep producers’ vulnerability to foot and mouth disease (FMD).
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Bayesian Network Analysis
A Bayesian network model is a probabilistic graphical tool that
allows for modeling of biological, social, and physical systems
that operate under uncertainty (28, 31) and is suitable for a
large number of different data types and hidden variables being
connected through complex relationships (32). Formally, a BN
model is a graphical representation, i.e., a directed acyclic graph
(DAG), of a joint probability distribution of a set of random
variables in which each variable is represented by a node and
the dependence relationship is represented by a link/edge for two
associated variables (28, 33).

Essentially, a BN model follows a machine learning approach
for data analysis. Although the theoretical foundation and
computational algorithms underlying BNs are utilized in subjects
such as computer science, mathematics, and statistics, the
applications of BN models are very intuitive and relatively
straightforward because of the availability of many well-tested
BN application software packages (28, 31). In this study, we
used the most popular commercial BN software Netica (version
6.05) (34) to characterize Australian sheep producers based
on their enterprises’ vulnerability to an FMD outbreak. This
approach has also been used by beef and goat producers
(22, 29).

Every BN model has two components in its model
specification. The qualitative component of a BN specifies
the network structure through a set of (conditional) dependence
and independence statements among a set of random variables,
informational precedence, and preference relations; the
quantitative component of a BN determines the conditional
probability tables (CPTs) that quantifies the strengths of
dependence relations using probability theory and preference
relations using utility theory (28). In this study, the BN model
development processes started with the conceptual model as
detailed in Figures 1, 2. The data collected from sheep farmers
included 41 observed variables. According to our disciplinary
theory, these observed variables were the building blocks for
defining various composite or hidden variables with which the
level of “vulnerability” could be determined. Table 1 specifies
which hidden variable was defined/characterized by the observed
variables and the layers of the hidden variables. The hierarchical
structure of the hidden variables and how they related to those
observed variables are shown in Figure 2. The top level hidden
variable “vulnerability” was defined by “response capacity” and
“exposure.” In turn, “response capacity” was further defined
by three sublevel hidden variables, and the “exposure” was
defined directly by seven observed variables; those demographics
variables were all observed variables and should affect both
“response capacity” and “exposure.” Note that, due to space
limitation, there were a large number of observed variables
behind the three sublevel hidden variables that are not displayed
in Figure 2 with detailed information provided in Table 1.

Initially, the conceptual model specified that the categorical
matrix for defining vulnerability was based on a 3 × 3
matrix with vulnerability being categorized by nine possible
combinations between the levels of response capacity and
exposure. However, the initial completed BN model showed that
the hidden variable “response capacity” with three categories

was not distinguishable, while the elicited “exposure” levels
with three categories were more distinctive. In our study, the
information contained in the observed variables that define
the “response capacity” was not strong enough to distinguish
three categories. Based on the principle of parsimony for
modeling, we decided to specify/model “response capacity”
with two categories. Hence, the finalized conceptual model
was modified with the vulnerability definition matrix to be a
2 × 3 one (two categories for response capacity and three
categories for exposure). The vulnerability definition matrix
implemented in our completed BN model is therefore a result of
a compromise between our disciplinary understanding/intention
and the technical possibility/limitation due to the information
contained in the observed variables (35).

Observed variables were imported into the BN model. The
category levels in each observed variable were defined a priori
in the information table related to Figure 2. Because we had
a very well-defined conceptual model, the BN model structure
was manually specified by defining each hidden variables with
various local naive Bayes models to explore the suitability of
identifying and classifying the possible meaningful categorical
groups with each hidden variable in the model. This was done
initially for “response capacity” and “exposure.” Based on the
principle of parsimony, the number of category levels for each
hidden variable were determined arbitrarily.

The purpose of the FMD outbreak risk management decision-
making system was to determine the vulnerability level as
characterized by the producers’ demographics variables. This was
implemented by integrating the two individual naive Bayesian net
(one for defining the response capacity and one for defining the
exposure) into one BN model with each of the 12 demographics
variables connected as a child node to both response capacity and
exposure nodes. Essentially, this was equivalent to the merger of
two naive Bayesian nets with those demographics variables as the
common linkage.

To complete the BN model, the vulnerability node was added
into themodel that is categorically defined by “response capacity”
and “exposure.” As shown in the Supplementary Material, this
is a static representation of the interactive model. The model
contains 55 variables/nodes, of which 41 variables are observed
data and 14 are hidden variables. Hidden variables are distributed
in four different layers according to our a priori knowledge
regarding the relationship between the observed variables and
the categories of exposure and response capacity and detailed in
Table 1.

Since a BN model represents the joint distribution of all
variables included in the model, any one (or more than one)
variable(s) may be selected as a target variable (equivalent to the
“response” variable in a regression model). Various inferential
analyses can be performed by assuming different scenarios in
terms of the “findings” of other variables. In this study, the
primary statistical inference analysis was undertaken on the
resulting BN model to investigate how, given one or more
than observed variables/nodes, other variables/nodes changed.
The focus of this analysis was to explore the interrelationships
between vulnerability and producers’ demographic variables
and to identify key characteristics driving exposure, response
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TABLE 1 | A list of questions considered for assessing the likelihood of exposure and response capacity of Australian sheep producers to an foot and mouth disease

(FMD) outbreak and the classifications of response.

Questions

Exposure related questions Classification of responses

High likelihood Moderate likelihood Low likelihood

Do you

Employ overseas workers? Yes Occasionally No

Isolate new stock? Never, rarely Occasionally Most of the time, always

Restrict access? Never, rarely Occasionally Most of the time, always

Require visitor biosecurity practices? Never, rarely Occasionally Most of the time, always

Take action to control feral animals? Never, rarely Yes Most of the time, always

Have neighbors with FMD Susceptible species? Yes Yes No

Have FMD susceptible feral species on your property? Yes No

Response-capacity-related questions Classification of responses

High capacity Low capacity

How frequently do you undertake the following activities?

Visual inspection Once a day, once a

week

Once a month, few times a year,

once a year or less, never

Visual and physical

inspection

Once a day, once a

week

Once a month, few times a year,

once a year or less, never

Inspection of unwell animals Once a day, once a

week

Once a month, few times a year,

once a year or less, never

Who do you think is responsible for

Inspecting animals for

unusual signs

Me, staff Private or gov vet, stock agent,

neighbors, industry group

Recognizing unusual signs

of disease

Me, staff Private or gov vet, stock agent,

neighbors, industry group

Reporting unusual signs Me, staff Private or gov vet, stock agent,

neighbors, industry group

In the last 12 months, how often have you

Used an NVD/health

statement when buying

animals

Always, most of the

time

Occasionally, rarely, never

Inspected stock before

buying them

Always, most of the

time

Occasionally, rarely, never

How confident are you that you could identify FMD in your sheep

Extremely, very,

moderately

Slightly, Not at all

Rank first three actions when you see unusual signs of disease

Call private vet 1st, 2nd 3rd action Not in top 3 actions

Call gov vet 1st, 2nd 3rd action Not in top 3 actions

Watch and wait Not in top 3 actions 1st, 2nd 3rd action

Do nothing Not in top 3 actions 1st, 2nd, 3rd action

Call hotline 1st, 2nd, 3rd action Not in top 3 actions

In a single event, what number of animals showing unusual

signs/dead would you be concerned about

Number showing unusual

signs

<10 10–50, more than 50

Number animals dead <5, 5–10 11–50, more than 50

How often have you

Reported unusual signs Always, most of the

time

Occasionally, rarely, never

(Continued)
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TABLE 1 | Continued

Questions

Response-capacity-related questions Classification of responses

High capacity Low capacity

Do you use

Private vets Yes No

Govt vets Yes No

Do you trust

Private vets Completely, very,

moderately

A little, not at all

Govt vets Completely, very,

moderately

A little, not at all

capacity, and overall vulnerability. For example, by finding
“evidence” in terms of the demographic variables (i.e., by
assuming different farmers’ profiles), the completed BN model
allows us to investigate the vulnerability status and the
nuances of its determining factors of response capacity and
exposure. The BN model also allows us to examine the
farmers profiles by assuming various vulnerability status (namely,
different combinations of response capacity, and exposure levels).
Although a BN model is not a solution to the universal
problem of lack of representativeness of data regarding the
study population, it is a logically consistent and systematic way
to perform the what-if analysis regarding the FMD outbreak
risk management.

The next step was to identify the relative influence of relevant
variables on exposure, response capacity, and vulnerability
using the Netica’s built-in sensitivity analysis algorithm (28,
34). Responses to the observed variables were qualitatively
categorized based on the potential contribution of the practice
to the risk of exposure or response capacity of the producer
and their enterprise in relation to FMD. The qualitative
descriptors were determined based on biosecurity and EAD
management literature and historical epidemiological evidence
from previous FMD outbreaks (2, 17, 23). Based on the
sensitivity analysis results, some variables in the initial model
were removed from the final model due to their lack of
influence (22, 29).

RESULTS

Demographics and Husbandry Practice
Overall, postal and online responses were obtained from 497
sheep producers from five Australian States and Territories.
A total of 448 responses were complete and included in the
analysis. Table 2 provides a summary of the demographic
and husbandry characteristics for participating producers. Most
producers were over 50 years of age and third-generation
farmers with more than 20 years of experience in sheep
farming. Most properties were located in NSW and Victoria,
with approximately half of the respondents running a mixed
livestock enterprise.

Attitudes Toward Foot and Mouth Disease
Attitudes of producers toward FMD were investigated by the
cross-sectional study. Overall concern about FMDwas moderate,
with a quarter of respondents (25.3%) reporting no concern
and 22.6% reporting extreme levels of concern. The majority of
respondents perceived little or no likelihood of an FMD outbreak
occurring on their own property (92.8%) or region (80.3%).
However, only 35.7% of producers thought there was little or no
likelihood of an FMD outbreak somewhere in Australia. There
was general agreement that an FMDoutbreak would be extremely
serious at all levels: on their property (78.3%), the region (73.6%),
and the country (65.8%).

The study also asked producers about their level of confidence
in identifying clinical signs of FMD in their animals, with only
12.8% reporting high levels of confidence and a third reporting
little to no confidence.

Exposure-Related Practices
Among participating producers, there was good implementation
of biosecurity practices in relation to incoming animals, with
producers reporting that they always inspected new stock for
disease (84.1%), used animal movement documentation (75.4%),
inspected stock before purchase (71.3%), and isolated new
animals (64.9%). However, implementation of other biosecurity
measures, mainly in relation to feral animal control and visitors,
was limited. Approximately a third of respondents reported
regularly restricting access for visitors (32.3%) and having specific
control plans for feral animals (29.6%). In addition, 53.6% of
producers did not require visitors to follow biosecurity practices
when visiting their property.

Response-Capacity-Related Practices
Practices used to define producer Response Capacity were mainly
those related to inspection of animals, recognizing unusual signs
of disease and reporting of these unusual signs to competent
authorities or appropriate stakeholders.

The majority of respondents identified themselves as
responsible for observing (94.6%), recognizing (79.3%), and
reporting (91.0%) unusual signs of disease in their animals.
In relation to routine inspection of animals, most producers
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TABLE 2 | Demographic and husbandry characteristics of sheep producers

participating in a cross-sectional study in 2017–2018.

Characteristic N (%) respondents

State

VIC 206 (46)

NSW 197 (44)

WA 21 (5)

QLD 9 (2)

SA 8 (2)

NT –

ACT –

TAS –

NA 7

Age

18–25 7 (2)

26–35 51 (11)

36–50 122 (27)

51–65 181 (40)

66–80 81 (18)

Over 80 6 (1)

Farming background

First generation 108 (24.3)

Second generation 63 (14.2)

Third generation 274 (61.6)

NA 3

Years farming

<5 51 (11.5)

5–10 50 (11.3)

11–20 64 (14.4)

More than 20 279 (62.8)

NA 4

Production system

Sheep and other livestock 191 (50.1)

Sheep and cropping 119 (31.2)

Sheep only 66 (17.3)

Sheep and other 5 (1.3)

NA 67

Property size (ha)

Mean 2120.3

Min–max 1.5–125,000.0

Median 500.0

5–95% 7.0–7570.5

Number of ewes

Mean 1,571

Min–max 3–13,500

Median 800

5–95% 9–7,000

reported visually inspecting their animals daily or weekly (90.0%)
and almost half of respondents also reported a daily or weekly
physical inspection of the animals (44.1%). Approximately a
third of producers (27.7%) reported checking unwell animals
every day. In addition, most producers (75.4%) reported

checking their animals for disease prior to moving them off
farm. Movement documentation when selling stock were used
by 86.9% of respondents.

In relation to recognizing and reporting unusual signs of
disease, nearly half of respondents reported that they usually
(most of the times or always) report unusual signs of disease
(49.0%), with 59.4% reported knowing who to call if they
found unusual signs of disease in their animals. Most producers
reported keeping records of animal health (96.9%) and stock
movements (73.2%). Producers were also asked about their
first three actions in the event of unusual signs of disease in
their sheep, with calling a private veterinarian being the most
commonly selected option (Table 3). However, a significant
proportion of producers (31.1%) chose “Watch and wait” as
one of the top three options. Furthermore, the questionnaire
asked producers about their knowledge on subsidies to financially
support the veterinary costs of reporting and diagnosis, with
the majority (61.8%) being unaware of the existence of
these subsidies.

Attitudes toward reporting were further investigated when
producers were asked about their agreement on the effectiveness
of reporting in preventing the spread of animal diseases,
with the majority agreeing or strongly agreeing with the
statement (68.3%).

Bayesian Network Analysis
Sheep producers participating in the study were categorized
into different typologies of vulnerability to an FMD outbreak
using the BN model and analysis. As a result of the analysis,
six typologies were derived. The typologies are based on the
likelihood of producers holding certain beliefs and adopting
certain practices related to exposure and response capacity. The
six typologies are summarized in Figure 3 and shown in full in
the Supplementary Information.

Sensitivity Analysis
The sensitivity of the observed and hidden variables to affect
the determination of the vulnerability status was estimated
through the Netica’s built-in sensitivity analysis procedure. The
results are presented in Table 4 and can be interpreted as
follows. The mutual information quantifies the “amount of
information” obtained about the target variable “vulnerability”
through observing the other random variables. Using sensitivity
analysis, property size, number of ewes, visitor biosecurity,
primary income, years of farming, state, restricted access, and
education were identified as those variables with the greatest
influence on respondent vulnerability.

DISCUSSION

A BN model, populated by data from a cross-section survey
of Australian sheep producers, has been used to enhance
understanding of the vulnerability of producers to an FMD
outbreak. This study found that sheep producers could be
categorized into six risk-based typologies, based on two response
capacity variables (high, low) and three exposure variables (low,
moderate, high). This has resulted in a deeper understanding of
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TABLE 3 | Ranking of actions in response to seeing unusual signs of disease in your sheep*.

Response n (%) First action Second action Third action Not top 3

Watch and wait 63 (15.3) 33 (8.0) 32 (7.8) 283 (68.8)

Do nothing – 2 (0.5) 10 (2.4) 398 (97.0)

Call private vet 106 (25.9) 83 (20.2) 83 (20.2) 138 (33.7)

Call gov vet 61 (14.8) 64 (15.6) 57 (13.9) 229 (55.6)

Call disease hotline 9 (2.2) 16 (3.9) 29 (7.1) 356 (86.7)

*These categories were selected from 11 response options, based on their impact on response capacity to a suspect FMD outbreak.

FIGURE 3 | The three vulnerability states of Australian sheep producers according to response capacity and likelihood of exposure to foot and mouth disease (FMD).

the sheep industry in Australia and current biosecurity practices
and exposure risks.

Overall, the risk vulnerability characteristics identified in the
present study and in other similar studies strongly suggest that
a one-size-fits-all approach to extension and implementation
of surveillance activities across and within livestock industries
may not be appropriate. Rather, more research into context-
based drivers of, and barriers to, uptake of protective surveillance
behavior at individual producer or risk-based cohort level is
likely required. A wider perspective on institutional constraints
to adoption of such behaviors is also required, reflected in the
levels of trust in government veterinary agents.

The need for such a perspective is highlighted by considering
the variation across sheep producers with predicted highest
vulnerability to a FMD outbreak. According to the predictions
of the BN model, these producers are moderate to large mixed
cropping enterprises based in NSW (low response capacity,
moderate exposure) and small, mixed livestock producers in
Victoria (low response capacity, high exposure). The former
cohort would most likely have animals of less individual
worth and are older, more experienced farmers, with longer
exposure to changes in agricultural governance over time (16).
This may contribute to a high sense of self-efficacy and to
a disconnection with agents of regulation, such as biosecurity
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TABLE 4 | Bayesian network sensitivity analysis.

Node Mutual information* Percent

Vulnerability 2.51039 100

Exposure level 1.51051 60.2

Response capacity 0.99988 39.8

Inspection** 0.99984 39.8

Number of ewes 0.84204 33.5

Property size ha 0.81601 32.5

Recognizing** 0.70731 28.2

Attitude** 0.50905 20.3

State 0.41989 16.7

Years farming 0.41085 16.4

Primary income 0.35666 14.2

Restrict access 0.30847 12.3

Age 0.29445 11.7

Visitor biosecurity 0.27619 11.0

*Mutual information (i.e., “entropy reduction”)—a measure of the dependence between

two random variables, the changes in uncertainty of X due to knowing Y (36).

**BN hidden variables.

***Vulnerability was 100% explained by itself and the “Exposure Level” has the highest

influence on defining vulnerability with 60.2% mutual information.

Note that the second highest influential variable was “Response capacity” (with 39.8%

mutual information) and the two mutual information adding up to 100% (60.2 + 39.8 =

100) because the vulnerability status was deterministically defined by two sublevel hidden

variables: response capacity and exposure level, as detailed in Figure 1.

officers and government veterinarians. The latter cohort with
predicted high vulnerability are likely to have less experience and
not come from a farming background. Their requirements for
biosecurity information, animal health management skills, and
partnerships with regulatory bodies will be different. Therefore,
access to more specific information about producers based
on their vulnerability profile may encourage more tailored
communication and extension activities and will also inform
more focused research in the future into adoption of and beliefs
around biosecurity practices.

The BN model predicts that vulnerability of sheep producers
increases as property size and ewe numbers decrease. This is
supported by past research around smallholders and smaller
producers. Hernandez-Jover et al. (37) found that smallholders
with sheep were associated with a decreased engagement around
surveillance activities such as frequency of animal inspection and
use of veterinary services. This finding is in contrast to a BN
model analysis looking at the vulnerability of Australian beef
producers to an FMD outbreak (22), where the model indicated
that larger beef producers are more likely to be categorized as
highly vulnerable. The findings from the sheep produce study
confirm the need for greater investment in relationships and
network building with smallholders, to encourage interactions
between private/government veterinarians and landholders with
small numbers of sheep. This is particularly significant given the
mild and transient nature of FMD signs in sheep.

When considering the top three actions that producers would
undertake in response to unusual signs of disease, the majority
of sheep producers reported that they would not watch and
wait (68.8%) or do nothing (97.0%). When reflecting on the

role that private veterinarians might play in an early response
to unusual signs of animal disease, two-thirds of respondents
reported that they would contact their private veterinarian
(66.3%), with just less than half reporting that they would contact
their government veterinarian (44.4%).When examining the role
of trust in the predicted vulnerability profiles, the likelihood
of sheep producers having high levels of trust in both private
and government veterinarians decreases slightly as vulnerability
increases. This is in contrast to the reported early response
of Australian beef producers to unusual signs of disease (22).
The majority of those beef producers (83.6%) reported that
calling their private veterinarian would be one of their top three
actions, with 43.8% contacting their government veterinarian.
However, the likelihood of producers having high levels of
trust both private and government veterinarians increased as
vulnerability increased. These variations again reflect the need
for a wide systems-based approach that can examine the actions
and beliefs from multiple stakeholders within the industries and
government agencies (14). The importance of including social
and psychological research findings into biosecurity projects
to examine institutional and personal barriers and drivers
that impact Australia’s vulnerability to an EAD should not
be underestimated.

While trust in veterinary services is recognized as important
for adoption of biosecurity messages (16, 38), these results,
including the low sensitivity of the model to producer trust
in veterinarians (Table 4), need clarification. Further research
is required for a deeper understanding of the role that trust
plays in the producer–veterinarian relationship. However, the
low sensitivity to trust found by the BN model signals the
need to prioritize relationship building, possibly over regulation,
and to consider strengthening relationships when allocating
future surveillance resources, including location and selection of
government veterinarians (14, 16, 39, 40) and training of private
veterinarians (41, 42).

The BN model approach cannot only be used to understand
vulnerability but also to reflect on the distribution and utilization
of current surveillance resources. When considering the disease
hotline as part of the early response system available to livestock
producers, sheep producers who were part of this study were
very unlikely to use the disease hotline if they saw anything
unusual in their animals, regardless of location or vulnerability
level. This reported low uptake is also replicated in the study
of beef producer vulnerability (22) and goat producers (29) and
does suggest that adoption of this resource as a reporting and
support tool might benefit from further examination of barriers
to adoption and subsequent strengthening of its capability and
usefulness to producers.

Recent research around adoption of biosecurity behaviors by
livestock producers has highlighted the importance of focusing
on specific behaviors when considering behavior change and
adoption of new practices (43, 44). In this study, nearly
three-fourths of respondents reported using the appropriate
movement documentation when buying or selling stock. This
suggests that there is an opportunity to use animal movement
documentation as a gateway to behavior adoption of other
desirable biosecurity practices. This might include a checklist
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embedded in the existing documentation as a prompt or a further
breakdown of the desirable practices in order to remove barriers
to uptake.

The sensitivity analysis of the BN model indicates that
the input factors that most strongly influence sheep producer
vulnerability are the exposure variables of restricting visitor
access and enforcing visitor biosecurity practices. This finding
also highlights the importance of deeper examination into the
barriers to adoption of these practices and consideration of how
these practices are communicated about (22, 45, 46). Results
from the BN analysis suggests that exposure variables have
more influence over a producer’s vulnerability than response
capacity. Future research, including evaluation of the models’
predictive capacity using external data from independent on-
farm vulnerability assessments will explore the robustness of
the assumptions made in the development of the vulnerability
framework. This work will also explore the usefulness of
the concepts of exposure and response capacity to inform
strengthening of Australia’s preparedness for an EAD outbreak.

Vulnerability of the Australian sheep industry can be analyzed
across geographic regions using the BN model to reflect on
existing jurisdictional surveillance systems. Previous research
found that the eastern and southern regions of Australia have
a higher likelihood of entry, establishment, and spread of
FMD (5). The BN analysis found that sheep producers with
the highest vulnerability to an FMD outbreak are likely to
be located in NSW (88.6% low response capacity, moderate
exposure) and Victoria (88.4% low response capacity, high
exposure). The overlap between these findings and that of
East et al. (5) should inform development and evaluation
of future risk-based surveillance strategies. East et al. (5)
concluded that there is limited opportunity for improving
current surveillance strategies based on geographic risk-based
approaches because current surveillance activities are already
focused in the areas of greatest risk. Our study strengthens
these findings and allows for a deeper examination of actual
on-farm practices. This approach can inform how existing
surveillance strategies may be enhanced by focusing on the
activities themselves. The model also predicts the likelihood
of sheep producers in the study always/most of the time
enforcing visitor biosecurity practices, showing increases from
Victorian producers (12.3%), to NSW producers (17.3%),
and Queensland producers (24.8%). The same gradient is
observed when considering restricting visitor access: Victoria
(27.3%), New South Wales (35.9%), and Queensland (44.6%).
This comparison may provide an opportunity to examine
the efficacy of any existing extension activities that focuses
on these practices and facilitate interjurisdictional sharing
and consultation around communication strategies and
extension approaches.

The need to confine response capacity to two categories also
needs reflection. This may indicate that the concept of response
capacity needs to be clarified to avoidmissingmore nuanced data.
It may also be that the questions used to collect the response
capacity data may need revision. As part of the evaluation
process, these issues will be addressed.

While these results are useful in providing insights into
vulnerability characteristics of sheep producers, the limited
representativeness of the sample in reflecting the total
population of Australian sheep producers is a constraint of
this study. For example, Western Australian sheep producers
were underrepresented in the data collected, as were South
Australian sheep producers. The south western coast of Western
Australia was identified by East et al. (5) as an area of risk
for introduction, establishment, and spread of FMD. This
lack of representativeness can be a common limitation of self-
report data. More targeted and tightly enforced data collection
methods with subsequent analysis using the BN model could
facilitate wider consideration of the Australian sheep industry’s
vulnerability to an incursion of FMD, but this approach is also
not without its limitations. However, the benefits of using the BN
approach means that the exploratory findings from this model
are still useful to inform potential policy considerations and
future directions of research, despite not being intended to be
generalizable. New data can also be added at any stage and the
model updated.

Future work may also include examination of vulnerability
of different enterprises on the same farm, when producers farm
more than one species. Another factor to consider is the capacity
of the model to capture the impact on vulnerability, of how
different species of livestock react to FMD, with sheep clinical
signs being less apparent that cattle and pigs (18) and therefore
more likely to go unnoticed for longer.

A further point to consider when interpreting these results is
that the link to the questionnaire was distributed through emails,
newsletters, social media, etc. Thus, there may be sampling bias
in utilizing a convenience sample (47), and response rate cannot
be determined.

The limitations of a BN methodological approach to examine
Australian sheep producer vulnerability are defined primarily
by the number and nature of the variables. The selection of
variables is not exhaustive, and their inclusion needs to be
considered in light of historical and current epidemiological data.
The advantages of the BN approach is its capacity to incorporate
new data and the resultant ongoing model validation process.
Continuing research in the use of BN models and increasing
software capacity ensures that the limitations around variables is
becoming less significant.

Evaluation of the model is being undertaken with input of
new producer data to test the model’s predictions against on-
farm assessments. This process will also progress consideration
of the usefulness of the concept of vulnerability as a tool
to strengthen Australian sheep producers’ preparedness for a
possible FMD outbreak.

CONCLUSION

The present study used a BN model to interrogate questionnaire
data that reflects producer practices and beliefs around
surveillance and biosecurity and develop vulnerability
typologies of Australian sheep producers. Examination of
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the typologies and the practices and beliefs of producers
increases understanding around how to enhance the capacity of
biosecurity and surveillance resources and identify opportunities
for improving Australia’s preparedness for any future
EAD incursion.

The results from this study highlight that more work is
needed to understand drivers of and barriers to sheep producer
uptake of biosecurity messages, so that risk management and
communication strategies are appropriate to the enterprise and
delivered in a way that facilitates adoption. This may include
revising current biosecurity protocols for the Australian sheep
industry to ensure that barriers to adoption are addressed
and embedding biosecurity messages in existing tools such
as animal movement documentation that appear to be more
readily adopted.

The BN model approach has afforded a nuanced, holistic
perspective through which to consider sheep producer
vulnerability to a FMD outbreak and the development of a
tool with the potential to support risk-based allocation of
resources for animal disease surveillance in Australia.
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