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Executive summary

Introduction

Lumpy skin disease (ISD) is a highly contagious disease of cattle and water buffalo caused by the
capripoxvirus lumpy skin disease virus (LSDV). Since 2021, LSDV has spread rapidly through Southeast
Asia; it was detected in Indonesia in 2022, heightening concerns of onward spread to Australia (World
Organisation for Animal Health, 2022). Spread is thought to be primarily driven by mechanical
transmission through biting/blood-sucking insects (Chihota et al., 2001; Tuppurainen and Oura, 2012;
Sprygin et al., 2019; Namazi and Tafti, 2021). Live animal movements into Australia are strictly regulated;
however, arthropod movement continues to pose an incursion risk for LSDV and other vector-borne
diseases. While several risk mitigation measures have already been, and continue to be, implemented for
LSDYV, formal risk assessment can further target these activities, ensuring that available resources are

allocated most efficiently.

In a recent structured expert judgement (SEJ) exercise, specialists estimated there was a 28% chance of an
LSD outbreak (via any pathway) occurring in Australia in the next five years (Centre of Excellence for
Biosecurity Risk Analysis, 2022). SE] exercises are not based on modelling but use an internationally
recognised process to make evaluative judgements on a range of complex and uncertain systems that
otherwise may not be possible. Rapid SE] exercises are one tool that has been used to broadly
characterise the threat Australia faces, and if a material threat is indicated, inform further activities
including more specific risk assessments. Thus, Ausvet Pty Ltd was commissioned to conduct a risk
assessment on non-regulated pathways (including leakage from regulated pathways) for LSDV entry and
exposure in Australia. Additional objectives of this project were to identify information gaps, to
determine the relative importance of these gaps to prioritise future research and to develop robust
qualitative and quantitative risk assessment (QRA) methodologies for LSDV.

Using a qualitative risk assessment framework, we previously estimated the probability of LSDV
incursion via four non-regulated pathways to be negligible but noted that this assessment did not account
for the volume of vector movements into Australia, which may change the overall results of the
assessment (Zalcman, Hall and Cowled, 2022). Critically, even a negligible risk can become significant
when multiplied by a large entry volume. Furthermore, we identified several limitations to our qualitative
analysis that made it prudent to additionally undertake a QRA where we could incorporate uncertainty

and variability. Here, we report our findings from this quantitative analysis.

Methodology

The objective of this risk assessment was to answer the risk question: ‘Assuming a situation where LSDV
is endemic throughout Southeast Asia and Papua New Guinea (PNG), how many LSDV incursions into
Australia per year are estimated through the four specified non-regulated pathways?’

We consulted with the Department during the contracting stage of this work and during project inception
to clarify pathways for inclusion and conducted a review of the scientific literature to ensure that our
pathways were clearly defined and plausible for the transmission of LSDV. The four selected pathways

were:

* windborne dispersal of arthropod vectors



e commercial vessels carrying hitchhiker arthropod vectors (excluding returning live export vessels)
* returning live export vessels carrying hitchhiker arthropod vectors
*  Torres Strait Treaty movements carrying hitchhiker arthropod vectors (Figure 1).

£ PNG Treaty Villages
= Torres Strait Protected Zone

® Australian Seaports 3
1 NAQS risk zones (plus additional zones)
[ World (shaded by country/region) 0 750 1,500 km @
[ SA4regions [ E—

Figure 1 Overview map showing relevant features for this analysis
Origin countries ate coloured in shades of blue, with Indonesia subdivided into eastern, central and western

subregions. Scalebar accuracy may be limited due to use of a geographic coordinate system.

Non-commercial vessels were assumed to arrive in insufficient volumes to pose a significant threat. The
illegal importation of infected hides was considered within the Torres Strait Treaty movements; however,
information from the Torres Strait Information System revealed that no hides have been detected since

inspections commenced in 2018, making LSDV entry via infected hides extremely unlikely.

We defined an incursion as clinical LSDV in a single Australian bovine, regardless of whether this animal

transmitted infection onwards to other susceptible bovines. We conducted analyses under three scenarios:

1. Atleast 30-50 insects are necessary for successful vector-to-bovine transmission of LSDV
2. Several (i.e. 3-5) vectors are necessary for transmission
3. A single insect is sufficient for transmission

It is not known precisely how many insects are necessary to transmit a sufficient dose of LSDV to initiate
an infection in a bovine; however, based on published experimental transmission studies to date, the
minimum number of infectious insects demonstrated thus far is 36 horseflies (Haematopota spp.) (Sohier et
al., 2019), 50 Aedes mosquitoes (Chihota et al., 2001) or >200 Smoxys stable flies (Sohier et al., 2019;
Issimov et al., 2020). Transmission from Culicoides midges to bovines has not yet been demonstrated
experimentally. Recent unpublished studies from the Pirbright Institute again found no evidence of

transmission via Culicoides nubeculosus midges; however, it was found that as few as 14 4edes mosquitoes



could transmit LSDV to recipient cattle (P. Beard, pers. comm.)'. Some experts believe that a single insect
is insufficient to initiate an LSDV infection in a bovine. Sprygin et al. (2019) stated that:

Because vector transmission is considered to be of a mechanical nature and the numbers [si] of
infective viruses on insects’ mouthparts is likely to be low, in the absence of other supporting
factors, air currents would need to transfer hundreds of contaminated vectots onto a single

susceptible animal to induce full clinical disease.

The minimum infectious dose for LSDV has been estimated at >10! 50% tissue culture infectious dose
(TCIDso) (Carn and Kitching, 1995b), and it was calculated that an individual Stomoxys caleitrans could only
transfer 1008 TCIDsp (Sohier et al., 2019). Observed infection rates from vectors in laboratory studies
have thus far all used batches of insects to achieve LSDV transmission; for example, even when batches
of 50-200 Stomoxys calcitrans were fed on infectious bovines at peak infectiousness and subsequently re-fed
within 1 hour on highly susceptible naive cattle over several consecutive days, LSDV transmission only
occurred in 30% of acceptor animals (Sohier et al., 2019). Taken together, the findings from multiple
experimental transmission studies currently suggest that multiple vectors are necessary to initiate a bovine
infection (Carn and Kitching, 1995a; Chihota et al., 2001, 2003; Sprygin et al., 2019; Issimov et al., 2020).
However, we cannot definitively state that transmission from a single insect is impossible.

Critically, unlike bluetongue virus (BTV), there is no robust evidence for biological transmission of LSDV
in arthropods. This view is widely accepted in the literature (Chihota et al., 2001, 2003; Tuppurainen et al.,
2013b; Lubinga et al., 2015; Sohier et al., 2019; Sprygin et al., 2019; Issimov et al., 2020; Paslaru et al.,
2021). Notably, there is no evidence for biological transmission for any vertebrate poxviruses, although
many are known to be transmitted mechanically by arthropod vectors (Foil and Gorham, 2000). The
detection of virus beyond the mouthparts does not in and of itself demonstrate biological transmission.

However, again, we cannot conclusively state that biological transmission does not occur.

Within each pathway we assessed the incursion risk independently for multiple combinations of origin
country, arrival destination and vector category. Origin countries were selected based on spatial analyses.
Indonesia was subdivided into western, central and eastern subregions for improved geographic
resolution due to the large east-west distance of this country. Arrival destinations were the Northern
Australian Quarantine Strategy (NAQS) risk zones plus additional inland regions of northern Australia for
the windborne dispersal pathway, Australian seaports for the shipping pathways, or the NAQS risk zones
in northern Queensland (Q1a, Q1b or Q2) for the Torres Strait Treaty movements pathway. We classified
vectors into three broad categories: midges (Ceratopogonidae), mosquitoes (Culicidae) and heavy fliers
(including stable flies, tabanids and other brachyceran flies).

For each of the four pathways we developed scenario trees that outline the conditional series of events
(or nodes) necessary for incursion of LSDV into Australia. Quantitative data were sought from the peer-
reviewed literature, the grey literature and from expert opinion to assign probability distributions to each
node in our model within each pathway (Table 1). Due to the complexity of combinations, desire for
reproducibility and the stochastic nature of our analysis, we conducted the risk assessment within the R
statistical computing environment. Atmospheric dispersion modelling was performed using HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory model) from the United States National Oceanic
and Atmospheric Administration to investigate the probability of vectors dispersing to Australia from
countries to our north.

! Interim results that have generously been made available ahead of publication.



Table1 Summary of model parameterisation

Node

Data source

Windborne dispersal of arthropod vectors

En; Number of bovines at origin

(Gilbert et al., 2018b, 2018a; FAO, 2022)

En, Bovines infected with LSDV
Seroprevalence X

Duration of infectiousness |

Duration of immunity

(Berg et al., 2015)

(Weiss, 1968; Carn and Kitching, 1995; Tuppurainen,
Venter and Coetzer, 2005; Osuagwuh et al., 2007; Babiuk
et al., 2008; Annandale et al., 2010; Berg et al., 2015;
Sohier et al., 2019; Sanz-Bernardo et al., 2021)

(Berg et al., 2015)

En3; Number of vectors biting each bovine per

infectious day

(Gubbins, 2019)

Eng Bovine-to-vector transmission

(Chihota et al., 2001, 2003; Gubbins, 2019; Sohier et al.,
2019; Issimov et al., 2020; Sanz-Bernardo et al., 2021)

Ens Vector transported to Australia by wind
Vector enters wind stream X
Winds suitable for dispersal to Australia ¥

Vector deposited on the Australian continent

Extrapolation from qualitative opinion
HYSPLIT atmospheric dispersion modelling
HYSPLIT atmospheric dispersion modelling

Eng Vector survives dispersal and remains

infectious
Vector survives dispersal X

Vector remains infections

Extrapolation from qualitative opinion

(Chihota et al., 2001; Issimov et al., 2021; Paslaru et al.,
2022)

Exa Susceptible bovine present

(Australian Bureau of Statistics, 2021a) and NAQS

officer, pers. comm.

Exp Vectot(s) bite bovine
Vector(s) present
Vector biting rate

Extrapolation from qualitative opinion

Expert opinion

Exc Bovine is infected

(Weiss, 1968; Chihota et al., 2001, 2003; Magori-Cohen et
al., 2012; Sohier et al., 2019; Issimov et al., 2020; Sanz-
Bernardo et al,, 2021)

Commercial vessels carrying hitchhiker arthropod vectors (including returning live export vessels)

En; Number of bovines at origin

(Gilbert et al., 2018b, 2018a; United States Department of
Agriculture, 2021; FAO, 2022)

En, Bovines infected with LSDV

As detailed for the windborne dispersal pathway Ena

En3; Number of vectors biting each bovine per
infectious day

As detailed for the windborne dispersal pathway Enj

Eng Bovine-to-vector transmission

As detailed for the windborne dispersal pathway Eng




Node

Data source

Ens Vector flies to seaport

Extrapolation from qualitative opinion and (Central
Intelligence Agency, 2020; US Census Bureau, 2021)

Eng Vector lands on vessel

Extrapolation from qualitative opinion

En7 Vessel travels to Australian seaport
Commercial vessels

Vessel travels to Australian waters X

Vessel travels to specific Australian seaport

Returning live excport vessels

(Gaulier and Zignago, 2010; United States Census Bureau,
2022; Observatory of Economic Complexity, no date)

(Bureau of Infrastructure and Transport Research
Economics, 2021)

(Australian Government Department of Agriculture,
Water and the Environment, 2022)

Eng Vector survives transport and remains
infectious

Vector survives transport X

Vector remains infections

(Border Management Group, 2003)

As detailed for the windborne dispersal pathway Eng

Eng Vector disembarks without detection
Commercial vessels

Returning live excport vessels

Extrapolation from qualitative opinion

Extrapolation from qualitative opinion

Enio Environmental conditions suitable for

vector activity at arrival destination

Bureau of Meteorology and (Bailey and Meifert, 1973;
Murray, 1987a; Reinhold, Lazzari and Lahondere, 2018)

Exa Susceptible bovine present

(Australian Bureau of Statistics, 2021a)

Exp Vector(s) bite bovine

As detailed for the windborne dispersal pathway Exp

Exc Bovine is infected

As detailed for the windborne dispersal pathway Exc

Torres Strait Treaty movements carrying hitchhiker arthropod vectors

Eni Number of bovines at origin

As detailed for the windborne dispersal pathway En;

En, Bovines infected with LSDV

As detailed for the windborne dispersal pathway Ena

En3; Number of vectors biting each bovine per

infectious day

As detailed for the windborne dispersal pathway Enj

Eng Bovine-to-vector transmission

As detailed for the windborne dispersal pathway Eng

Ens Vector reaches vessel

Extrapolation from qualitative opinion and (Central
Intelligence Agency, 2020; US Census Bureau, 2021)

Eng Vector survives transport

Extrapolation from qualitative opinion

En7 Vector disembarks without detection

Extrapolation from qualitative opinion

Exa Susceptible bovine present

(Australian Bureau of Statistics, 2021a)

Exp Vectot(s) bite bovine

As detailed for the windborne dispersal pathway Exg

Exc Bovine is infected

As detailed for the windborne dispersal pathway Exc




The final incursion risk was estimated using two-dimensional Monte Carlo simulation with 1,000
uncertainty and 1,000 variability iterations. Sensitivity analysis was conducted to determine which nodes
our models were most sensitive to. Additionally, we re-parameterised our models based on possible future

climate change outcomes to investigate the potential impacts of climate change on LSDV incursion risk.

Results

We assessed 5,532 independent combinations of origin country, arrival destination and vector category
across the four selected pathways: 516 combinations for the windborne dispersal pathway, 3,285
combinations for the commercial shipping (excluding returning live export vessels) pathway, 1,722
combinations for the returning live export vessels pathway and 9 combinations for the Torres Strait

Treaty movements pathway.

While developing our models it became clear that robust data were not available for most nodes, leading
to many of the parameters being highly uncertain. Thus, our models generated extremely wide credible
intervals (CI) for the estimated risk of LSDV incursion into Australia for all pathways except the Torres
Strait Treaty movement, for which the incursion risk was deemed to be zero. It is critical to emphasize
that undue attention should not be focused on the actual number of incursions calculated in this
assessment, because of these highly uncertain parameters. Indeed, the utility of this assessment is
principally in identifying the comparative risks between different origin countries, arrival destinations and
vector categories to better prioritise surveillance and mitigation efforts. Furthermore, our assessment
identifies key parameters that must be better understood to accurately estimate the true risk of LSDV

incursion into Australia.

Noting the uncertainty of many parameters, the estimated median risk of LSDV incursion into
Australia via our three scenarios was (Figure 2):

1. One incursion every 14,652 years if at least 30-50 vectors feeding on a single bovine are
necessary for LSDV transmission (or 7 X 10-° entries per year with 95% CI of 2 X 10-7 to
0.004 per year)

2. One incursion every 286 years if multiple, fewer vectors (i.e. 3—5) are necessary (median:
0.003 entries per year, 95% CI 9 X 10-6to 0.22 per year)

3. One incursion every 5—6 years if a single insect is sufficient (median: 0.18 entries per year,
95% CI 6 X 10 to 8 per year)



It is not known precisely how many insects are necessary to transmit a sufficient dose of LSDV to initiate
an infection in a bovine and we cannot rule out that a single insect isn’t capable of LSDV transmission
under the right circumstances; however, based on experimental transmission studies, the minimum
number of infectious insects required for successful LSDV transmission thus far is 14 4edes mosquitoes
(P. Beard, pers. comm.)2. Our findings suggest that individual PCR-positive insects will likely arrive in
Australia and may be detected during surveillance activities, but this prevalence may not reflect the real
risk of an outbreak if multiple infected insects must feed on a single bovine after arrival to initiate
infection. Likewise, nucleic acid of foot and mouth disease virus (FMDV) and African swine fever virus
are frequently detected in seized pork products; however, this does not necessarily equate with infectious
virus or sufficient viral loads to initiate an infection but demonstrates that there is a viable pathway for

virus to enter.

At least 30-50 insects necessary for successful vector-to-bovine transmission

Windborne -

Commercial 4

Live export o *

Several (i.e. 3-5) vectors neccessary for transmission

Windborne -

Commercial o

Live export *

Single insect sufficient for transmission

Windborne

Commercial o

Live export - *
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Figure 2 Estimated years between LSDV incursions into Australia via windborne dispersal, commercial
shipping and returning live export vessels
The median estimate is represented by the central dot, i.e. one incursion every 20,000 years. Bars represent 95%
credible intervals. The Torres Strait Treaty movements pathway is not shown since the probability of entry was
estimated as 0 with no uncertainty.

2 Interim results that have generously been made available ahead of publication.



Assuming the intermediate scenario that several vectors (i.e. 3—5 insects) are necessary to initiate
infection, the highest risk incursion pathway according to our model was through windborne
dispersal, with a median of 0.002 incursions of LSDV into Australia every year, or 1 incursion every 403
years. We estimated a median of 8 X 104 incursions per year, or 1 incursion every 1,229 years, via
commercial shipping (excluding returning live export vessels) and a median of 2 X 10 incursions per
year, or 1 incursion every 4,899 years, via returning live export ships. The lower risk associated with
returning live export ships is due to the additional decontamination procedures in place for these vessels.

For all pathways, midges were assessed as the vector category of highest risk, followed by heavy
fliers and then mosquitoes. This was driven primarily by the larger number of midges estimated to feed
on bovines relative to the other vectors, noting that this was a highly uncertain parameter; thus, this
should be interpreted cautiously. Importantly, transmission from Culicoides midges to bovines has not yet
been demonstrated experimentally and recent work from the Pirbright Institute again was not able to find
evidence of LSDV transmission from Cuficoides, even under ideal laboratory conditions (P. Beard, pers.
comm.)?. Thus, our estimated risk of LSDV incursion via midges may, in fact, be considerably
overestimated. Critically, our atmospheric dispersion modelling (HYSPLIT) did not differentiate between
the three vector categories: midges, mosquitoes and heavy fliers. HYSPLIT is designed to model
dispersion of gases and fine atmospheric particles such as volcanic ash and dust storms and does not
incorporate self-directed flight or movement of insects within a wind stream. HYSPLIT has previously
been used to model long-distance aerial dispersion of midges (Garcfa-Lastra et al., 2012; Eagles et al.,
2013, 2014; Durr, Graham and van Klinken, 2017; Aguilar-Vega, Fernandez-Carrién and Sanchez-
Vizcaino, 2019), mosquitoes (Huestis et al., 2019; EFSA Panel on Animal Health and Welfare et al., 2020)
and non-specific vector species (Klausner, Fattal and Klement, 2017) in separate studies; it has never been
used to compare different vectors. Furthermore, it is challenging to incorporate insect-specific parameters
with the limited empirical data available; for example, variation in survival/deposition rates between
different vector categories is poorly understood, particulatly in extreme conditions such as tropical
cyclone events. Notably, stable flies are reportedly restricted to within 60 metres of the ground, even
during wind-assisted dispersal, limiting long-range aerial spread (Showler and Osbrink, 2015). Thus, our
estimated risk of LSDV incursion via heavy fliers may be overestimated. We assume that the capacity of
an insect to travel long distances is affected by their size, weight, overall robustness, innate behaviour and
other factors that HYSPLIT does not account for. Incorporation of these features would require a

substantial modelling effort with development of new simulation modelling approaches.

Our model showed that windborne dispersal was possible from central and eastern Indonesia,
Timor-Leste and PNG from October to May, although the highest risk period was December to
April, in agreement with previous studies (Eagles et al., 2014). This assumed that flights of up to 48
hours’ duration were possible (i.e. insects could survive for up to 48 hours), noting that this is longer than
other estimates reported in the literature. Again, our atmospheric dispersion modelling did not
differentiate between vector categories, as discussed above. Our model identified the Tiwi Islands and
regions around the Van Diemen Gulf and Cobourg Peninsula east of Darwin (NAQS risk zones
N6, N8a, N8b, N7, N5 and N4) as having the highest risk of incursion via a windborne dispersal
event, suggesting that these risk zones should be prioritised for enhanced surveillance activities,
particularly during the high-risk months of December to April (Figure 3). These risk zones had the
highest cumulative probability of the proportion of days suitable for windborne dispersal and the

3 Interim results that have generously been made available ahead of publication.



probability of particles arriving from central Indonesia, and thus, since the probability of incursion from
central Indonesia was relatively high due to the high bovine numbers in that region, these corresponding

arrival destinations were also high.
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Figure 3 Estimated median LSDV incursions per year by NAQS risk zone via windborne dispersal of
several (i.e. 3-5) vectors, aggregated by vector species and origin country

LSDYV incursion risk via commercial shipping (excluding returning live export vessels) was
assessed as highest from those countries with the highest bovine populations; however, this did
not account for the distribution of bovines within those countries. Critically, our commercial
shipping model was highly sensitive to the probability of a vector dispersing to a seaport and the
probability of a vector landing on a ship. Both parameters are highly uncertain and would depend on the
proximity of bovines to seaports. Therefore, this finding should be interpreted cautiously. Unsurprisingly,
the higher volume Australian seaports, such as Port Hedland, Gladstone, Dampier, Hay Point and Port
Walcott, were assessed as having the highest risk of LSDV incursion via commercial shipping (Figure 4).
These findings reinforce the importance of current hitchhiker pest mitigation strategies, such as
fumigation, inspections and the use of on-board insectocutors.
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Figure4  Estimated median LSDV incursions per year by arrival seaport via arrival of several (i.e. 3-5)
hitchhiker vectors on commercial ships (excluding returning live export vessels), aggregated
by vector species and origin country

For returning live export vessels, notably the central Indonesia to Darwin route was assessed as
the highest risk for LSDV incursion, although overall the estimated risk from returning live
export vessels was considerably lower than other pathways (Figure 5). Like the commercial shipping
pathway, this was predominantly driven by the large number of bovines in central Indonesia relative to
other live export trade partners and must be interpreted cautiously. Darwin was a higher risk arrival
destination because a relatively large proportion of arriving vessels return from regions with high bovine
numbers.
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Figure 5 Estimated median LSDV incursions per year by arrival seaport via arrival of several (i.e. 3-5)
hitchhiker vectors on returning live export vessels, aggregated by vector species and origin
country

Our analyses suggest an increasing risk of LSDV incursion through the impacts of climate
change, with a trend towards more days with suitable meteorological conditions for windborne dispersal
in recent years compared to the 1980s and an expanded geographical range of optimal environmental
conditions for vector activity across Australia.

Discussion

LSDYV incursion into Australia via the four non-regulated pathways assessed appears to be
unlikely under our intermediate scenario where several vectors (i.e. 3—5) are necessary for vector-
to-bovine transmission, noting the wide CIs of our assessment. However, this risk increases
substantially if a single insect is sufficient for transmission. The risk becomes negligible if many
infectious vectors (i.e. 30-50) are necessary for LSDV transmission. Importantly, unlike viruses such
as BTV that undergo biological replication within the insect host, evidence from the peer-reviewed
scientific literature suggests that it is improbable that the introduction of a single infectious vector
would result in LSDV establishing in Australia (Yeruham et al., 1995; Chihota et al., 2003; Kahana-
Sutin et al., 2017; Sohier et al., 2019; Issimov et al., 2020; Sanz-Bernardo et al., 2021). Our models were
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very sensitive to the number of infectious vectors necessary to transmit a minimum infective
dose of LSDV and work is urgently required to address this significant gap in our understanding
of LSDYV biology.

A recent SE] exercise estimated the probability of LSDV incursion in the next five years (from any
pathway) to be 28% (Centre of Excellence for Biosecurity Risk Analysis, 2022). Notably, there was
substantial diversity of opinion amongst the experts, with many considering the risk much lower and
others considering the risk to be higher (range of 4-56%, denoting the 10 and 90t percentiles). SE]
exercises are not based on modelling but use an internationally recognised process to make evaluative
judgements on a range of complex and uncertain systems that otherwise may not be possible. Rapid SEJ
exercises are one tool that has been used to broadly characterise the threat Australia faces, and if a
material threat is indicated, inform further activities including more specific risk assessments. (DAFF

officer, pers. comm.).

One of the primary outputs of this analysis was assessment of the comparative risks between different
origin countries, arrival destinations and vector categories to better prioritise surveillance and mitigation
efforts. We identified the Tiwi Islands and the region extending east of Darwin up to and
including the Cobourg Peninsula to be at higher risk of windborne incursion of vectors. This has
utility beyond LSDV, for example for arboviruses, other mechanically vectored animal, plant and human
pathogens and for incursion of exotic flying insects of biosecurity importance. We additionally identified
shipping pathways, with their existing mitigation efforts, as less likely pathways for LSDV incursion than
windborne dispersal.

A key finding of this assessment was the extreme uncertainty associated with many of the parameter
values used in the analysis, highlighting some of our knowledge gaps around this pathogen. Our models
were particularly sensitive to the number of vectors feeding on a bovine over the course of an infection,
the probability of a vector acquiring LSDV after feeding on an infectious bovine (particularly in the
context of Bos indicus cattle), the probability of a bovine acquiring LSDV after being bitten by a vector and
the probability of multiple vectors arriving (under the scenarios where multiple vectors were necessary).
Additionally, the windborne dispersal model was highly sensitive to the probability of a vector being
transported to Australia by wind and surviving windborne dispersal. Both shipping pathways were highly
sensitive to the probability of a vector dispersing to a seaport, landing on a ship and disembarking
without detection. Therefore, these represent key future research priorities for LSDV in the Australian

context.

Our models are subject to considerable limitations and assumptions, which are discussed in detail in the

main body of the report and are summarised below:

*  We assumed that LSDV was endemic in all neighbouring countries for the purposes of this
analysis. Ausvet is working closely on LSDV and FMDYV in Indonesia, and our understanding is
that LSDV currently remains confined to Sumatra and, more recently, Java; therefore, at this
stage the LSDV incursion risks are overestimated in our assessment.

*  We assessed origin locations at a country-level geographical resolution, while parameters such as
livestock density in the origin country, LSDV incidence, vector abundance, the likelihood of
vector dispersal to seaports, the likelihood of a ship travelling to Australia and the likelihood of
windborne dispersal will vary considerably between regions within a country.

*  We didn’t consider temporal factors in our analysis. Vector abundance, especially, varies both on
diurnal and seasonal scales, leading to a temporal LSDV incursion risk that we did not assess.

*  We elected to group vectors into three categories: midges, mosquitoes and heavy fliers.
Importantly, there is considerable species variation within these categories; however, given the

lack of species-specific vector information in the literature, particularly with respect to relevant
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zoophilic vector species and their relationship to LSDV, further breakdown by vector category is
unlikely to be useful in the absence of additional data.

*  The atmospheric dispersion model that we used to investigate long-distance windborne spread is
designed to model particles and does not adequately represent many of the specific
considerations necessary to model insect dispersal at fine scales, such as the ability to undertake
self-directed flight or insect survival during dispersal. This would require development of a
purpose-built, complex simulation model that was beyond the scale of this project.

e Many of the experimental studies on which we parameterised our model had limited
representativeness in the context of our assessment. Noting that these laboratory studies are
challenging to undertake and were conducted admirably given the technical limitations, these data
are not ideal for our purposes. For example, these studies use highly susceptible Bos faurus breeds
and typically detect LSDV using quantitative polymerase chain reaction, which will over-estimate
viral infectivity. Sample sizes are small, leading to high uncertainty in their findings.

*  We considered an incursion of LSDV to be the clinical infection of a single Australian bovine.
This doesn’t consider whether onward transmission occurred from this animal or whether this
infection was detected. Simulation modelling using the Australian Animal Disease Spread
Modelling framework with modifications for LSDV may shed additional light on the likelihood
of onward transmission and outbreak size resulting from an incursion.

*  We had limited information on the distribution and abundance of bovines across northern
Australia, particularly in relation to feral animals. NAQS aerial survey data were used to estimate
feral bovine numbers; however, these numbers were not cotrected for sampling/petception bias
and obtaining accurate estimates of free-ranging wildlife is challenging.

Conclusion

Based on our QRA, the probability of LSDV incursion into Australia via the four pathways assessed
appears to be very low, under the intermediate scenario where several vectors are necessaty for successful
LSDV transmission. This is especially true in the current context where the disease burden in
neighbouring countries is low. The risk increases substantially if a single vector is sufficient for
transmission, noting that this has not been achieved experimentally. The risk becomes negligible if many
vectors (L.e. greater than 30-50) are necessary for vector-to-bovine transmission, as the current literature

suggests.

It is important to note that the parameters used in this assessment are subject to considerable uncertainty
and will likely change over time as new data become available and as circumstances change globally. This
may change the results of our assessment. The model is readily repeatable as it is coded in R and can be

easily updated as new evidence is published.

Arguably, the most prominent gap in our understanding of LSDV transmission is the number of vectors
necessary to initiate an infection. We strongly suggest that future research is directed towards examining
the role of single insects in LSDV transmission. Furthermore, our atmospheric dispersion modelling did
not distinguish between vector categories in this assessment. The development of a near-real-time
atmospheric dispersion model with a user-friendly interface that can model insect-specific parameters is
strongly recommended. This could be used to further assess windborne incursion risks and to target
vector surveillance efforts to regions and times when meteorological conditions are suitable for long-
distance windborne dispersal of vectors.

Current mitigation measures, such as insecticide treatments of incoming vessels, contribute to the
effective management of the LSDV incursion risk and must be maintained and adapted as the disease

situation changes in potential origin countries.
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1 Introduction

1.1 Lumpy skin disease virus

Lumpy skin disease (ILSD) is a highly contagious disease of cattle and water buffalo caused by lumpy skin
disease virus (LSDV), a double-stranded DNA virus in the family Poxviridae, genus Capripoxvirus
(Tuppurainen et al., 2017; Issimov et al., 2020). Clinically, the disease is characterised by generalised
nodular skin lesions, fever, lymph node enlargement, a drop in milk production and poor reproductive
performance (Khan et al., 2021). Affected farmers experience severe economic losses through a sharp
decline in milk yield, reduced milk quality, hide damage, reduction in body weight, abortion, infertility
and, in rare cases, death of animals (Babiuk et al., 2008a). Typically, morbidity in diseased herds is low to
moderate, ranging from 5-20%; however, rarely it can approach 100% (Woods, 1988; World
Organisation for Animal Health, 2010; Tuppurainen and Oura, 2012).

LSD was first reported in Zambia in 1929 and spread quickly within Africa (Motris, 1930; Khan et al.,
2021). The virus was largely contained to the African continent until 1984 when it moved into the Middle
East (House et al., 1990; Davies, 1991; Tuppurainen and Oura, 2012). In 1989 the virus spread to Israel
and, over the following years, continued to spread across contiguous countries throughout the Middle
East and central Asia, moving into Iran and into other central Asian countries (Yeruham et al., 1995;
European Food Safety AHAW Panel, 2016). In 2015, the disease first emerged in Europe, spreading to
several countries where it was effectively controlled through mass vaccination using live-attenuated
vaccines (European Food Safety, 2018). Russia is the only country on the European continent to report
outbreaks of LSD since 2017 (World Organisation for Animal Health, 2022).

Recently, LSDV has impacted Asia. China reported its first outbreak in August 2019, with the virus later
spreading to Taiwan via unknown pathways (Gupta et al., 2020; Lu et al., 2021). In southern Asia,
Bangladesh reported the disease in July and September of 2019 (Gupta et al., 2020). India first reported
the disease in August 2019 (Gupta et al., 2020; Kumar et al., 2021). Nepal experienced their first outbreak
of LSD in June 2020 (Acharya and Subedi, 2020). Sri Lanka and Bhutan then reported outbreaks in
September 2020 (Azeem et al., 2022). An outbreak of LSDV also occurred in feral cattle in Hong Kong in
October 2020 (Flannery et al., 2021).

In Southeast Asia, the disease was reported for the first time in 2021 in Laos, Thailand, Cambodia,
Vietnam and Malaysia (World Organisation for Animal Health, 2022). Indonesia subsequently reported
their first outbreak on 2 March, 2022 (World Organisation for Animal Health, 2022). In most cases,
anecdotal reports preceded official reports, a typical occurrence in the region (Smith et al., 2015). The
Indonesian outbreak has thus far been restricted to Sumatra and Java, to the authors’ knowledge.
Presumably, LSDV spread across the narrow Malacca Strait from Malaysia to Indonesia via windborne
dispersal of vectors and/or movement of infected animals. Although the key drivers of cattle movements
in this region are typically from east to west, from rural areas to central locations like Jakarta on Java
Island (M. Patching, Boralis group, pers. comm.), spread of other notable livestock diseases (such as
classical swine fever) has been observed from west to east (Sawford, 2015). Singapore also reported the
disease for the first time in 2022 (World Organisation for Animal Health, 2022), despite being considered
to be at negligible risk of incursion with low uncertainty, based on a qualitative risk assessment conducted
by the Food and Agriculture Organization (FAO) in 2020 (Roche et al., 2020).

Since the earliest outbreaks of LSD in Africa, the long-distance dispersal of LSDV has been associated
with movement of infected cattle along roads and railways and on foot (Ince, Cakir and Dereli, 2016;
Sprygin et al., 2018, 2019). For example, it is speculated that the introduction of LSDV into Turkey in

14



2013 was associated with trade in unvaccinated animals exacerbated by conflict in the area and
displacement of refugees (Sprygin et al., 2019). However, LSDV outbreaks in endemic regions typically
coincide with the onset of the rainy season, suggesting that short-distance spread is facilitated by
arthropod vectors (Weiss, 1968; Tuppurainen and Oura, 2012; Mercier et al., 2018). It is now understood
that transmission between animals is predominantly mechanical through arthropods, although other
routes such as via contaminated feed and water and via semen of diseased animals have also been
reported (Annandale et al., 2014; Sprygin et al., 2019; Namazi and Tafti, 2021). There is also limited
evidence of intrauterine transmission (Rouby and Aboulsoud, 2016). Importantly, LSD outbreaks do
occur even in the absence of significant vector activity (Carn and Kitching, 1995a; Magori-Cohen et al.,
2012; Sprygin et al,, 2019). Experimentally, intravenous inoculation of LSDV led to considerably higher
rates of generalised disease than did intradermal inoculation, suggesting that inoculation into the
bloodstream, for example via haematophagy, is likely required to successfully initiate an infection (Carn
and Kitching, 1995a). However, the highest viral loads are found in the nodules of clinical bovines, greatly
exceeding the viral loads in the blood (Carn and Kitching, 1995a). Insect transmission from lesions is
considerably more efficient than experimental inoculation, suggesting that insects actively enhance
pathogenesis in the host, although the mechanism is not yet known (P. Beard, pers. comms.).

There has been much work on identifying specific insect species capable of vectoring LSDV. The current
scientific consensus is that the virus can be acquired by most, if not all, haematophagous insects;
successful transmission will then depend on biting behaviour (e.g. time to re-feeding, pain of bite, host
preference), the duration of the gonotrophic cycle, vector abundance and host availability, among other
factors (Kahana-Sutin et al., 2017). When assessing the risk of LSDV entering and establishing in the
United Kingdom, Horigan et al. (2018) observed that:

Whilst the competency of vectors in the [United Kingdom] is currently unknown, the fact that the
disease has moved steadily up from southern Africa through many different climatic zones involving
potentially many different vectors suggests that it is also likely to be transmitted by vectors present in
the [United Kingdom].

Since this was written, the disease has also spread through Asia, further demonstrating that, in a practical
sense, most countries (including Australia) are likely to have vector species capable of transmitting the

disease; thus, the identification of individual vector species may be largely irrelevant.

Interrupted feeders that regularly parasitise cattle that are found in high abundance are the best candidates
for transmitting LSDV (Berg et al., 2015). Stable flies, mosquitoes, midges, tabanids and ticks have all

been identified as potential vectors.

Flies are insects of the order Diptera, characterised by having two pairs of wings: one for flight and one as
a mechanosensory organ. The term ‘fly’ in entomology refers specifically to around 125,000 species of
dipterans, or true flies. Technically, mosquitoes and midges are all part of the order Dipfera and are
therefore considered flies. In our analysis we define ‘heavy fliers’ as the brachyceran flies such as stable
flies (Stomoxys caleitrans), house-flies (Musca), blowflies (Calliphoridae), march/horse flies (Tabanidae), soldier
flies (Stratiomyidae) and louse flies (Hippoboscida).

Mosquitoes are insects within the family Cw/icidae. There are approximately 3,500 species of mosquitoes,
several of which transmit pathogens such as Zika virus, Plasmodium (which causes malaria) and dengue
virus. Mosquitoes live in most parts of the world and are particularly attracted to areas with standing
water, because the larval and pupal stages require water with little or no flow to survive (Centers for
Disease Control and Prevention, 2022). Mosquitoes have long been suspected of playing a role in
transmission of LSDV (Sprygin et al., 2019).

While several families of dipterans are commonly referred to as midges, of most relevance to LSDV
transmission is the family Ceratgpogonidae. This family contains more than 5,000 species, including Cu/icoides
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spp., and are distributed worldwide on every continent except Antarctica (Boorman, 1993). Culicoides
species are known vectors of diseases such as African horse sickness virus, bluetongue virus (BT'V) and
epizootic haemorrhagic disease virus, and can be dispersed long distances by wind (Burgin et al., 2013;
Eagles et al., 2014; Paslaru et al., 2022). Culicoides midges have been implicated in LSDV transmission,
although transmission of LSDV from Cu/icvides to bovines has never been demonstrated experimentally
(Chihota et al., 2003; Eagles et al., 2014; Sevik and Dogan, 2017; Sanz-Bernardo et al., 2021). Recent
unpublished work from the Pirbright Institute again found no evidence for transmission of LSDV by
Culicoides midges, even under ideal laboratory conditions (P. Beard, pers. comm.)*.

There are multiple examples of long-distance windborne dispersal of arthropod vectors, most notably
Culicoides (Sellers, 1980; Murray, 1987b, 1987b; Murray and Kirkland, 1995; Mellor, Boorman and Baylis,
2000; Ducheyne et al., 2007; Eagles et al., 2014; Durr, Graham and van Klinken, 2017). Many of these
long-distance dispersal events have been associated with disease introductions. For example, bovine
ephemeral fever is thought to have spread from Korea to Japan via wind and wind was shown to assist in
the spread of BTV in Europe (Shirakawa, Ishibashi and Ogawa, 1994; Hendrickx et al., 2008). Eagles et
al. (2014) reported the detection of several exotic Caulicoides species associated with isolates of novel BTV
from the Top End of the Northern Territory. These specimens, collected as part of an active arbovirus
surveillance program, were used to assess the plausibility of dispersal from neighbouring countries. They
determined that windborne dispersal of Culicoides into Australia was possible from as far west as Lombok,
Indonesia, and as far east as southern Papua New Guinea (PNG), based on a 20-hour dispersal window.
The detection of two exotic Culicoides species from Douglas Daly shows that dispersal beyond the
Northern Australia Quarantine Strategy (NAQS) risk zones is possible. However, no origin source
outside Australia could be identified for this incursion, raising the possibility of spread from an initial
undetected incursion site within Australia (Eagles et al., 2014). A meta-analysis of mosquito flight
distances revealed reports of windblown dispersal between 600 and 800 km for several Culex and Aedes
species (Verdonschot and Besse-Lototskaya, 2014). Ritchie and Rochester et al. (2001) proposed that
Japanese encephalitis virus (JEV) was introduced to Australia by windblown Culex mosquitoes. Reports
on wind dispersal of heavy fliers are scarce, but Stomoxys calcitrans was detected 225 km away from the
release site in one study (Hogsette and Ruff, 1985). Notably, BTV and JEV are biologically transmitted,
with viral replication occurring within their arthropod hosts. In contrast, there is no robust evidence for
biological transmission of LSDV. Additionally, transmission from Cuw/icoides midges to bovines has not yet

been demonstrated experimentally.

The potential for wind-assisted spread of LSDV through long-distance dispersal of vectors has been
proposed, especially following the LSD outbreaks that occurred in Israel in 1989 and 2006 (Yeruham et
al., 1995; Magori-Cohen et al., 2012; Klausner, Fattal and Klement, 2017). In both outbreaks, Egypt was
suffering from an exceptionally severe epizootic of LSD at a similar time and no other outbreaks were
identified in the broader geographic region (Klausner, Fattal and Klement, 2017). Most cattle herds in
Israel are closed and the borders are tightly controlled due to conflict, so introduction of the disease
through movement of infected cattle was considered highly unlikely (Klausner, Fattal and Klement,
2017). This led the authors to suggest that these Israeli outbreaks occurred as a result of long-distance
windborne spread of vectors (Klausner, Fattal and Klement, 2017).

In addition to windborne dispersal of arthropod vectors, another potential incursion pathway for vector-
borne diseases is the presence of hitchhiker arthropods on vessels and aircraft (Border Management

# Interim results that have generously been made available ahead of publication.
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Group, 2003; Oliveira et al., 2018). These pests and pathogens may travel opportunistically on ships and
aircraft or in shipping containers or non-containerised cargo such as cars, tyres or machinery (Inspector-
General of Biosecurity, 2018). Aircraft were not considered in our assessment because of the low volume
of air freight compared to sea freight; for example, from 2017 to 2021 less than 0.5% of the imported
trade volume was as air freight (National Freight Data Hub, 2022).

Commercial vessel biosecurity risks are managed through the Maritime Arrivals Reporting System
(MARS) and detailed risk mitigation measures are in place. All commercial vessels arriving in Australia
must submit details of their biosecurity status and last port of call pre-arrival (Inspector-General of
Biosecurity, 2018). The Department operates a vessel compliance scheme through MARS to facilitate
risk-based, targeted inspections; each ship is inspected unless a risk-based assessment exempts that

voyagec.

Returning live export vessels are managed separately. Pre-arrival, livestock ships are thoroughly cleaned,
are disinfected with soda ash, and receive two insecticide treatments, although the effectiveness of these
treatments may not be uniform across decks (DAFF officer, pers. comm.). While treatments are
ineffective against larvae, pupae and eggs, transstadial and transovarial transmission of LSDV have only
been reported for ixodid ticks (Tuppurainen et al., 2011). Insectocutors are located on board for the
primary purpose of screwworm fly (Chrysomya begziana) surveillance and preferentially attract heavy fliers.
These are turned on once in Australian waters and remain on in port (NAQS officer, pers. comm.).

Additionally, every returning livestock vessel is inspected on arrival at its first port.

These risk management regimes are well-targeted, effective and efficient and undoubtedly limit entry of
substantial biosecurity risk material, pests and diseases. However, the challenges posed to Australia by
hitchhiker pests are likely to increase in the future due to increased global trade (Inspector-General of
Biosecurity, 2018).

1.2 Potential impacts of climate change

Because of the critical role of protein-feeding arthropods in LSDV transmission, it is no surprise that the
distribution and spread of LSDV are heavily influenced by environmental conditions and landscape
(Tuppurainen et al., 2013b; Abera et al., 2015; Lubinga et al., 2015; Alkhamis and VanderWaal, 2016).
Therefore, it is reasonable to consider the impacts of climate change on the probability of LSDV
incursion into Australia. Climate change through human-induced greenhouse gas emissions has resulted
in marked warming since the mid-20th century IPCC, 2021). Australia has already experienced increasing
temperatures, shifting rainfall patterns and rising oceans, presenting considerable challenges to humans,
animals and the environment (Moise et al., 2015). Much attention has been focused on the impacts of
climate change on vector-borne diseases, although not necessarily specifically in the Australian context
and not with a focus on LSDV (reviewed in Rocklév and Dubrow, 2020). In the context of human
vector-borne diseases, a major threat to Australia is the introduction and establishment, or range
expansion, of important vector species such as Aedes albopictus or Aedes aegypti, respectively (Hall et al.,
2021). Additionally, altered environmental conditions are likely to affect vector survival and vector
behaviour (Beebe et al., 2013; Ali, Carlile and Giasuddin, 2020). Furthermore, host susceptibility to
infection may be impacted due to exacerbation of physiological stressors. Considerations of the impacts
of climate change on LSDYV are similar.

Warmer climates are generally conducive to insect survival and development, with optimal temperatures
for mosquitoes, midges and heavy fliers typically between 20 and 25°C (Gilles, David and Duvallet, 2005;
Hendrickx et al., 2008; Venter, Boikanyo and de Beer, 2019; Rocklév and Dubrow, 2020; Tugwell et al.,
2021). Substantial future warming is projected with very high confidence for northern Australia, including
the Torres Strait. Mean warming is predicted to increase by 0.5-1.3°C above 1986-2005 levels, and
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maximum and minimum temperatures are also projected to increase (Suppiah et al., 2011; Moise et al.,
2015). Northern Australia is expected to experience an increase in the frequency of hot days and a longer
duration of warm spells (Moise et al., 2015). Therefore, increased temperatures may inhibit LSDV vector
survival to some extent across far northern Australia, particularly during the monsoon season (December
to April), which is the high-risk period for windborne dispersal. However, increased temperatures
through central and southern Australia may facilitate range expansion of vectors, may increase the
abundance of vector species capable of transmitting LSDV and may increase the proportion of the year

suitable for vector activity and disease transmission.

Through the 20th century there was a trend towards slightly increased rainfall, particularly across the
north-western regions (Moise et al., 2015). However, natural variability, including prolonged periods of
drought as well as above-average rainfall, driven in part by the El Nifio Southern Oscillation, has
dominated these longer-term trends. Natural climate variability is expected to continue to be the major
driver of annual mean rainfall in northern Australia, although substantial changes to wet-season rainfall
cannot be ruled out (based on conflicting results from different models) (Moise et al., 2015). The Torres
Strait is perhaps projected to experience less change in rainfall than other parts of northern Australia
(Suppiah et al., 2011). The intensity of heavy rainfall events is projected to increase, with high confidence,
while changes to drought frequency are less clear (Moise et al., 2015). Changes in relative humidity are
projected to be minimal (Suppiah et al., 2011; Moise et al., 2015). Moderate to heavy rainfall is known to
impede flight of Cw/icoides (Burgin et al., 2013; Eagles et al., 2014). However, vector abundance is widely
known to be associated with wet areas, with LSDV outbreaks typically coinciding with the onset of the
rainy season in endemic regions (Tuppurainen and Oura, 2012). Overall, rainfall changes due specifically
to climate change are unlikely to be major drivers of LSDV dynamics in northern Australia.

Only small changes in mean surface wind speed (i.e. —4 to +3% for northern Australia and —1.12 to
2.47% for the Torres Strait) are projected for northern Australia under near-future climate models
(Suppiah et al., 2011; Moise et al., 2015). Tropical cyclones are projected, with medium confidence, to
increase in intensity (by 2—11%) but are anticipated to occur less frequently (Suppiah et al., 2011; Moise et
al., 2015). While these cyclone events may be more likely to transport vectors from our near neighbours,
strong winds are known to inhibit flight activity and reduce insect survival, particulatly for fragile species
like mosquitoes (Hendrickx et al., 2008; Agren et al., 2010; Boyle et al., 2012; Sanders et al., 2012; Sedda et
al., 2012; Chen et al., 2020). More information on vector survival under these extreme conditions is
required to better understand how an increased frequency of tropical cyclone events may affect LSDV

incursion.

Climate change may also directly impact international shipping through an increased frequency and
intensity of extreme weather events. This could lead to damage to ships, cargo and ports, changes in
shipping routes, and perhaps higher fuel consumption by ships due to changes in wind velocity and
patterns (Kuhn and Beaufoy, 2009). All of these are likely to lead to increased travel times, thereby
reducing the probability of importing live and infectious vectors in the context of LSDV transmission.

1.3 Introduction to risk analysis

Risk analysis is an established scientific discipline underpinned by an extensive theorical framework. In
animal health, the key principles of risk analysis largely come from import risk analysis. However, these
principles can be applied to other types of risk analysis.

Risk analysis has four related components: risk communication, hazard identification, risk assessment and
risk management (Figure 0).
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While hazard identification, risk assessment and risk management occur sequentially, risk communication
should occur throughout the risk analysis process. This project concentrates specifically on the risk

assessment component of the hazard: LSDV entry into Australia via four non-regulated pathways.

Risk assessment also has several components: release assessment, exposure assessment and consequence
assessment. Release assessment is also referred to as entry assessment, while exposure assessment is
sometimes termed establishment assessment. Together, these components enable the final step of risk

assessment: risk estimation.

Entry (release) assessment consists of describing the pathways necessary for the introduction of a hazard
or pathogen into a new environment. In the case of LSDV, this would involve describing the sequence of

steps necessary for LSDV to enter Australia.

Exposure (establishment) assessment consists of describing the pathways necessary for exposure of
animals to the hazard or pathogen after entry and the establishment of the hazard in the importing
country. In the case of LSDV, exposure assessment may describe how a vector, fomite or infected animal
carrying LSDV that has entered Australia could infect a susceptible bovine.

Consequence assessment involves evaluating the consequences of entry and exposure to the hazard or
pathogen. Consequences can be direct (such as production losses) or indirect (such as the cost associated
with a control or elimination program). For our assessment we have assumed, without conducting formal
economic analyses, that introduction of LSD would have extreme consequences for Australia’s bovine

industries.

Risk estimation produces an overall measure of the risk being assessed, considering entry, exposure and
consequence assessment (Australian Government Department of Agriculture and Water Resources,
2010). In qualitative risk assessment, the likelihood of an event occurring and the magnitude of the
consequences, and therefore the final risk estimation, are expressed using qualitative descriptors such as
‘high’, ‘moderate’ or ‘low’. Qualitative risk assessments are relatively simple to understand and easy to

implement. Qualitative risk assessments are often sufficient but can be followed by a quantitative

> From RP Subasinghe, SE McGladdery and B] Hill, ‘Surveillance and zoning for aquatic animal diseases’,
FAQ fisheries technical paper 451, Food and Agriculture Organization of the United Nations, 2004, accessed
9 September 2022.
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assessment where further detailed insights are required (Murray and World Ozrganisation for Animal
Health, 2010). We previously conducted a qualitative risk assessment on the incursion of LSDV into
Australia via the same four non-regulated pathways assessed here. In that previous assessment, we
estimated the probability of LSDV incursion through the four pathways to be negligible but noted that
this assessment did not account for the volume of vector movements into Australia, which may change
the overall results of the assessment (Zalcman, Hall and Cowled, 2022). From those findings, it was
considered worthwhile to undertake a quantitative risk assessment (QRA) to further estimate the
probability of LSDV incursion and incorporate uncertainty into the assessment.

In a QRA, the likelihood of occurrence is expressed in numerical terms, such as ‘one disease introduction
every 100 years’. QRA requires quantitative data and can provide more detailed insights in circumstances
where there are high levels of complexity and uncertainty. However, numerical results are often
mistakenly considered to be highly precise, when in fact the quality of the underlying data may
substantially limit their precision. Thus, results of QRAs should be interpreted with caution and the
uncertainty of the outputs must be considered (Murray and World Organisation for Animal Health,
2010). Nevertheless, quantitative assessments encourage a more rigorous approach by forcing assessors to
outline specific probability distributions at each individual step throughout the entry and exposure
pathways. For both qualitative assessments and QRAs it is important to be transparent and to fully
describe the underlying assumptions and data sources used for the analysis (Murray and World
Organisation for Animal Health, 2010).

QRAs can be conducted using deterministic approaches or stochastic/probabilistic approaches (Vose,
2000). In a deterministic approach, a single point estimate is made for each parameter and the final risk
estimate is derived by combining these individual values. However, biological parameters are rarely
represented by a single fixed value. In a stochastic approach, each parameter is represented by a
probability distribution, which spans the range of possible values and weights each value by the
probability of its occurrence (Vose, 2000). Probability distributions incorporate both the uncertainty of a
parameter, which is due to a lack of precise knowledge, and variability, the intrinsic variation in a
parameter due to chance. For example, the number of vectors that will feed on an individual bovine in a
year has not been robustly measured, making this an uncertain parameter. This parameter will also be
variable, because vectors will preferentially feed on some hosts over others due to factors such as host
size and genetic factors like excretion of volatile compounds. Parameters are combined by randomly
sampling from each input distribution over thousands of iterations and combining these samples in a final
risk calculation to generate a distribution of the overall risk, incorporating both variability and uncertainty.
The ability to robustly model uncertainty is a major advantage of QRAs. For example, quantitative
analyses provide additional insights such as where uncertainty can be reduced through further research
and investigation. Again, it is essential to consider both the level of uncertainty and variability when
interpreting the final risk estimation.

In our assessment, we have limited QRA to entry and exposure assessment. We focus on deriving
quantitative likelihood estimates for the entry of LSDV into Australia and exposure of Australian bovids
to LSDYV via four non-regulated pathways.

1.4 Purpose of this risk assessment

Originally, this project had two broad objectives: 1) to develop a general risk assessment framework for
disease incursion, and 2) to use this framework to conduct a qualitative risk assessment for the entry of
LSD into Australia via non-regulated pathways. It was the intention of the Department of Agriculture,
Fisheries and Forestry (the Department, DAFF) that NAQS staff could use the general risk assessment
framework to guide ongoing, regular risk assessments to inform their surveillance.
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The probability of LSDV entry into Australia will increase as the disease spreads through countries to our
north and disease incidence increases. Like most countries, Australia is likely to have vector species
capable of transmitting LSDV. Furthermore, Australia has a substantial bovine population and favourable
environmental conditions that would facilitate exposure and wider spread. Given the implications for
trade, as well as the effects on production, the consequence of entry and exposure is assumed to be
extreme.

Notably, bovine densities are relatively low in northern Australia; livestock trade and movement into
Australia is stringently controlled and animal health surveillance systems are comparatively strong relative
to many countries. Furthermore, a series of events (or steps along a risk pathway) would need to occur
sequentially for entry and exposure of LSDV into the Australian bovine population. While several risk
mitigation measures have already been, and continue to be, implemented, formal risk assessment allows
for targeting of approaches and ensures that the available resources are allocated most efficiently. In
particular, risk assessment facilitates the systematic assessment of risk and implementation of risk-based
surveillance.

This analysis extends our qualitative risk assessment framework and highlights nodes with high
uncertainty as possible areas for future research prioritisation. This assessment is complex and is uniquely
designed for the assessment of risk associated with LSDV. It is not intended to be used regularly for
other diseases or pathways.

1.5 Risk question

In this assessment we aimed to answer the following question.

“Assuming a situation where LSDV is endemic throughout Southeast Asia and PNG, how many LSDV
incursions into Australia per year are estimated through the four specified non-regulated pathwaysr?”

Although the risk question is ultimately based on a future situation, we used current (or the most recently

available) data to parameterise our models.

1.6 Definitions and terminology

For the purpose of this report, we use the following definitions for key terms:

Combination in this assessment refers to individual combinations of origin country, arrival destination
and vector category within a pathway. For example, the windborne dispersal pathway can be broken
down into many individual combinations (e.g. midges from central Indonesia to NAQS risk zone N7 or
mosquitoes from Timor-Leste to NAQS risk zone Q06b).

Leakage refers to biosecurity risk material that is not intercepted upon initial inspection at the border.

Monte Carlo simulation involves randomly sampling each probability distribution within the model for
many hundreds or thousands of iterations to reproduce the probability density function of the outcome
(in this case, the probability of LSDV entry) (Vose, 2000).

Nodes are steps or events within in a pathway that must occur successively for a hazard to enter and
establish. In a QRA, each node is parameterised using a probability density function.

Non-regulated pathways refer to pathways for entry and exposure of a hazard that are not heavily
controlled through official processes or not controlled at all, such as windborne entry of insects. These
are the focus of our assessment.
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A probability density function defines the range of possible values for a node along the x-axis and the
likelihood of those values occurring along the y-axis. These distributions can take vatious forms, including
Normal, discrete, uniform, Program Evaluation and Review Technique (PERT), negative binomial and
others (Vose, 2000). Probability density functions allow for incorporation of uncertainty and variability
into the model.

Regulated pathways refer to pathways for entry and exposure of a hazard that are heavily controlled
through official processes, such as the arrival of passenger aircraft. These are excluded from our

assessment.

Risk refers to the likelihood of occurrence and the likely magnitude of the biological and economic
consequences of an adverse event or effect to animal or human health. This definition is presented in the
Terrestrial Animal Health Code of the World Organisation for Animal Health (WOAH). The various

components of risk analysis are discussed above.
Scenario in this assessment refers to one of three conditions under which we conducted our assessment:

1. Atleast 30-50 insects are necessary for successful vector-to-bovine transmission of LSDV
2. Several (i.e. 3-5) vectors are necessary for transmission

3. A single insect is sufficient for transmission

A scenario tree outlines the conditional series of events (or nodes) necessary for the entry and exposure

of a disease.

Uncertainty is the imprecision due to the assessot’s lack of knowledge of the parameter (Vose, 2000).
This can be reduced through further research and investigation.

Variability is the natural stochasticity (e.g. randomness) in a physical system, due to either chance or
individual variation (Vose, 2000).
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2 Methodology

2.1 Pathways for inclusion

We consulted with the Department during the contracting stage of this work and during project inception
to clarify pathways for inclusion. We presented draft pathways to a group of NAQS staff during a
preliminary consultation meeting on 25 March (Appendix 1), from which the final pathways were
selected. We also conducted a review of the scientific literature to ensure that our pathways were clearly
defined and plausible for the transmission of LSDV. This review was submitted previously as part of this
project.

The final four non-regulated pathways for inclusion in the analysis of LSDV entry into Australia were:

* windborne dispersal of arthropod vectors

* commercial vessels (excluding returning live export vessels) carrying hitchhiker arthropod vectors
* returning live export vessels carrying hitchhiker arthropod vectors

* Torres Strait Treaty movements carrying hitchhiker arthropod vectors

Since we did not know the minimum number of vectors necessary to initiate an LSDV infection in a

bovine, each pathway was assessed under three separate scenarios:

1. At least 30-50 insects necessary for successful vector-to-bovine transmission of LSDV
2. Several (L.e. 3-5) vectors necessary for transmission

3. A single insect is sufficient for transmission

2.2 Vector categories for inclusion

After conducting a review of the scientific literature and consulting with entomologists, we proposed to
group LSDV vectors into three broad categories: midges (Ceratopogonidae), mosquitoes (Culicidae) and
heavy fliers (including stable flies, tabanids and other brachyceran flies).

2.3 Origin countries for inclusion

We used spatial analysis and sea route distance modelling to determine origin countries for inclusion for

each individual pathway.

For the windborne dispersal pathway, we first consulted the literature to determine the maximum flight
durations for midges, mosquitoes and heavy fliers for windborne dispersal. Previous studies have
variously reported putative dispersal times of 12 hours, 20 hours and up to 36 hours for Culicoides (Sellers,
Pedgley and Tucker, 1977; Alba, Casal and Domingo, 2004; Agren et al., 2010; Burgin et al., 2013). Flight
durations longer than this are reportedly highly unlikely (Eagles et al., 2013). Importantly, models
investigating windborne dispersal of insect vectors have previously identified this as a critical and
uncertain parameter (Eagles et al., 2013). As a conservative estimate, we set the maximum flight duration
to 48 hours and used the Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT)
version 5.2.1 atmospheric dispersion model (Stein et al., 2015) to determine the origin countries from
which particles could be dispersed over this flight time.

This model has been used extensively to assess the involvement of windborne arthropods in various
infectious disease outbreaks (Garcfa-Lastra et al., 2012; Eagles et al., 2013, 2014; Durr, Graham and van
Klinken, 2017; Klausner, Fattal and Klement, 2017; Aguilar-Vega, Fernandez-Carrién and Sanchez-
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Vizcaino, 2019; Huestis et al., 2019; EFSA Panel on Animal Health and Welfare et al., 2020). HYSPLIT
allows for the calculation of both trajectories of a single air patcel or concentration/dispetsion plumes of
multiple particles (e.g. insects) in either forwards (from a source) or backwards (from an arrival
destination) directions for a specified flight duration (Draxler and Hess, 1998). HYSPLIT takes input
gridded meteorological data files (Gridded Climate: NOAA Physical Sciences Laboratory, no date) and uses
these files to integrate the position of an air parcel (for trajectories) or multiple independent particles (for
dispersion runs) over time from a given starting location on a given date and time. Various inputs can be
adjusted to account for particle-specific parameters. The output can be analysed and visualised using
geographic information system tools.

We calculated 48-hour backwards trajectories from the centroids of all arrival destinations (i.e. NAQS risk
zones) over the period 1 January 2017 to 31 December 2021 at 6-houtly intervals using the
meteorological files from the NCEP-NCAR Reanalysis 1 project (Kalnay et al., 1996) with a 2.5°
horizontal resolution.

We implemented HYSPLIT through a custom R script (Hysplit_ LSDV_final NCEP.R, available through
Bitbucket) using the packages splitr v0.4.0.9000 (Iannone, 2022), sf v1.0-7 (Pebesma, 2018), tidyverse
v1.3.1 (Wickham et al., 2019), lubridate v1.8.0 (Grolemund and Wickham, 2011), scales v1.2.0 (Wickham
and Seidel, 2022), readxl v1.4.0 (Wickham and Bryan, 2022) and rgeos v0.5-9 (Bivand and Rundell, 2021).
The scripts and accompanying data files are available at the Bitbucket repository
robynhall@bitbucket.org/robynhall/awe-lsd-21

uantitative.git upon request.

For commercial shipping pathways, we considered all countries within 10 days’ travel time as potential
origins (see Section 3.6.2 for discussion). Travel times from countries or origin to Australian ports were
estimated based on average speeds of 33 km/hr for commercial ships excluding live export vessels and 24
km/hr for live export vessels (Leaper, 2019).We previously used straight line distances to origin countries
for the commercial shipping pathways in our qualitative assessment. However, we noted in that report
that actual travel durations were considerably longer due to the presence of land masses and other
obstacles. Therefore, for our quantitative analysis we estimated shipping distances using a custom R script
(get_searoute_data.R) with the packages sf v1.0-8 (Pebesma, 2018), tidyverse v1.3.1 (Wickham et al.,
2019), jsonlite v1.8.0 (Ooms, 2014), geosphere v1.5-14 (Hijmans et al., 2021), parallel v4.1.3 (R Core
Team, 2021), cowplot v1.1.1 (Wilke, 2020), marmap v1.0.6 (Pante and Simon-Bouhet, 2013), raster v3.5-
21 (Hijmans, 2022), rgdal v1.5-32 (Bivand, Keitt and Rowlingson, 2022), gdistance v1.3-6 (van Etten and
de Sousa, 2020), seegSDM v0.1-9 (Golding and Shearer, 2019) and smoothr v0.2.2 (Strimas-Mackey,
2021). This script first identifies the closest seaport within each origin country to each Australian seaport
(based on the world-administrative-boundaries shapefile (Wotld Food Programme, 2019)), and then
calculates the shortest path between these ports while iteratively altering direction to avoid land masses.
This excluded countries without seaports. African countries were also excluded, since LSDV has not
previously entered Australia from the African continent despite being endemic there for many decades.
Seaport details were obtained from the World Port Index (National Geospatial-Intelligence Agency,
2019).

For all pathways, we excluded Australian territories (Norfolk Island, Cocos (Keeling) Islands, Christmas
Island, and Heard and McDonald Islands) and Antarctica. We excluded New Zealand because of their
current animal disease status, high level of biosecurity controls and historical capacity to manage exotic
disease incursions effectively (Davidson, 2002).

We also excluded Pacific Island countries and territories and island nations with a land area of <3,000
km?, with the exception of Singapore where LSDV has already been detected. Using this criteria, the
following regions were excluded: American Samoa, Antarctica, British Indian Ocean Territory, Christmas
Island, Cocos (Keeling) Islands, Cook Islands, Federated States of Micronesia, Fiji, French Polynesia,
French Southern and Antarctic Lands, Guam, Heard and McDonald Islands, Kiribati, Maldives, Marshall
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Islands, Mauritius, Nauru, New Caledonia, New Zealand, Niue, Norfolk Island, Northern Mariana
Islands, Palau, Réunion, Samoa, Seychelles, Solomon Islands, Tokelau, Tonga, Tuvalu, Vanuatu, Wallis
and Futuna Islands, and United States Minor Outlying Islands. We assumed the probability of LSDV
arriving in island countries of < 3,000 km? to be negligible, partly because we know that ocean borders
and relatively low livestock populations have historically kept these nations free of many infectious
livestock diseases (Brioudes, 2016).

Hong Kong Special Administrative Region, China mainland, Macau and Taiwan were classified together
as ‘China and associated autonomous regions’. Indonesia was divided into western, central and eastern
regions for improved geographical resolution to enable more nuanced risk assessment (Figure 1). Origin
countries were spatially defined using the world-administrative-boundaries shapefile, modified to
subdivide Indonesia as described above (World Food Programme, 2019).

2.4 Arrival destinations for inclusion

We considered NAQS risk zones to be the most relevant spatial classification of arrival destinations for
the windborne dispersal pathway, based on LSDV control and surveillance activities. Importantly
however, NAQS risk zones only extend for a relatively short distance beyond the coastline, whereas
vectors may be deposited by wind further inland where the density of susceptible hosts and conditions
for vector establishment may be different to those at the coastline. Therefore, we also added three
additional arrival destinations (‘rest of N'T”, ‘rest of northern WA’, ‘rest of western QLD’) based on
modifications of the Statistical Area 4 (SA4) regions 702, 510 and 315, respectively (Australian Bureau of
Statistics, 2021b). To derive these additional regions, we calculated the spatial difference between these
three SA4s and NAQS risk zones in QGIS (version 3.24.1+Tisler) using the ‘Difference’ algorithm, based
on the shapefiles SA4_2021_AUST_GDA2020 (Australian Bureau of Statistics, 2021b) and
NAQS_RiskAreas2015 (NAQS officer, pers. comm.). We then manually aligned the coastline of the two
shapefiles.

For the commercial shipping pathways, we obtained a list of the 66 Australian seaports and their point
locations from the World Port Index (National Geospatial-Intelligence Agency, 2019).

We considered the NAQS risk zones within the Torres Strait as potential arrival destinations for the
Torres Strait Treaty movements pathway (Figure 12).

2.5 Scenario trees and development of the models

Pathways were mapped using scenario trees, where each node of the tree represents an event that must
occur to enable the entry and establishment of LSDV in Australia (FAO, 2014). We included three
category nodes that, taken together, defined different subpopulations of interest (i.e. the number of
vectors biting bovines by origin country) (FAO, 2014).
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From these scenario trees we formulated an incursion risk model for each pathway.

This can be summarised as nxPEnxPEx, where 7 is the number of vectors biting bovines per year, Pg, is
the probability of entry and P is the probability of exposure.

For all pathways, # was calculated as En1 xEn2 xEn3, where En; is the number of bovines at origin, En;
is the number of infectious days per bovine per year and Enj is the number of vectors biting each bovine
En2.1xEn2.2
En2.3
proportion of bovines infected during their lifetime), Enz; is the duration of infectiousness in days and

per infectious day. En; was calculated as , where Eny is the LSDV seroprevalence (or the

Engz; is the duration of immunity in years (or the number of years per lifetime).

For all pathways, PEX was calculated as ExXAxExBXExC, where Exa is the probability of a bovine being
present at arrival destination, Exp is the probability of vector(s) biting a bovine and Exc is the probability
of vector-to-bovine transmission. Exp was calculated as ExB. 1xExB. 2, where Exp., the probability of
vector(s) biting bovine, is multiplied by Exs 1, the probability of vectors being present, depending on the
number of vectors required in each scenario (i.e. 30-50, 3-5 or 1).

The probability of entry, PEn, was pathway dependent as follows:
For windborne dispersal:

PEn = En4xEn5.1xEn5.2xEn5.3xEn6.1 xEn6.2, where Eny is the probability of bovine-to-vector
transmission, Ens is the probability of vectors entering high-altitude wind streams, Ens is the
probability of winds being suitable for dispersal to Australia, Ens3is the probability of the vector(s) being
deposited on the Australian continent, Eng.1is the probability of the vector(s) remaining infectious and
Eng.2is the probability of the vector(s) surviving long-distance windborne dispersal.

For commercial shipping (including returning live export vessels):

PEn = En4xEn5xEn6xEn7.1xEn7.2xEn8.1xEn8.2xEn9xEn10, where Eny is the probability of
bovine-to-vector transmission, Ens is the probability of vector(s) flying to the seaport, Eng is the
probability of vector(s) landing on a vessel, Enz1 is the probability of the vessel travelling to Australian
waters, En72is the probability of the vessel travelling to a specific Australian seaport, Eng;is the
probability of vector(s) remaining infectious, Eng 2 is the probability of vector(s) surviving transport, Eno
is the probability of vector(s) disembarking without detection and Enyo is the probability of

environmental conditions being suitable for vector activity at arrival destination.
For Totres Strait Treaty movements:

PEn = En4 xEn5xEn6xEn7, where En, is the probability of bovine-to-vector transmission,
Ensis the probability of vector(s) reaching a vessel, Eng is the probability of vector(s) surviving
transport and Enyis the probability of vector(s) disembarking without detection.

2.6 Parameterisation of the models

We consulted the published peer-reviewed scientific literature, grey literature and other publicly available
information, such as trade volume data, to estimate a probability distribution for each node. Values varied
depending on the country of origin, arrival destination or vector category; for example, livestock numbers
varied between origin countries and between arrival destinations, while biting rates varied by vector
category.

Expert opinion was sought where data were absent. We consulted three entomologists, Dr Glenn Bellis,
Dr Mike Muller and Mr Angus Sly, who provided quantitative estimates of the probability of a vector
biting a bovine and/or provided guidance on relevant sources for quantitative parameterisation of other
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nodes related to vector biology. We consulted the Biosecurity Operations Division within the
Department’s Animal Biosecurity branch for information around the likelihood of vectors disembarking
from various vessel types without detection. We also consulted with the NAQS Torres Strait and Field
Operations team who provided additional information around vessel activity in the Torres Strait.

2.6.1 Windborne dispersal
En; Number of bovines at origin

Total cattle and buffalo numbers for each origin country were obtained from FAOSTAT, the global food
and agriculture statistics data portal from the Food and Agriculture Organization of the United Nations
(FAO, 2022). We used numbers from 2015 to 2020 as inputs for a PERT distribution, taking the 2020
values as the most likely estimate. To parameterise eastern and central Indonesia we used the most recent
(2010) Gridded Livestock of the World cattle and buffalo areal-weighted data sets (Gilbert et al., 2018b,
2018a) and calculated the mean number of bovines per km? in each Indonesian subdivision using QGIS
v3.24.1. We then calculated the ratio of the bovine density between western, eastern and central Indonesia
from this data set and calculated the corresponding proportion of total bovine numbers from the
FAOSTAT data for Indonesia to ensure comparability of the data source with the other origin countries.

En; Bovines infected with LSDV

We estimated the proportion of bovines infected per year in each origin country by dividing the
proportion infected at any time in their life by the average lifespan of a bovine (which represents the
duration of immunity for LSDV). We then multiplied this by the duration of infectiousness (in days) to
estimate the number of infectious cattle days per year by origin country, in a similar approach to that
developed by the European Food Safety Authority (EFSA) (Berg et al., 2015). Parameter values were
sourced from the peer-reviewed literature. Seroprevalence and the average lifespan of a bovine were
modelled as uniform distributions; this was considered more appropriate than use of PERT distributions
because we could not robustly assign a ‘most likely’ value based on the available data. We modelled the
duration of infectiousness as a PERT distribution.

En; Number of vectors biting each bovine per infectious day

We estimated the number of vectors feeding on a bovine per day based on the vector—host ratios detrived
by Gubbins et al. (2019). These were modelled as uniform distributions for each vector category. We
considered a uniform distribution to be appropriate since there is no clear justification for choosing a
‘most likely’ value; notably, Gubbins et al. (2019) also used a uniform distribution.

En4 Bovine-to-vector transmission

Several studies have investigated the proportion of insects that are LSDV-positive after feeding on an
infected bovine, with considerable variation in results both within and between studies (Chihota et al.,
2001, 2003; Gubbins, 2019; Sohier et al., 2019; Issimov et al., 2020; Sanz-Bernardo et al., 2021). We used
the minimum and maximum observed values (not the derived 95% confidence intervals) from the
literature to define a uniform distribution for each vector category. We considered a uniform distribution
to be appropriate since we were not able to justify a ‘most likely’ value for a PERT distribution based on
the limited data available.

Ens Vector transported to Australia by wind
There are three subcomponents to windborne dispersal over sea (Figure 10). Vectors must:

e enter high-altitude wind streams
* enter at a date and time conducive to transport along an appropriate trajectory
* reach land in the destination country
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Figure10 Schematic of parameterisation of Ens for windborne dispersal

No empirical data were available to directly inform the probability of a vector entering a wind stream;

thus, we first made a qualitative assessment (‘extremely low’) and then derived a semi-quantitative

estimate according to a previously reported risk assessment methodology (Biosecurity Australia, 2004).

We modelled this as a uniform distribution.

To determine the probability of prevailing winds being conducive for vector dispersal to Australia we

conducted atmospheric dispersion modelling using HYSPLIT version 5.2.1 (Stein et al., 2015) and the
splitr package v0.4.0.9000 (Iannone, 2022) implemented in R version 4.1.3 (R Core Team, 2021), as
described for the determination of origin countries (Section 2.3). We calculated 48-hour backwards

trajectories from the centroids of all arrival destinations (i.e. NAQS risk zones plus additional areas, n =

43; Figure 13) over the period 1 January 2017 to 31 December 2021 at 6-houtly intervals using
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meteorological files from the NCEP-NCAR Reanalysis 1 project (Kalnay et al., 1996). We used NCEP-
NCAR meteorological files because these data are available from 1948 onwards; therefore, we could use
the same model when investigating the impacts of climate change, ensuring consistency of data across the
different time periods (described in Section 2.9). Trajectory parameters followed those described by Durr
et al. (2017) and are detailed in Appendix 2. We subsequently converted each output trajectory (43 arrival
destinations X 365 days X 5 years X 4 timepoints per day) to a spatial linestring object using the sf
package v1.0-7 (Pebesma, 2018). We calculated intersection events between these linestrings and origin
country polygons using the modified world-administrative-boundaries shapefile described in Section 2.3
(World Food Programme, 2019). For each combination of destination and origin country, we calculated
the proportion of trajectories per year where transport was possible. The minimum value, 2021 value and
maximum value for each origin—destination combination over this 5-year period were used as inputs for a
PERT distribution (Figure 10).

To estimate the probability of a single particle (i.e. insect) reaching land in Australia, we modelled the
forwards dispersion of 10,000 theoretical particles (i.e. sufficient to simulate the proper pollutant
distribution) from various source locations within each origin country at times when winds were suitable
for dispersal to Australia. For suitable days during 2021 (determined by our trajectory calculations
described above), we consulted maps of the trajectories to determine appropriate source coordinates and
time points as input parameters for HYSPLIT concentration/dispersion runs. For example, for the 30
January 2021 (shown in Figure 13) simulation we used source coordinates of -9.938 124.055 for central
Indonesia, -7.689 131.436 for eastern Indonesia, -8.756 141.499 for PNG and -8.922 126.068 for Timot-
Leste. We manually selected source locations because we would have underestimated the dispersal risk if
we had used centroids for origin countries; for example, 48-hour trajectories from Australia do not extend
to the centroids of central Indonesia, eastern Indonesia or PNG (Figure 13). While we did not perform
concentration runs for every possible date and time, we performed multiple runs from each origin
country that allowed us to statistically assess the variability in dispersion patterns across a range of dates,
times and soutce locations (n = 42 runs from central Indonesia, 87 runs from eastern Indonesia, 108 runs
from PNG and 26 runs from Timor-Leste, reflecting the relative frequency of suitable trajectories to the
different locations). Concentration runs were parameterised generally as described by Durr et al. (2017),
and further detailed in Appendix 2. For concentration runs we used meteorological data files from the
Global Data Assimilation System (GDAS) at 1° resolution (NOAA-Air Resources Laboratory, no date a).
This is a higher resolution data set than the NCEP-NCAR Reanalysis 1 data but is only available from
2005 onwards, so was not compatible with our climate change analyses. We implemented HYSPLIT
concentration runs through a custom R script (Hysplit_LSDV_final.R) and a Microsoft Windows batch
script (hysplit.bat, Appendix 2), using the packages splitr v0.4.0.9000 (Iannone, 2022), st v1.0-7 (Pebesma,
2018), tidyverse v1.3.1 (Wickham et al., 2019), lubridate v1.8.0 (Grolemund and Wickham, 2011), scales
v1.2.0 (Wickham and Seidel, 2022), readxl v1.4.0 (Wickham and Bryan, 2022) and rgeos v0.5-9 (Bivand
and Rundell, 2021).

For each concentration run, the resulting particle file was manipulated in R to generate linestring
trajectories for each individual particle, from which we calculated the number of particles intersecting
with each arrival destination (i.e. NAQS risk zones plus additional regions). Thus, we could calculate the
proportion of the original 10,000 released particles that could reach each individual NAQS risk zone. The
minimum and maximum proportions for each origin country—arrival destination combination across all
runs assessed were used to define a uniform distribution. A uniform distribution was selected because
preliminary interrogation of the results showed a poor fit for PERT and other probability distributions.

For some combinations of origin country and arrival destination no suitable days were identified based on
trajectory simulations, yet arriving particles were detected based on the concentration runs. For
combinations where we encountered this discrepancy, we estimated the proportion of the year suitable
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for windborne dispersal by taking the number of concentration runs where particle arrival was detected
and dividing by 365 X 4 (since concentration runs were selected based on trajectory data only from 2021
across 4 time points each day). This avoided misassigning a probability of zero to possible dispersion
routes. Conversely, there were several scenarios where dispersal was reportedly possible based on
trajectory results, yet no particles were detected from concentration runs. In these cases, we first ran
additional concentration runs using alternative source coordinates. Where this still failed to identify
arriving particles, we set the proportion of suitable days to 0 for the specific origin country—arrival

destination combination, considering the concentration runs to be more accurate than the trajectory runs.
Eng Vector survives dispersal and remains infectious

Informed by the literature, we made a qualitative assessment of vector survival during long-distance
windborne dispersal (‘extremely low’) and converted this to a semi-quantitative probability using a
previously reported risk assessment methodology (Biosecurity Australia, 2004). This was modelled as a
uniform distribution for all vector categories.

We modelled insect infectiousness as a function of time, deriving input data from the peer-reviewed
literature on the proportion of infectious insects at different days post-feeding (Chihota et al., 2001;
Issimov et al., 2021; Paslaru et al., 2022). Here, we restricted studies to those that demonstrated
infectiousness by virus isolation (i.e. we excluded those studies only reporting quantitative polymerase
chain reaction (qQPCR) results) because true infectivity is of key importance for this node. Because of the
paucity of data, we were not able to generate individual models for each vector category. Thus, data from
all suitable studies were combined to generate a single function that was applied to all three vector
categories (Equation 1, Appendix 3). Time # was determined from the straight line distance between
origin country and arrival destination at their closest point using an average wind speed of 3.5 m/s
(Suppiah et al., 2011) and rounded up to the nearest day. Straight-line distances were derived in ArcGIS
Pro version 2.8.6 using the geoprocessing tool ‘Generate Near Table’ based on the
NAQS_RiskAreas2015 (NAQS officer, pers. comm.) and the modified world-administrative-boundaries
shapefiles (World Food Programme, 2019) described above. Distances for the additional arrival
destinations (‘rest of N'I”, ‘rest of northern WA’, ‘rest of western QLD’) were calculated manually. We
calculated the 95% confidence interval for the model and used these as inputs for a PERT distribution
(Equation 1). We constrained the maximum value to 1 (i.e. 100% probability of infectiousness).
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100

t0'01419211

100

Equation a1 Model for the probability of a vector being infectious at time t (in days)

Most likely: 63.24

Minimun: 26.548051 *

Maximum: 99.94074 *

Ex4 Susceptible bovine present at arrival destination

To estimate whether a bovine would be available to be bitten, we modelled the probability of a bovine

being present within 1 km? of an arriving insect vector. We used a negative binomial distribution, where p
was the mean cattle density per km?2. This distribution is commonly used to model ecological count data
while incorporating overdispersion (Lindén and Mintyniemi, 2011). We used a dispersion parameter of
0.2 based on that previously determined for sheep, as we did not find specific estimates for cattle (Morton
and Baird, 1990). While many vector species undertake self-directed flight over distances longer than 1
km (Service, 1997; Whelan, 2010; Verdonschot and Besse-Lototskaya, 2014; Elbers, Koenraadt and
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Meiswinkel, 2015; Showler and Osbrink, 2015), we assumed that flight ability may be reduced after
experiencing the harsh environmental conditions associated with windborne transport. The probability
that any bovine would be present was taken as 1 minus the probability of 0 animals being present from
the negative binomial distribution.

Cattle numbers or densities are not available based on NAQS risk zones specifically, therefore we
extrapolated from SA2 densities. Estimates of cattle numbers at the SA2 level were obtained from the
Australian Bureau of Statistics (ABS) 2020-2021 agricultural census (Australian Bureau of Statistics,
2021a). SA2 area polygons were obtained from the SA2_2021_AUST_GDA2020 shapefile (Australian
Bureau of Statistics, 2021b). Critically, these estimates do not include feral bovine (feral cattle, buffalo and
Banteng) numbers. To account for feral bovines, we obtained data from NAQS field surveys conducted
between October 2013 and June 2022 (NAQS officer, pers. comm.). Survey locations were first grouped
by NAQS risk zone, then the total feral bovine number across all surveys was calculated for each NAQS
risk zone and total numbers were divided by the area of each zone to obtain a feral bovine density
estimate. These feral bovine densities obtained from NAQS field surveys were added to the domestic
cattle SA2 densities calculated as described above to obtain a total bovine density for each SA2.

Since a NAQS risk zone can comprise several SA2s, cattle density per NAQS risk zone was calculated
using a discrete distribution. The values for this distribution were the SA2 densities (after inclusion of
feral bovines), and the probabilities were the proportion of each SA2 comprising the NAQS risk zone.
For example, if a NAQS risk zone fell entirely within an SA2, then that SA2 density would be selected
100% of the time; but if a NAQS risk zone overlaid three SA2s evenly, then each SA2 density should be
selected in 33.3% of iterations. The percentage overlap of SA2s with each NAQS risk zone was calculated
using the R script calculate_SA2_NAQS_overlaps.R with the packages st v1.0-7 (Pebesma, 2018),
tidyverse v1.3.1 (Wickham et al., 2019) and readxl v1.4.0 (Wickham and Bryan, 2022). For arrival
destinations outside NAQS risk zones (i.e. ‘rest of northern WA’, ‘rest of N'T”, ‘rest of western QLD’) we
used ABS 2020-2021 SA4 cattle numbers (Australian Bureau of Statistics, 2021a) and calculated the
density per km? based on the area of the respective SA4s (Australian Bureau of Statistics, 2021b). SA4
level cattle numbers were not available for the two NT SA4s, thus for the ‘rest of N'T” we estimated the
cattle density at the state level.

Exg Vector(s) bite bovine

This node was estimated by multiplying the probability of vectors arriving by the probability of vectors
biting a bovine. No data are available to parameterise the probability of multiple vectors arriving
simultaneously. However, reports of detections of exotic Culicoides only describe single specimens at each
sampling occasion (Eagles et al., 2014). Thus, we assumed the probability of at least 30 vectors arriving
simultaneously to be extremely low and the probability of 3-5 vectors arriving together to be very low
(relative to the probability of a single vector arriving). We derived a semi-quantitative probability estimate
for these different scenarios by converting from these qualitative assessments, as described previously,
and input these into uniform distributions for each scenario. We considered a uniform distribution to be

acceptable because there was no justification for choosing a ‘most likely’ value for a PERT distribution.

We used expert opinion from two entomologists to estimate the probability of a vector biting an available
bovine. The experts provided minimum, maximum and most likely probabilities for each vector category.
We generated a PERT distribution for each expert, and these were combined in a discrete distribution
with an equal probability for the two experts.

Exc Bovine is infected

We estimated the vector-to-bovine transmission rate for LSDV based on the peer-reviewed literature.
Notably, LSDV transmission experiments have all used large batches of insects (36—300 insects per
batch); thus, these transmission probabilities are representative of a batch of insects, not of individual
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insects (Weiss, 1968; Chihota et al., 2001, 2003; Magori-Cohen et al., 2012; Sohier et al., 2019; Issimov et
al.,, 2020; Sanz-Bernardo et al., 2021). No data are currently available for transmission rates from
individual insects. We modelled the vector-to-bovine transmission rate using a uniform distribution for
each vector category, taking the minimum and maximum observed values (not those derived in the 95%
confidence interval) from the literature.

2.6.2 Commercial vessels (including returning live export vessels)
En; Number of bovines at origin

Livestock numbers in origin countries were derived as described for the windborne dispersal pathway,
except for Hawaii. For Hawaii, we obtained an estimate of cattle numbers from the 2021 United States
Department of Agriculture state agricultural overview (United States Department of Agriculture, 2021).
This was used for both the minimum and maximum value in our probability distribution.

En; Bovines infected with LSDV

This was parameterised as detailed for the windborne dispersal pathway.
Enz; Number of vectors biting each bovine per infectious day

This was parameterised as detailed for the windborne dispersal pathway.
En4 Bovine-to-vector transmission

This was parameterised as detailed for the windborne dispersal pathway.
En; Vector flies to seaport

For this parameter, we made a qualitative assessment informed by the literature (i.e. ‘very low’) and
converted this to a semi-quantitative value using a previously reported risk assessment methodology
(Biosecurity Australia, 2004). We assumed that bovines will be in closer proximity to ports in less
urbanised countries, increasing the likelihood of travelling to a port. Therefore, we assigned a PERT
distribution where the minimum and maximum values were derived from this semi-quantitative
conversion and the most likely value was derived from the urbanisation index from the Central
Intelligence Agencies World Factbook (Central Intelligence Agency, 2020). The urbanisation index for
Hawaii for 2010 (the most recent available) was obtained from the United States Census Bureau (US
Census Bureau, 2021). The most likely value was scaled between the minimum and maximum based on
countries with <=25% urban population, >25-<=50% urban population, >50—<=75% urban population
and >75% urban population.

En¢ Vector lands on vessel

We used expert opinion to inform this node (i.e. extremely low) and converted the experts’ qualitative

assessment to a semi-quantitative value using the previously described risk assessment methodology
(Biosecurity Australia, 2004).

Enj; Vessel travels to Australian seaport
Commercial vessels excluding returning live export ships

Data on the number of journeys undertaken by ships between individual seaports globally are
commercially sensitive and are not readily available. Therefore, we separated this parameter into the
probability of an international vessel being destined for Australia and the probability of arrival at a
specific Australian seaport.

Since data on the absolute number of ships were not available, we used the proportion of export trade
value to Australia of all export trade value for each origin country to estimate the probability of a vessel
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being bound for Australia. Export statistics were obtained from The Observatory of Economic
Complexity (Observatory of Economic Complexity, no date), which utilises data from the Centre
d’Ftudes Prospectives et d’Informations Internationales (Gaulier and Zignago, 2010). Trade statistics
from Hawaii were obtained from USA Trade Online (United States Census Bureau, 2022). For the
Democratic People’s Republic of Korea (North Korea), no trade data are available, so we conservatively
estimated that 5% of sea trade was to Australia; this is likely an overestimate. We used the value for
Indonesia for each of the western, central and eastern Indonesian subregions, since data for these custom
subregions were not available. We obtained export trade statistics from 2015-2020 (as data were not
available after quarter 1, 2021) and used the minimum, maximum and 2020 values to define a PERT
distribution.

To estimate the probability of arrival at different Australian seaports we sourced the total number of port
calls at Australian ports from the most recent (2018-2019) Australian sea freight report (Bureau of
Infrastructure and Transport Research Economics, 2021). The raw data underlying the relevant table
(Table 4.4 in that report) were not available. Thus, for each year from 2015-2019 we calculated the
proportion of port calls to the top 10 ports directly, and we assumed the remaining port calls were
distributed equally amongst the other 56 ports. For each port, we defined a PERT distribution taking the
minimum, maximum and 2019 values over the five years analysed.

Returning live export ships

Data on all livestock exports from Australia by sea from 2017-2022 were sourced from the Department
(Australian Government Department of Agriculture, Water and the Environment, 2022). Information on
the absolute number of ships travelling to each port was not available. Therefore, we calculated the
quantity of animals transported along each route as a proportion of total animals transported by sea by
origin country by year. For example, if 50,000 head were transported from the Philippines to both Darwin
and Broome then the probability of a ship from the Philippines travelling to either of these ports was
50%. We did not limit vessels to those transporting bovines, since vectors may be attracted to any
returning live export ship regardless of the species being exported. We parameterised a PERT distribution
taking the minimum, maximum and 2021 values, excluding 2022 data since these are incomplete.

En; Vector survives transport and remains infectious

We could not find experimental data describing vector survival under typical conditions on commercial
vessels. Based on a New Zealand study that reported hitchhiker insect detections in shipping containers,
44.4% of mosquitoes and 25% of heavy fliers were alive at the time of detection (Border Management
Group, 2003). While no Culicoides midges were detected in that study, six non-biting midges were found,
of which two (33.3%) were found alive. Thus, we used these proportions to parameterise survival of our

three vector categories.

We modelled insect infectiousness as a function of time based on peer-reviewed laboratory experiments
as described for the windborne dispersal pathway (Equation 1). That same function was used to
parameterise this node.

Eny Vector disembarks without detection

We used expert opinion from the Biosecurity Operations Division within the Department’s Animal
Biosecurity branch to provide a qualitative estimate of the probability that a vector would disembark a
vessel given the current biosecurity mitigations in place. These mitigations are different for returning live
export vessels compared to other commercial ships; therefore, this node was parameterised differently in
each pathway. These qualitative assessments were converted into a semi-quantitative likelihood and input
into a uniform distribution (Biosecurity Australia, 2004).

Eny Environmental conditions suitable for vector activity at arrival destination

36



To estimate whether environmental conditions around Australian seaports would be conducive to vector
survival and activity we first found the nearest weather station to each Australian seaport using the R
script weather_script.R and the packages sf v1.0-7 (Pebesma, 2018), tidyverse v1.3.1 (Wickham et al.,
2019), lubridate v1.8.0 (Grolemund and Wickham, 2011) and mapview v2.11.0 (Appelhans et al., 2022).
Weather observations for these stations from 1 January 2011 to 31 December 2021 were sourced from
the Bureau of Meteorology, noting that not all stations had data available for every day. For each year we
estimated the proportion of suitable days based on the total number of days where data were available.
The minimum, maximum and 2021 proportion of suitable days for each seaport were input into a PERT
distribution.

Exa Susceptible bovine present at arrival destination

We modelled the probability of a bovine being present within 1 km? of an arriving insect vector using a
negative binomial distribution as described for the windborne dispersal pathway. However, p was
parameterised using the ABS 2020-2021 SA4 cattle densities. We determined the nearest SA4 to each
seaport using the R script ports2SA.R and the packages sf v1.0-7 (Pebesma, 2018) and tidyverse v1.3.1
(Wickham et al., 2019). We manually updated Botany Bay to SA4 117, as this was incorrectly assigned
from the script. We did not include buffalo in our density calculations since buffalo are absent from

regions where seaports are located (Australian Government Department of Sustainability, Environment,
Water, Population and Communities, 2011; Saalfeld, 2014).

Exg Vector(s) bite bovine
This was parameterised as detailed for the windborne dispersal pathway.
Exc Bovine is infected

This was parameterised as detailed for the windborne dispersal pathway.

2.6.3 Torres Strait Treaty movements

En; Number of bovines at origin

Livestock numbers in PNG were derived as described for the windborne dispersal pathway.
En; Bovines infected with LSDV

This was parameterised as detailed for the windborne dispersal pathway.
En; Number of vectors biting each bovine per infectious day

This was parameterised as detailed for the windborne dispersal pathway.
En, Bovine-to-vector transmission

This was parameterised as detailed for the windborne dispersal pathway.
En; Vector reaches vessel

This was parameterised as detailed for the commercial shipping pathway.
Eng Vector survives transport

We sought expert opinion from the NAQS Torres Strait and Field Operations team to qualitatively assess
the probability of insect survival in the vessels involved in Torres Strait Treaty movements. We converted
this to a semi-quantitative likelihood range using the previously described risk assessment methodology
(Biosecurity Australia, 2004). These values were used to define a uniform distribution; there was no
justification for choosing a most likely value, so a PERT distribution was not considered appropriate.
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En; Vector disembarks without detection

As for Eng, we used expert opinion from the NAQS Torres Strait and Field Operations team to provide a
qualitative assessment of a vector disembarking from a vessel without detection. This was converted to a
semi-quantitative likelihood range and used to parameterise a uniform distribution.

Exa Susceptible bovine present at arrival destination

This was parameterised as detailed for the windborne dispersal pathway, except we did not include
buffalo numbers since buffalo are reportedly absent in northern QLD (Australian Government
Department of Sustainability, Environment, Water, Population and Communities, 2011).

Exg Vector(s) bite bovine
This was parameterised as detailed for the windborne dispersal pathway.
Exc Bovine is infected

This was parameterised as detailed for the windborne dispersal pathway.

2.7 Quantitative risk estimate for each pathway

Data were processed in R version 4.1.3 (R Core Team, 2021) using the tidyverse v1.3.1 (Wickham et al.,
2019), mc2d v0.1-21 (Pouillot and Delignette-Muller, 2010), readxl v1.4.0 (Wickham and Bryan, 2022), sf
v1.0-7 (Pebesma, 2018), scales v1.2.0 (Wickham and Seidel, 2022), parallel v4.1.3 (R Core Team, 2021)
and utilsGibbs v0.0.0.9000 (Gibbs, 2022) packages. The scripts and accompanying data files are available
at the Bitbucket repository https://robynhall@bitbucket.org/robynhall/awe-1sd-21 quantitative.git upon

ICunSt.

Data were cleaned (as described in Section 2.6) and independent data sources were joined into a single
data frame for downstream processing. A function was assigned to conduct two-dimensional Monte
Carlo simulation (Figure 11). Briefly, for each variable within the final risk pathway (i.e. node in the
scenario tree) a mcnode object is constructed using the package me2d v0.1-21 (Pouillot and Delignette-
Muller, 2010), which randomly generates values based on a specified number of iterations while
incotrporating variability and/or uncertainty dimensions as designated for each variable. We used 1,000
iterations in the variability dimension and 1,000 iterations in the uncertainty dimension (Vose Software,
2017). The mcnode objects are combined to generate a Monte Carlo object (the final risk calculation),
also using the mc2d package, and summary statistics are computed for this object. This function was
applied iteratively to every combination within a pathway (i.e. combination of origin country, arrival
destination and vector category), and the summary statistics for each scenatio were appended into a single
table. This was parallelised to speed up processing. To generate the overall risk of LSDV introduction

into Australia via each pathway, the summary statistics were summed across each scenario.
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Figure 11Schematic representation of a two-dimensional Monte Carlo simulation®

2.8 Sensitivity analysis

For our intermediate scenario, we conducted a global sensitivity analysis by generating tornado plots of
input variables using the tornado function within the mc2d package (Pouillot and Delignette-Muller,
2010). This computes the Spearman’s rho statistic for each input variable, estimating a rank-based
measure of association between the output risk and each input for a scenario. We randomly selected 10
combinations (i.e. origin country, arrival destination and vector category) from each pathway for this
analysis, excluding combinations with a non-zero risk. Simulations were run with 1,000 variability and
1,000 uncertainty iterations. Since the probability of LSDV entry was zero for all scenarios within the
Tortres Strait Treaty movements pathway, global sensitivity analyses could not be performed for this
pathway.

Additionally, we conducted a comparison of the higher resolution GDAS meteorological data set with the
NCEP-NCAR Reanalysis 1 data. GDAS and NCEP-NCAR models were compared for January to
December 2021 using a two-sided Wilcoxon signed-rank test.

¢ From R Pouillot and ML Delignette-Muller, ‘Evaluating variability and uncertainty separately in microbial
quantitative risk assessment using two R packages’, International Journal of Food Microbiology, 2010, 142(3):330-340.
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2.9 Potential impacts of climate change

We conducted local sensitivity analyses for those parameters that we anticipated may change in a future
climate scenario based on the current scientific literature. These were node Enyp in the shipping pathways
(environmental conditions suitable for vector activity) and node Eny (vessel travels to Australian seaport)

in the commercial shipping pathway excluding returning live export vessels.

We also repeated our HYSPLIT trajectory modelling under different climate scenarios to determine if the
proportion of yearly trajectories suitable for windborne dispersal was changing. Initially, we intended to
obtain global daily gridded meteorological data files derived from a suitable future climate model. We
sought advice from meteorological experts within Commonwealth Scientific and Industrial Research
Organisation — Oceans and Atmosphere as to what these suitable climate models may be. Gridded
meteorological data files are the outputs of individual ‘runs’ from different climate models, requiring
considerable expertise and computational time to generate. Thus, the selection of runs is based on the
coordination efforts of the Coupled Model Intercomparison Project (CMIP) (Hausfather, 2019; IPCC,
2021). ‘Runs’ are parameterised from shared socioeconomic pathways (SSPs), which are future scenarios
that have been modelled based on anticipated global socioeconomic changes under different climate
policies up to 2100 IPCC, 2021). For example, SSP3-7.0 is the baseline scenario that assumes ‘middle of
the road’ outcomes produced by energy system models (Hausfather, 2019). SSP1-2.6 is a low greenhouse
gas emissions scenario where warming is limited to below 2°C. SSP5-8.5 is the worst-case scenatio where
carbon dioxide emissions triple by 2075. When investigating the impacts of future climate change,
multiple runs from several different models should be compared, to account for inter-model variation and
to span the range of potential future climate trajectories. Runs from future climate models selected
through CMIPG are publicly available through project 0i10 on the National Computational Infrastructure
(Snow, 2020). However, to convert these data to a format usable by HYSPLIT requires additional
computational resources and informatic expertise that were beyond the scope of the current project.

The meteorological experts also noted that these long-term climate change models may not be relevant to
future LSD epidemiology. For example, disease prevalence could be greatly reduced through the
development of new vaccines, or cattle production systems and densities may have changed due to
factors such as heat stress and feed supply by the time these future scenarios are unfolding.
Acknowledging that analyses over a shorter period may be more relevant, we instead assessed trends in
windborne dispersal patterns by comparing HYSPLIT modelling under a ‘pre-current climate’ scenario to

that conducted using current climate data.

Like the year 2021, 1989 was also associated with a strong La Nifla (Australian Bureau of Meteorology, no
date a), with a moderate Southern Oscillation Index (National Centers for Environmental Information,
2022), a negative Indian Ocean Dipole (Australian Bureau of Meteorology, no date b) and a similar
number and distribution of cyclone events (Australian Bureau of Meteorology, no date c). Therefore, we
took the five years up to and including each of 2021 and 1989 for our comparison. Forty-eight-hour
backwards trajectories from the centroid of each NAQS risk zone were run at 6-houtly intervals (0000,
0600, 1200, 1800) for each day between 1 January 1985 to 31 December 1989 and 1 January 2017 to 31
December 2021 using NCEP-NCAR Reanalysis 1 data, as described for Ens in the windborne dispersal
pathway (Figure 10). The number of trajectories suitable for transporting particles to Australia across the
two time periods were analysed as described above (Section 2.6.1) and compared between the two time
periods.
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3 Results and discussion

3.1 Pathways for inclusion

Potential pathways for the entry of LSDV into Australia are numerous and include both those that are
heavily regulated, such as the importation of bovines and bovine products, and those that are non-
regulated or less regulated, such the movement of arthropods or the movement of people and vessels
between PNG and northern Australia under the Torres Strait Treaty. Risk mitigation measures (including
disease surveillance) can be more difficult, complex and expensive to implement on non-regulated
pathways. Risk assessment of non-regulated pathways is therefore critical in appropriately allocating
resources for risk mitigation activities. For these reasons, the Department determined that this risk
assessment should focus on non-regulated pathways or so-called leakage pathways; that is, the risk
associated with gaps in regulated pathways. The risk pathways chosen thus focused on the entry of

infected arthropod vectors.
The final four non-regulated pathways for inclusion in the analysis of LSDV entry into Australia were:

* windborne dispersal of arthropod vectors

* commercial vessels (excluding returning live export vessels) carrying hitchhiker arthropod vectors
*  returning live export vessels carrying hitchhiker arthropod vectors

*  Torres Strait Treaty movements carrying hitchhiker arthropod vectors

Because of both evidence of other vector-borne diseases entering via wind and speculation that this has
occurred with LSDV in other regions, windborne incursion of arthropod vectors was included in this risk

assessment as a non-regulated pathway.

Although commercial vessel entry is a regulated pathway, because of the potential for hitchhiker carriage
of LSDV-infected arthropod vectors in freight, this pathway was considered an important potential
source of leakage. Most vessels that arrive in Australia are commercial vessels. These includes bulk
carriers, cruise vessels, tankers, container vessels and roll-on, roll-off (Ro-Ro) cargo ships. In this pathway
we included all commercial vessels except cruise vessels and returning live export vessels (the latter was
considered separately). Cruise vessels make up a relatively low level of traffic and have their own

biosecurity mitigation systems.

Foreign fishing vessels and yachts (non-commercial) are assumed to arrive in insufficient volumes to pose
a significant threat. Additionally, they spend extended periods of time at sea, which is not conducive to
arthropod survival or retention of virus infectivity. Hence, these were not included in our assessment.
While leakage can also occur from aircraft, this was not considered in our assessment because of the low
volume of air freight compared to sea freight; for example, from 2017 to 2021 less than 0.5% of the
imported trade volume was as air freight (National Freight Data Hub, 2022).

We determined that returning live export vessels should be assessed in a separate pathway to commercial
shipping, since the risks are likely to be different due to the different mitigations employed. Between 2017
and 2021, 1,289 voyages catried live animals internationally by sea (Australian Government Department
of Agriculture, Water and the Environment, 2022). Of these, 1,070 voyages carried cattle and buffalo and
219 vessels carried sheep, with Indonesia receiving the most vessels of any country (309 vessels). These
vessels were required to make return journeys to Australia and may have been exposed to arthropods
carrying LSDV while docked in foreign ports. Returning live export vessels are subject to strict
biosecurity risk mitigation measures on re-entry into Australia and hence this could be considered a
regulated pathway. Every livestock ship undergoes a pre-arrival inspection and is thoroughly cleaned, is
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disinfected with soda ash, and receives two insecticide treatments on arrival into Australia. However,
because of the theoretical potential for hitchhiker arthropods to enter undetected, this pathway could be
an additional important source of leakage. Notably, returning live export vessels may be more attractive to
biting insects than other commercial vessels due to their association with livestock, a source of blood

meals and oviposition sites.

The Torres Strait Treaty was implemented in 1985 and defines a border between Australia and PNG that
allows for special provisions. One of these provisions is the free movement (without visas or passports)
between Australia and PNG for traditional activities. This provision is only for Torres Strait Islanders and
coastal people of PNG who live in and maintain traditions of the region. There are 13 PNG villages that
have free movement privileges under the Treaty (Figure 12). In general, when these movements take
place, a biosecurity officer in the Torres Strait will inspect vessels and goods upon arrival. The Torres
Strait Information System (TSIS) was first introduced in 2017 to facilitate issuing of permits for the
movement of various goods, mainly dogs, soil and some plant material from the Torres Strait Protected
Zone and the Torres Strait Permanent Biosecurity Monitoring Zone to mainland Australia (DAFF
officer, pers. comm.). In February 2018, TSIS was expanded to include recording of inspection data.
When pathways were being discussed for this assessment, there was some speculation around LSDV
entering in animal hides brought ashore during these movements and further information was sought.
However, since TSIS was introduced in 2018, no bovine hides have been seized from PNG Treaty village
arrivals (DAFT officer, pers. comm.). Hence, LSDV entering in animal hides related to Treaty
movements was not included as a potential pathway. Instead, hitchhiking of insects on vessels moving
under the Torres Strait Treaty was considered as a potential source of leakage from an otherwise

regulated pathway.
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Figure 12Relevant locations for the Torres Strait Treaty movements pathway?

Our assessment was limited to four non-regulated pathways for potential LSDV incursion, selected in
consultation with the Department. Arguably, LSDV incursion could also occur via additional non-
regulated pathways that were not considered in this analysis. For example, LSDV is known to be
transmitted in hard ticks, such as those of the Amblyomma and Rhipicephalus genera (Tuppurainen et al.,
2011, 2013a, 2013b; Lubinga et al., 2013, 2014a, 2014b, 2015), and migratory birds have been implicated
as disseminators of ticks over long distances (Wilhelmsson et al., 2020). Therefore, it may be possible for
migratory birds to introduce LSDV-infected ticks into Australia. Additionally, other species may also be
able to introduce LSDV-infected ticks, such as rats on ships.

3.2 Vector categories for inclusion

We limited our analysis to three broad vector categories: heavy fliers (including stable flies, tabanids and
other brachyceran flies), mosquitoes (Cwlicidae) and midges (Ceratopogonidae).

As previously discussed, any haematophagus arthropod species is probably capable of acquiring LSDV
(Berg et al., 2015; Tuppurainen et al., 2017). Interrupted feeders that regularly parasitise cattle and are
found in high abundance are of particular concern for transmission; the relative importance of different

vector species is likely to vary in different regions, depending on climate, season, humidity and vegetation

7 Shapefiles provided by T. Kerlin, NAQS.
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(Berg et al., 2015). In the literature, LSDV vectors are generally categorised into brachyceran flies,
mosquitoes (Culicidae), midges (Ceratopogonidae) and hard ticks. Importantly, LSDV transmission has never
been demonstrated from Culicoides midges, despite being attempted in several studies (P. Beard, pers.
comms.)®. Hard ticks are unlikely to be able to travel the distances required to carry LSDV into Australia
in the absence of a host animal, although, arguably, migratory birds or vermin on ships could transport
LSDV-infected ticks into Australia. However, we did not include hard ticks in our assessment.

Importantly, within the three broader categories that we selected there is considerable species variation.
For example, anthropophilic mosquito species are of much less relevance to our assessment than
zoophilic species. Yet many of the experimental studies on LSDV have utilised Aedes aegypti, which is
known to be anthropophilic but is readily available in laboratory settings (Chihota et al., 2001; Sanz-
Bernardo et al., 2021). In contrast, there is no peer-reviewed literature on the role of calliphorid or Musca
flies beyond the S7omoxys genus in LSDV transmission, although these are known to be very effective
mechanical vectors for diseases such as rabbit calicivirus and many human pathogens (Asgari et al., 1998;
Khamesipour et al., 2018). There is also considerable variation in short-range flight distances of different
species within a vector category, which would impact the probability of a vector dispersing to ports,
entering a wind stream or locating a host after arrival. For example, Aedes vigilax can disperse up to 40 km
or mote while Aedes tremulus do not travel more than 500 metres fro