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Abstract

The objective of this study was to elicit experts’ opinions and gather estimates on the per-
ceived probability of introduction and spread of avian influenza (Al) virus in the Australian
broiler and layer industry. Using a modified Delphi method and a 4-step elicitation process,
11 experts were asked to give initial individual estimates for the various pathways and prac-
tices in the presented scenarios using a questionnaire. Following this, a workshop was con-
ducted to present group averages of estimates and discussion was facilitated to obtain final
individual estimates. For each question, estimates for all experts were combined using a dis-
crete distribution, with weights allocated representing the level of expertise. Indirect contact
with wild birds either via a contaminated water source or fomites was considered the most
likely pathway of introduction of low pathogenic avian influenza (LPAI) on poultry farms.
Presence of a water body near the poultry farm was considered a potential pathway for intro-
duction only when the operation type was free range and the water body was within 500m
distance from the shed. The probability that LPAI will mutate to highly pathogenic avian influ-
enza (HPAI) was considered to be higher in layer farms. Shared personnel, equipment and
aerosol dispersion were the most likely pathways of shed to shed spread of the virus. For
LPAI and HPAI spread from farm to farm, shared pick-up trucks for broiler and shared egg
trays and egg pallets for layer farms were considered the most likely pathways. Findings
from this study provide an insight on most influential practices on the introduction and
spread of Al virus among commercial poultry farms in Australia, as elicited from opinions of
experts. These findings will be used to support parameterization of a modelling study
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assessing the risk of Al introduction and spread among commercial poultry farms in
Australia.

Introduction

Although the primary source of avian influenza (AI) virus introduction into commercial poul-
try is believed to be from aquatic wild bird reservoirs [1-4], the mechanisms of its introduction
and particularly subsequent spread have not been fully elucidated. A number of pathways of
virus introduction, establishment and then spread have been proposed. Movement of humans
(visitors, contractors, service personnel and farm personnel), vectors (wild birds, rodents, and
insects), contaminated environment (air, water and dust) and other fomites (e.g., delivery
trucks, clothing, and farm equipment) have all been hypothesized as potential spread pathways
[5-10].

Australia has had seven highly pathogenic avian influenza (HPAI) outbreaks on chicken
farms during the last 32 years, four of which have occurred in the last 10 years, suggesting that
the frequency of outbreaks is increasing. In these past seven HPAI outbreaks in Australia,
involving a total of 12 farms, all viruses were of subtype H7 and of Australian lineages but the
definite mechanisms for spread between farms were not identified. Both H5 and H7 low path-
ogenic avian influenza (LPAI) viruses, which have the potential to mutate into HPAI, are
endemic in wild birds of Australia [11]. It is believed that Al virus outbreaks in Australia occur
via endemic LPAI exposure following contact with wild birds and then mutation to HPAI on
poultry farms.

A resurgence of Al virus has been seen around the world in recent years. H5N1 occurred in
several parts of Africa in 2014, with Nigerian farms and flocks particularly affected [12]. The
emergence in January 2014 of a new highly pathogenic H5N8 Al virus in South Korea resulted
in the destruction of more than 13 million birds in dozens of farms throughout the Korean
peninsula. [13]. The origin of the 2014 outbreaks of the high pathogenicity H5N8 avian flu
virus in Europe and in Japan can be traced to the Siberian summer breeding grounds of long-
range migratory birds which provided a connection between different migratory flyways [14].
Forty seven million birds (7.5 million turkeys and 42.1 million egg-layer and pullet chickens)
were killed in spring of 2015 in the USA either by or because of Al virus, with a cost to Federal
taxpayers of over $950 million [15]. Forty of the one hundred and ten infected Minnesota
flocks in the USA outbreak were introductions of HPAI virus directly from a wild waterfowl
source. However, only two of the 77 cases in Iowa were introductions from wild birds, while
virus spread between farms accounted for the remaining cases [15]. As of July 2017, HPAI out-
breaks have been reported in Africa (Cameroon, Congo, Egypt, Niger, Nigeria, South Africa,
Togo and Zimbabwe), USA, Asia and the Pacific (China, Chinese Taipei, India, Korea and
Lao) and Europe (France, Germany, Italy, Montenegro, Netherlands, Russian Federation and
Slovenia) with over 30 million poultry destroyed [16].

Although Australia is currently free from HPAI, the impacts of an epidemic on Austra-
lia’s commercial broiler and layer industries can be substantial [17]. New and emerging
risks for the poultry industry in Australia need to be evaluated in the context of an increase
in barn and free range farms. The Australian Egg Corporation Limited’s annual report
shows free range eggs now account for 50.6% of all grocery egg sales by volume, up from
20.3% per cent a decade ago [18]. Even though HPAI has not been isolated from wild birds
in Australia, there have been a number of confirmed LPAI detections in wild birds in Aus-
tralia [19].
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In most outbreaks of Al in Australia, direct and indirect contact between wild waterfowl and
poultry has been identified as an important introduction pathway for AI [20]. In at least two of
the seven Australian outbreaks of HPAI, surface drinking water contaminated with waterfowl
faeces was suspected to be the source of infection [21]. Poultry become infected after ingesting
or inhaling the virus and can shed high concentrations of virus in respiratory secretions and fae-
ces. In three of the seven outbreaks of HPAI in Australia there was suggestion of spread of virus
from adjoining duck farms or an emu flock [22-24]. Fomites (personnel, animals, dust etc.)
have been implicated as source of Al virus spread in at least two of the seven outbreaks in Aus-
tralia [21, 23, 25]. Six of the seven outbreaks occurred in low poultry density regions and the
potential for spread of HPAI between farms in higher density regions is not known [26].

Expert opinions are a valuable option for gathering knowledge in a field where accurate
and unbiased field data are not available [27, 28]. Information on the probability of introduc-
tion and spread of Al among commercial poultry operations in Australia is not available. Rou-
tine sampling of Australian commercial chicken farms for LPAI is needed to generate data
that can be used for accurate risk assessment. However, serological surveys are not considered
an option in Australia. Information from countries in the Northern hemisphere is not trans-
ferrable to Australian conditions based on the differences in weather patterns, seasons, wild
bird species, migratory bird patterns etc., which results in varied sources and pathways for
introduction and spread of the virus in Australia. Moreover, all viruses identified in the previ-
ous HPAI outbreaks were of Australian lineages [19]. Data for avian influenza virus character-
istics and behaviour especially in an Australian context is extremely scarce. To address this
gap, the current study aimed to investigate the pathways of Al introduction and spread and
the corresponding probabilities of these pathways, using an expert opinion exercise with a
modified Delphi technique and a 4-step elicitation procedure [29] on different types of broiler
and layer production operations. The results from this study will address gaps in knowledge
and inform a scenario tree modelling study to estimate the Al risk of introduction and spread
in the Australian poultry industry.

Materials and methods
Ethics statement

The study protocol, recruitment letter and participation information sheet (PIS) to be used in
the expert elicitation exercises were approved by the University of Sydney Human Research
Ethics Committee (Project Number: 2015/768).

Selection of experts

Twelve poultry veterinarians and scientists were identified as experts, based on their experi-
ence in the Australian poultry industries, knowledge of the Al virus, knowledge of wild bird
prevalence or involvement in the management of HPAI outbreaks in Australia or overseas.
Each expert was invited to participate via an email letter that explained the aim and methods
of the study and asked for a reply to provide consent to participate. On gaining consent, the
questionnaire, participant information sheet (PIS) and instructions were emailed to partici-
pants who were asked to respond within two weeks. A reminder was sent to non-responders
after two weeks.

Study design

An expert elicitation exercise was conducted using a modified Delphi method. Experts were
asked to complete an initial questionnaire, sent through e-mail, requesting probability
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estimates on various pathways and practices presented as scenarios. Following this, a face-to-
face workshop was facilitated where individual and group averages of the initial estimates were
presented and discussion between experts was encouraged. Experts were then invited to review
and revise their individual answers using a final paper questionnaire.

Questionnaire structure

The questionnaire consisted of five sections with questions arranged in a logical series of
events and referring to: participant’s involvement in the poultry industry and knowledge of Al
virus, probability estimates on: LPAI introduction into a shed (wild bird pathways and dis-
tance from water bodies), LPAI establishment in a shed, spread shed-to-shed on a farm (LPAI
and HPAI), and spread farm-to-farm (LPAI and HPAI). A total of 41 questions were included:
3 related to participant experience, 29 probability elicitations, 4 open-ended questions (to list
novel pathways not itemized in the questionnaire) and 5 calibration questions (responses to
these questions provide basis for weighting experts’ opinions and infer the quality of the
responses to the elicitation questions). The questionnaire is available as a supplementary infor-
mation file S1 Appendix.

Elicitation of probability estimates

Quantitative data were gathered using a 4-step elicitation procedure. Experts were asked to
provide a four-point estimate that included the minimum, maximum and most likely values of
the probability in the presented scenario and their level of confidence (between 50 to 100%)
that the true value would fall within the interval created. The derived 80% intervals, represent-
ing the intervals with an 80% chance of including the true value, were calculated for each
expert and for the group to be presented to participants at the workshop. This 4-step elicitation
approach has been previously found to minimize participant overconfidence when compared
to other methods for eliciting expert opinion [29].

According to Gigerenzer 2002 [30], greater accuracy of estimates is achieved when natural
frequencies are requested compared to probabilities or percentages. Thus, a frequentist ques-
tion format was used in the questionnaire, where for each question, the scenario referred to
100 typical operations of each of broiler barn (BB), broiler free range (BFR), layer cage (LC),
layer barn (LB) and layer free range (LFR) types with a number of pathways (introduction or
spread) listed in each scenario. Experts were asked the most likely, lowest and highest number
of operations that would experience introduction or spread according to the different path-
ways considered, using hypothetical scenarios. Experts needed to elicit their responses for each
of these pathways ranging from 0-100, and were provided with a guide on probabilities based
on the Department of Agriculture and Water Resources terminology [31], as provided in
Table 1.

Table 1. Probability categories used in the study (adapted from Biosecurity Australia 2001).

Qualitative Probability | Description Natural frequencies
The number of events out of 100
High The event would be very likely to occur 70-100
Moderate The event would occur with an even probability 30-70
Low The event would be unlikely to occur 5-30
Very low The event would be very unlikely to occur 0.1-5

https://doi.org/10.1371/journal.pone.0193730.t001
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Face-to-face workshop

The workshop commenced with a review of the study aims and of the methodology used for
expert opinion elicitation. Responses to all questions, including the most likely values and the
derived 80% intervals on an individual basis as well as group averages were presented without
identifying the experts. For each question, an initial dialogue with the participants allowed a
clear and common linguistic interpretation of the question and agreed set of underlying
assumptions. The participants were then prompted to discuss the topic, where the aim was not
to reach a consensus but to capture the range of opinions and thus quantify the extent of uncer-
tainty around the estimate. Time was allocated after discussion on each question to reassess and
revise the initial estimates if desired. The final estimates were then collected while reassuring the
participants that all individual responses would remain private and confidential.

Data analysis

Initial response data was coded and entered into a database file (Excel™; Microsoft Corp., Red-
mond, WA) (S1 Dataset). The corresponding 80% intervals were obtained using a LogNormal
transformation, as the experts’ estimates were not considered normally distributed [29]. The
most likely values and the 80% interval for each participant were graphed for all 29 elicitation
questions. Group means were also displayed for each probability. To calculate the final esti-
mates for each expert the same approach was used. Final estimates of natural frequencies (the
number of events out of 100) were collated, and the 80% derived intervals and graphical repre-
sentations of the answers for each question were obtained as before.

To obtain a single estimate for each frequentist question, responses from all experts were con-
sidered and combined. Variability and uncertainty in each pathway probability were incorpo-
rated using probability distributions to represent experts’ estimates and a Monte-Carlo stochastic
process [32]. Each expert response (most likely, lowest and highest number of operations) was
modelled using a pert distribution. This distribution, which is frequently used to model expert
opinion, is four times more sensitive to the most likely value than to the minimum and maxi-
mum values [32]. To combine responses of all experts for each question and incorporate the dif-
ferences in experts’ opinion, a discrete distribution was used. This distribution considered the
probability estimate from each expert, which was obtained with a pert distribution, and the
weight given to each expert, according to their response on calibration questions. The output
probability distribution of each combined estimate for each frequentist question was calculated
using a Monte-Carlo stochastic simulation process with @Risk 6.0 (Palisade Corporation, USA).
Each simulation comprised 10,000 iterations, sampled using the Latin hypercube method, with a
fixed random seed of one. Results were graphed and the raw median and range of responses were
determined.

Weighting of expert’s opinion. Experts’ opinions were weighted based on their response
to calibration questions. These questions were classified as having a focus on the poultry indus-
try or wild birds/Al virus. Experts’ expertise was ranked in three categories (low, medium and
high) for each of these two areas. All elicitation questions were also categorized as either indus-
try or wild bird/AI virus related, and weights allocated to responses from experts based on
their ranking in that area of expertise with 1 being low and 3 being high (S1 Dataset).

Results
Participants for the expert opinion workshop

Eleven of the 12 selected experts (92%) completed the questionnaire, either electronically (10/
12) or in hard copy and scanned (1/12). Ten of the 12 experts (83%) participated in the
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workshop, all of whom had completed the questionnaire. The responses of all 10 experts were
analysed for each section of the questionnaire and used for the estimation of probabilities.

Professional background of participants

Of the 10 participants, six were poultry veterinarians (three employed in private consultancy,
two in poultry companies and one in the university sector) with an average of 35.8 years of
experience in the poultry industry. The other four were: a virologist (7 years of experience in
Al virology), an epidemiologist (30 years of experience), a wild bird expert (10 years of wild
bird surveillance experience) and an avian diagnostic pathologist (33 years of experience).

Calculated estimates

In a majority of cases (92.8%), the experts’ combined probability had narrow ranges, showing
significant consensus in individual responses. In these instances where consensus was reached,
the median of all combined probability distributions was used as the final estimate, with the
ranges depicted as the 5 and 95 percentiles of the probability distribution. In a few cases (3.8%)
participants’ combined probability distributions displayed wide ranges, probably due to the
wide intervals placed around estimates by individual participants and the lower levels of confi-
dence in their answers, however the estimates showed a unimodal distribution and a single
median and range was applied. In the remaining cases (3.4%), participant’s estimates resulted
in bimodal probability distributions. When plausible reasoning supported the different posi-
tions taken by the experts, both options were retained as alternative explanations and a single
median estimate was not used.

The probability of LPAI introduction into a shed

Wild bird pathways. Four pathways were presented to the experts under the wild bird
pathways category: direct contact with the wild bird, indirect contact via a contaminated water
source, indirect contact via fomites and indirect contact via aerial dispersion of faeces (dust,
fans etc.). The definition of direct contact was clarified for experts as direct physical contact
with a wild bird or its faeces for the purpose of this elicitation.

Fig 1 illustrates box-and-whisker plots of combined probability distributions for all five
types of chicken operations: broiler barn (BB), broiler free range (BFR), layer cage (LC), layer
barn (LB), and layer free range (LFR) in the four presented scenarios. The likelihood of intro-
duction of LPAI through direct contact with wild bird was estimated to be very low for BB
(5.7%; 0.8-13.2%), LC (5.1%; 0.4-14.0%) and LB (6.8%; 0.3-21.2%) as compared to BFR
(28.9%; 9.1-58.7%) and LFR (31.0%; 8.9-75.1%). This was primarily due to a consensus in
opinion that chickens while on range would have a greater probability of direct contact with a
wild bird.

The most likely pathways of introduction of Al across all operation types were indirect con-
tact to wild birds either via fomites (median ranging from 33.3% (5.6-67%) to 42.2% (6.9-
73.1%)) or via a contaminated water source (median ranging from 29.7% (12.6-50.8%) to
50.1% (8.1-74.4)), while aerial dispersion of faeces was considered less likely to occur (median
ranging from 7.2% (1.4-30.0%) to 17.8% (1.5-43.2%)). Although generally experts believed
that water used on-farm is usually treated, two experts were of the opinion that water treat-
ment was not adequate on all farms. Water treatment in broiler farms was considered to be of
higher standard due to tighter regulations as well as better access to technical expertise, when
compared to independently owned layer farms. Estimates for indirect contact through con-
taminated water and fomites resulted in wide intervals, indicating there were divergences in
opinions and significant uncertainty around these estimates. In comparison, probability
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Fig 1. A box-and-whisker plot of expert’s combined probability distributions for introduction of avian influenza (AI) by different
pathways. The plot shows the median, the lower and upper quartiles (25% and 75%) (enclosed by shaded boxes) and the lower (5%) and
upper (95%) values as whiskers in each production type (broiler barn (BB), broiler free-range (BFR), layer cage (LC), layer barn (LB) and
layer free-range (LFR)) for each of the pathways.

https://doi.org/10.1371/journal.pone.0193730.9001

estimates for direct contact and indirect contact through aerial dispersion had narrower inter-
vals indicating lower levels of uncertainty and greater consensus among experts.

Distance from unprotected water body. Water bodies on chicken farms may be dams
that are used to provide drinking water, cooling, irrigation (of range areas), and containment
of run-off, or natural water bodies such as lakes, rivers and irrigation channels.

Experts were presented with a scenario where the presence of an unprotected water body
source resulted in the congregation of wild birds, with an assumption that 50% of the wild
birds were infected with LPAI The combined probability estimates from all experts for LPAI
introduction, if there were 100 sheds located at each of the specified distances ranging from
<100m to >1 km, from the water body, are presented in Fig 2. (Note: the question did not
consider use of water body as a source of drinking water for chickens).

There was a close consensus in the probability estimates of introduction of Al virus at all
specified distances, with very low estimates for all production types except free range (Fig 2).
The estimates increased with decrease in distance between the shed and the water body (eg.
median 1.2% (0-7.9%) to 7.4% (1.2-46.6) in LB systems). The estimates were highest for both
broiler and layer free range operations at <100 m distance of shed from the water body
(median 45%; 13.7-83.3% and 37.7%; 3.3-82.7% respectively).

Two modes of introduction of LPAI related to the distance from the water body, were dis-
cussed at the workshop. The first was the movement of wild birds (duck, waterfowl etc.) onto
the range area due to its proximity to the water body. Ducks were considered to be more
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Fig 2. Combined probability estimates for introduction via water body at different distances from the shed. The plot shows the
median, the lower and upper quartiles (25% and 75%) (enclosed by shaded boxes) and the lower (5%) and upper (95%) values as whiskers
in each production type (broiler barn (BB), broiler free-range (BFR), layer cage (LC), layer barn (LB) and layer free-range (LFR)) for each

of the distances.

https://doi.org/10.1371/journal.pone.0193730.9002

prevalent on pastures. The other mode was the aerial transmission of virus from the contami-
nated grass area around the dam where the wild birds congregate.

LPALI establishment in a shed

Detection of LPAI based on mild clinical signs. The probability of LPAI being detected
on-farm (where infection had been established in the shed and birds were shedding the virus),
assuming mild clinical signs, such as mortality/morbidity/decrease in production etc. are pres-
ent during one week, was estimated to be very high across all the different production types
(median ranging from 79.6% to 90.7%). However, the estimates were higher and confidence
intervals smaller for both BB (90.4%; 75.0-97.2%) and BEFR (90.7; 61.9-97.2%) operations,
mainly due to the opinion that mild clinical signs due to LPAI would be most likely detected in
broilers within one week due to daily monitoring and inspection of birds. In comparison, any
change in production measures for layers would only be evident if the production losses were
significant over a few weeks.

Mutation of LPAI to HPAI. Current information on the mutation of H5 and H7 sub-
types of LPAI in infected chickens to their highly pathogenic phenotype is limited. Experts’
estimates on the probability of H5 and H7 LPAI mutation to HPALI, after infection had been
established in the shed, are shown for all production types in Fig 3. The estimates were low for
broilers (6.9%; 0.0-19.2%) as one production cycle of 45-49 days was not considered long
enough by experts for the mutation to effectively occur.
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Fig 3. Combined probability estimates for probability of LPAI mutating to HPAI in a shed. The plot shows the
median, the lower and upper quartiles (25% and 75%) (enclosed by shaded boxes) and the lower (5%) and upper (95%)
values as whiskers in each production type (broiler barn (BB), broiler free-range (BFR), layer cage (LC), layer barn (LB)
and layer free-range (LFR)).

https://doi.org/10.1371/journal.pone.0193730.g003

In contrast, the estimates for layers were higher (49.9%; 7.0-93.1%, 28.9%; 5.5-92.3%, and
29.7%; 5.7-92.0 for LC, LB, and LFR respectively); however, the estimated 5 to 95% probability
intervals were very wide. The main factor discussed contributing to these higher estimates was
their long production cycle (75-90 weeks), during which layers could remain exposed to virus
for a longer duration (number of possible bird to bird transmission within flock life time),
allowing for a higher chance of mutation to occur. Density and proximity of birds to each
other were also considered important factors, which are seen with higher probability estimate
obtained for caged layer. Other factors considered were the lack of restriction in bird-to-bird
contacts on site and the possibility of early intervention to LPAI infection reducing the inci-
dence of mutation.

Probability of spread from shed-to-shed on a farm

The median probability estimate for spread of LPAI infection to at least one other shed on the
property was significantly different for broiler and layer operations, with lower estimates for
both BB (36.9%; 7.7-78.9%) and BFR (45.2%; 14.3-75.41%) compared to LC (70.8%; 9.0-
95.0%), LB (72.8%; 12.3-95.7%) and LFR (77.9%; 23.0-96.0%). However, the estimated inter-
vals were wide for individual experts as well as the combined interval in all operations, show-
ing a low level of expert confidence in their estimates.

For spread of LPAI from a shed where infection had already been established to other sheds on
the property, probability estimates for suggested pathways are shown in Fig 4 (expert’s estimates
for all pathways needed to add to 100 to allocate probabilities for each pathway). Shared personnel
(median ranging from 32.5%; 9.6-63.2% to 36.7%; 16.0-55.4%), followed by shared equipment
between sheds (23.7%; 9.3-67.8% to 29.7%; 7.3-44.3%) and aerial dispersion of virus (21.1%;
10.9-78.9% to 25.4%; 13.0-59.0%) were implicated as the most likely routes of spread of LPAI
infection between sheds. Direct contact with wild birds infected from a LPAI established shed
(4.19%; 0.5-11.4% to 9.4%; 1.6-24.9%) was not considered as a likely pathway, while spread via
other insects/animals was considered to pose a higher risk on free range farms (13.3%; 2.2-44.7%
for BFR and 15.6%; 1.1-41.8% for LFR) than enclosed farms for both broilers and layers (Fig 4).

The likelihood of spread of HPAI from shed to shed on a farm was high for all operation types
across broilers and layers (median ranging from 71.7%; 42.5-98.7% to 79.2%; 53.2-98.5%). The
general consensus was that HPAT would invariably spread from shed to shed on an infected
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Fig 4. Combined probability estimates for spread of LPAI infection to at least one other shed on the property via different pathways. The
plot shows the median, the lower and upper quartiles (25% and 75%) (enclosed by shaded boxes) and the lower (5%) and upper (95%) values as
whiskers in each production type (broiler barn (BB), broiler free-range (BFR), layer cage (LC), layer barn (LB) and layer free-range (LFR)) for each

of the pathways.
https://doi.org/10.1371/journal.pone.0193730.g004

property and this was validated by the history of earlier outbreaks of Al in Australia. One expert
however pointed out that since HPAI was easy to detect as compared to LPAJ, interventions
would be implemented more quickly reducing the likelihood of spread to another shed. However,
this was challenged by other experts who stated that the higher shedding of virus by HPAI infected
chickens would invariably increase the probability of spread on a farm.

Probability of spread from farm-to-farm

Probability estimates of spread of LPAI infection to at least one other chicken farm of any
operation type before it is detected or intervened was considered to be low (median between
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7.7;0.0-26.5% to 13.6%;1.7-48.4%) and lowest for broiler farms. In contrast, HPAI spread was
considered to be more likely in all operation types (Table 2). However, the confidence intervals
around these estimates were very large. The experts indicated that the probability of spread of
HPAI from one farm to other farms depended on various factors. While some experts believed
that HPAI detection and response would occur in a shorter time period than for LPAI, reduc-
ing the time for the potential spread, others believed that a high level of spread of HPAI could
occur due to higher shedding of the virus in a short period of time compared to the level of
shedding in LPAI outbreaks. In addition, one of the experts also indicated that in past out-
breaks, HPAI spread occurred due to poor biosecurity practices and not due to a lack of detec-
tion. Opinion was divided on the spread of virus between broiler farms as compared to layers,
with some experts believing that spread in broilers was less likely than in layers due to tighter
biosecurity between farms, whilst others considering that the higher transport and personnel
movement among broiler farms would likely cause the spread of the virus.

Twelve similar hypothetical pathways for spread of LPAI and HPAI between farms were
presented to participants, ten that applied to broiler farms and twelve to layer farms. Of the
various pathways, shared bird pick up transport was considered to be most likely pathway of
spread from broiler farms for both LPAI (27.3%; 11.6-61.1% for BB and 29.7%; 12.0-63.6% for
BFR) and HPAI (21.1%; 4.1-46.8% for BB and 20.2%; 3.3-48.1% for BFR), while shared egg
trays (24%; 4.3-42.8% each for LC, LB and LFR for LPATI and 22.4%; 8.0-47.4% for LC, 21.8%;
8.1-49.9% for LB and 22.1%; 8.0-54.3% for LFR for HPAI) and pallets (16%; 4.32-36.4% each
for LC, LB and LFR for LPAI and 9.7%; 4.4-41.7% for LC, 11.4%; 4.1-50.0% for LB and 11.1%;
4.4-48.3% for LFR for HPAI) were considered to be most likely pathways for the layer opera-
tions (Fig 5).

Pick up of birds during the thinning-out process (partial depopulation at various intervals
to satisfy market demand for birds at different weights), and pick-up of spent hens and
restocking of pullets on layer farms, were considered while estimating the probability of spread
via pick-up trucks. In addition, pick up of dead birds from a farm was also considered. Dead
or partially dead bird (inadequate methods of mass culling could result in partially dead birds)
pickups were considered a substantial threat to spread of LPAI and HPAI on broiler farms.
For most broiler farms, dead birds are frozen, and collected at a later date. For layers, the num-
ber of dead birds is small and does not justify pick up. These birds are either disposed of on-
site or moved off-site by the farmer.

For layer operations, the use of shared egg trays and pallets were identified as the most likely
pathway of spread of LPAI from farm to farm. Even though larger farms have their own grad-
ing floors, there is risk of transmission from smaller farms that send their eggs to larger farms
for grading. In addition, it was suspected that the trucks carrying eggs were not disinfected
between farms and would travel long distances, thus spreading the infection farther from the
farm of origin. Shared bird pick up transport (15.1%; 4.9-44.0%), shared farm workers (15.1%;
3.4-49.4%), and shared equipment (13.5%; 1.0-37.2%) were other pathways that were consid-
ered to be of risk for HPAI in LFR (Fig 5).

Opinion was also divided over the manure truck being a source of spread. One expert sug-
gested that since manure pickup occurred after the birds had been removed, it would not be
effective in spreading the virus, while other experts were of the view that the lack of clean-up

Table 2. Combined probability estimates (Median (5% and 95% estimate interval)) for spread of LPAI and HPAI infection from one farm to another.

Broiler barn
LPAI 7.70 (0.0-26.5)
HPAI 23.0 (5.6-82.5

https://doi.org/10.1371/journal.pone.0193730.t002

Broiler free range Layer cage Layer barn Layer Free range
8.1 (0.0-34.7) 13.4 (1.7-45.5) 13.6 (1.8-48.4) 13.5 (1.7-48.8)
23.0 (7.0-83.1) 23.6 (6.5-61.4) 24.1 (6.5-78.9) 25.9 (13.9-75.3)
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Fig 5. Combined probability estimates (median % + 5% error) for spread of LPAI and HPAI infection to at least one other farm via different pathways.
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of these trucks between manure pickup and litter delivery would contribute to the likely
spread. Moreover, manure trucks going past other poultry farms also posed threat of spread
via wind mediated pathways.

Although wind-borne mechanisms were considered less likely to cause spread of LPAI and
HPATI to other farms (median ranging from 3.8%; 0.0-31.5% to 8.61%; 0.0-69.2%) for all poul-
try operations, it was believed that long distance aerosol transmission was not possible. One
expert was of the opinion that spread was dependent on the proximity of the neighbouring
farms and that aerosol transmission could be a possibility in areas where there were clusters of
farms.

Other animal /insects were also considered as potential pathways, with rats and snakes
being identified as mechanical vectors that could spread the infection between farms. There is
a possibility of these animals acting as vectors by transporting contaminated material between
locations and either directly infecting poultry or contaminating feed, especially when they
have access to poultry houses and storage rooms on farms. Direct contact between high virus
shedding chickens and wild bird, especially on free range farm types, was also considered a
possible pathway of infecting wild birds and hence chickens on another farm.

One of the pathways that was not included in the questionnaire but was mentioned by a
number of experts for spread of LPAI and HPAI was the movement of company service people
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between farms. Experts indicated that servicemen visited several farms within a company in a
day and that the biosecurity measures were not followed optimally. Vaccination crews were
also suggested to be a potential pathway of spread.

Other novel pathways of spread suggested by experts included: farm stays, raptors and
predators moving dead or infected chickens from one farm to the other, especially those that
could carry but not be infected themselves. A number of bridge avian and non-avian species
(e.g. cats, sparrows, hawks, eagles etc.) were implicated as spread pathways.

Discussion and conclusion

A modified Delphi method [29] was used to elicit experts’ opinion on the potential pathways
of introduction and spread of Al virus among different poultry enterprises in Australia. The
estimates were able to distinguish the level of risk perceived by the experts in cage versus barn
versus free range production systems for both broiler and layer farms. Ten experts completed
the elicitation process including completion of an electronic questionnaire, participation in a
face-to-face workshop and revision of initial estimates. Advantages of this approach over the
traditional Delphi method were that participants were allowed to share knowledge in a semi-
structured group discussion, and potential psychological and social sources of bias due to
group interaction were limited because experts answered questionnaires anonymously during
the workshop. The 4-step interval elicitation procedure used in this method has been reported
to reduce overconfidence [29]. A significant consensus was reached for 92.7% of the frequen-
tist questions, while the rest either showed wide intervals indicating significant level of uncer-
tainty due to low levels of confidence or bimodal frequencies indicating disagreement between
groups of experts displaying the significant gaps of information in this field. The probability
estimate intervals obtained in this study will be used as input parameters in scenario trees for
risk analysis of introduction and spread of Al virus on commercial Australian chicken meat
and egg farms.

Of the introduction pathways, the most likely in all types of poultry farms was indirect con-
tact with wild birds, either via fomites, or via a contaminated water source. In several historical
epidemics of HPALI, initial introduction of H7 LPAI viruses into a poultry flock has been spec-
ulated to be from wild waterfowl that contaminated surface water which was used for drinking
[25, 33-35]. Indirect contact via fomites (equipment, vehicles or people contaminated with
virus) has also been previously implicated for introduction of AI [33, 36, 37]. Direct contact
with a wild bird or its faeces was considered to be more likely on free range broiler and layer
enterprises as compared to the indoor housing systems. Surveillance activities from 2005 to
2008 in Australia reported circulation of LPAI virus subtypes in wild birds, with LPAT detec-
tion rates of 0.51% in shorebirds and 2.4% in waterfowl [38]. A recent study [19] also showed
dominant and widespread prevalence of LPAI H5 subtypes in a surveillance study from 2008-
2012. In the seven HPAI out-breaks reported in poultry in Australia, introduction of LPAI
viruses from wild birds and subsequent mutation has been hypothesized as the most likely ori-
gin of these outbreaks [19, 38, 39].

Proximity to water bodies has been implicated as a risk for introduction of Al virus in a
number of epidemiology studies, and water bodies considered repositories for Al virus with
the water an important vehicle for Al virus transmission between migratory birds and poultry
[35, 40-47]. It is however not clear if the distance from the water body has any effect on the
probability of introduction of Al virus. Presence of a water body near the poultry farm was
considered a potential pathway for introduction in this study, primarily if the farm was free
range and if the water body was within 500 meters from the shed. Two features considered rel-
evant to these estimates were the presence of green pastures on broiler free range farms, thus
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attracting ducks and waterfowl, and aerial dispersion of virus from contaminated grass around
water bodies to the dust in and around the shed. Influenza viruses can remain infectious for
many days in poultry litter and virus-contaminated droppings have been reported to serve as a
source of infectious material, via dispersal into the environment through dust, for susceptible
birds [7, 10, 48].

Experts generally provided high probability estimates for LPAI detection on all type of
farms, however, detection on broiler farms (both BB and BFR) was considered more likely
than on layer farms, when morbidity and mortality was evident in the shed, indicating fre-
quent monitoring and inspection of birds on broiler farms as compared to layers (where a
change in production parameters would take weeks to be detected). Although production
parameters do not usually change in LPAI-infected flocks as dramatically as they do in HPAL,
increased mortality, decreased egg production, and decreased feed and water consumption are
common in LPAT virus-infected flocks [49-56]. However, even though the expert’s estimates
for detection via these signs were high for all production types, morbidity and mortality was
never reported as indicators in any LPAI H5/H7 outbreaks in Australia. LPAI viruses are often
shed from clinically normal chickens and birds showing minimal clinical signs. Further, LPAI
viruses tend to cause disease when chickens are co-infected with other pathogens or are subject
to environmental stresses [57] making it even more difficult to associate the mild clinical signs
with Al virus. In addition, the pattern of signs also varies with the flock. Nevertheless, some
flocks infected with LPAI viruses would be detected only by routine testing.

Early detection of LPAI outbreaks can reduce the likelihood of mutations and thus large
epidemics [58]. In this study, mutation of H5 and H7 LPAI to HPAI was considered to be
highly unlikely in broilers due to the shorter length of their production cycle making it less
conducive for an effective mutation to establish in that time. However, from previous Austra-
lian outbreaks it can be noted that a relatively rapid acquisition of virulence occurred (3-4
weeks) once the viruses entered the chicken flocks. However, even though the estimates for the
probability of this mutation occurring on layer farms was relatively high, the wide intervals
around the estimates showed that experts were not confident if a longer production cycle
could be attributed as a reason for establishment of the mutation and there was a gap in knowl-
edge about the rate and frequency of the mutation. Moreover, LPAI had not been identified in
poultry in any of the past HPAI outbreaks in Australia. One of the suggested reasons for this
has been that the samples obtained from farms were cultured, which meant that only the domi-
nant viruses in the pool could be detected. Next generation sequencing may be a better meth-
odology for detection of LPAI, especially when samples were quite compromised and thus
show low viral loads [59].

Spread of LPAI from shed to shed on a farm was mainly attributed to shared personnel and
equipment, although fomites and wild birds infected from an affected shed were also consid-
ered as relevant pathways in free range broiler and layer farms. Once an Al virus has entered a
poultry flock, it can spread within the farm by both the faecal-oral route and aerosols, due to
the close proximity of the birds [5, 6, 10, 60, 61]. A high likelihood of spread from shed to shed
was anticipated for HPAI, due to high levels of virus shedding, even though it was believed
that HPAI would be detected much earlier than LPAIL Though particular HPAI subtypes, such
as H5N1, are expected to be detected relatively rapidly, with some analyses indicating no lon-
ger than one week [62], evidence from experimental work using the H7N7 subtype implicated
in an outbreak in the Netherlands in 2003, suggested that HPAI may have been left to circulate
within a flock undetected for 11-15 days [63].

Shared pick up transport was considered to be the most likely pathway of spread between
broiler farms for both LPAI and HPALI Transportation has been implicated as a potential path-
way in a number of earlier outbreaks [6, 7, 19, 64, 65]. Timely and effective disposal of dead
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birds was an issue during the latest outbreak in USA in 2015, where depopulation of farms
could not happen fast enough and transportation of infected dead birds could have been a con-
tributing factor to the level of spread seen [15].

In the case of layer farms, shared egg trays and pallets accounted for the most likely pathway
of spread between farms. During the Netherlands epidemic in 2003, increased risk was impli-
cated in the form of high numbers of contacts between farms via cardboard egg trays used for
removal of eggs during the epidemic [66]. Egg trays were also implicated as a spread pathway
in spatial analysis of LPAI H5N2 outbreaks in Japan in 2005 [67] and as a risk factor for spread
of HPAI H5N1 in commercial poultry farms in Kano, Nigeria [68].

This expert opinion exercise was meant to address knowledge gaps in introduction and
spread pathways for Al in the Australian context. The probability estimates provided by
experts were very varied in some cases and need to be interpreted with caution. While the
biases of group discussion were removed by discussing the assumptions for each question,
there is still a level of subjectivity in the estimates provided. The uncertainty and lower level of
confidence for questions such as probability of mutation and probability of virus detection
may have stemmed from the lack of mention of specific H5 and H7 strains in the question and
also from the low number of Al occurrences to date in the Australian poultry sector. Also in
hind sight, the questionnaire could have been better designed to avoid repetitive questions for
each poultry sector separately, thereby reducing the overall length of the form. Nevertheless,
the expert elicitation exercise provided useful information for input parameters in a risk
assessment of the introduction and spread pathways.

The identified pathways of importance emphasise biosecurity and suggest a need for strict
regulation of movements on farm, waterfowl deterrents and water treatment requirements.
Lack of biosecurity practices addressing shared personnel and equipment were associated with
spread of infection on farms and needs to be improved by either disinfection between sheds or
allocation of dedicated personnel and equipment per shed. Biosecurity also needs to be strictly
adhered to by shared transport drivers to ensure proper disinfection between farms and by
avoiding multiple farm pickups. Cardboard egg trays and pallet movements need to be
restricted for layer farms with better uptake of plastic or colour coded trays and adherence to
single farm egg handling on grading facilities at any given time.

In conclusion, this elicitation of expert’s opinion provided useful information to address
the pathways considered important in the introduction and spread of avian influenza. The var-
ious estimates generated in this paper will be used as input values in a risk assessment to
inform on-farm biosecurity practices to mitigate risk, and also help in validating some of those
estimates.
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