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Summary

Worldwide, wild birds are frequently suspected to be involved in the occurrence of outbreaks 

of different diseases in captive-bred birds although proofs are lacking and most of the 
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dedicated studies are insufficiently conclusive to confirm or characterize the roles of wild 

birds in such outbreaks. The aim of this study was to assess and compare, for the most 

prevalent peridomestic wild birds, the different exposure routes for Avian Influenza and 

Newcastle disease viruses in conservation breeding sites of Houbara bustards in the United 

Arab Emirates.

To do so, we considered all of the potential pathways by which captive bustards could be 

exposed to Avian Influenza and Newcastle disease viruses by wild birds, and ran a 

comparative study of the likelihood of exposure via each of the pathways considered. We 

merged data from an ecological study dedicated to local wild bird communities with an 

analysis of the contacts between wild birds and captive bustards and with a prevalence survey

of AIV and NDV in wild bird populations. We also extracted data from an extensive review 

of the scientific literature and by the elicitation of expert opinion. 

Overall, this analysis highlighted that captive bustards had a high risk of being exposed to 

pathogens by wild birds. This risk was higher for Newcastle disease virus than Avian 

influenza virus, and House sparrows represented the riskiest species for the transmission of 

both viruses through indirect exposure from consumption of water contaminated from the 

faeces of an infectious bird that got inside the aviary.

Thus, this analysis reveals that wild peridomestic birds may play a role in the transmission of 

avian pathogens to captive bred birds. These results also reaffirm the need to implement 

sanitary measures to limit contacts between wild and captive birds and highlight priority 

targets for a thoughtful and efficient sanitary management strategy.

Keywords

Avian influenza, Newcastle disease, wild peridomestic birds, houbara bustards, exposure 

pathways, risk assessment
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Main text

Introduction

Within  the field  of  One Health,  there  is  deep interest  in  the role  of  wildlife  –  livestock

interfaces  in  disease  ecology  (Hassell,  Begon,  Ward,  &  Fèvre,  2017;  Okello,  Gibbs,

Vandersmissen, & Welburn, 2011). The interface between wild birds and domestic poultry is

studied  in  particular  (Wiethoelter,  Beltrán-Alcrudo,  Kock,  &  Mor,  2015) as  wild  birds

frequently are suspected to be involved in the occurrence of outbreaks of different diseases in

captive-bred  birds.  While  many  studies  are  insufficiently  conclusive  to  confirm  or

characterize  the roles  of wild birds in such outbreaks  (Caron, Cappelle,  & Gaidet,  2017;

Gaidet  & Caron,  2016),  limiting  contact  between  wild  and  captive-bred  birds  is  usually

advocated in poultry breeding biosecurity guidelines.

The sanitary and economic consequences of epizootic events may explain these precautionary

measures.  Avian influenza (AIV) and Newcastle disease viruses (NDV), two of the most

important  avian  pathogens worldwide  (D J  Alexander,  2008;  Dennis J.  Alexander,  2007;

Capua & Alexander, 2004), have been responsible for mass mortalities and severe economic

losses over recent  decades  (McElwain & Thumbi,  2017; Ramos, MacLachlan,  & Melton,

2017; Thompson, Trejo-Pech, & Pendell, 2019). In most of the associated epizootic events,

the question of the epidemiological role of wild birds has been raised (Bodewes & Kuiken,

2018; V. R. Brown & Bevins, 2017; Chatziprodromidou et al., 2018).

In particular, populations of waterfowl and shorebirds are known to be natural reservoirs of

AIV and NDV (Gavier-Widén, Duff, & Meredith, 2012; Munster & Fouchier, 2009; Olsen et

al., 2006), and their role in the global spread of these viruses has been proven (Lisovski et al.,

2018; Marks et al., 2014; Mase & Kanehira, 2015; Mine et al., 2019; The Global Consortium
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for  H5N8 and Related  Influenza  Viruses,  2016).  However,  these  populations  are  mainly

restricted to wetlands, their natural habitats, and thus are not usually in close contact with

captive-bred birds. Given the ubiquity of these two viruses and the extent of their host range,

the absence of classical maintenance populations in some environmental contexts suggests

that other bird species may play a role in the epidemiological framework (Caron et al., 2017).

In  the  Middle  East,  despite  the  arid  environment,  unfavourable  weather  conditions  and

limited  populations  of  wild  waterfowl,  AIV and  NDV  are  regularly  detected  in  poultry

(Aamir, Wernery, Ilyushina, & Webster, 2007; Al Shekaili,  Clough, Ganapathy, & Baylis,

2015; Al-Azemi et al., 2008; Alkhalaf, 2010; A. A. Alsahami, Ideris, Omar, Ramanoon, &

Sadiq,  2018;  A.  Alsahami,  Ideris,  Omar,  Ramanoon,  &  Sadiq,  2018;  Haroun,  Mohran,

Hassan, & Abdulla,  2015; Hirschinger et  al.,  2019; Kent et  al.,  2006; Khan et  al.,  2009;

Mohran,  Haroun,  &  Hassan,  2011;  Nagy,  Mettenleiter,  &  Abdelwhab,  2017;  Naldo  &

Samour, 2004; Obon et al., 2009; Wernery et al., 2013). In the United Arab Emirates (UAE),

the poultry industry is an important sector, especially broiler and layer chickens (Seifarth &

Tarraf, 2018). Numerous wildlife conservation initiatives also are regularly implemented in

the country. A prime example involves the endangered Asian Houbara Bustard (Chlamydotis

maqueenii) ("Vulnerable" IUCN Red List of Threatened Species, 39), a semi-desertic avian

species inhabiting the Middle East and central Asia. In the UAE, this bird is captive-bred in

dedicated breeding stations to maintain a self-sustaining captive population and to produce

individuals for reinforcement programmes (around 20,000 birds are released into the wild

every year). 

On these breeding stations, captive bustards are housed in outdoor aviaries to prepare them to

be released in the wild and maximize their chances of survival. Such facilities create an oasis

in the middle of the desert, and are a godsend for wild birds, offering vital resources (water,

food, shelter) that allow them to establish flourishing communities  (Bock, Jones, & Bock,
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2008).  Due to  the combined effect  of these two factors  (outdoor  housing, oasis),  captive

bustards are highly exposed to wild birds and whatever pathogens may accompany them. 

Due to the conservation status of Houbara bustards, conventional poultry sanitary control

strategies,  especially “stamping out”, cannot be considered, and all efforts are focused on

preventing  the  introduction  and  spread  of  pathogens.  This  is  achieved  through  the

implementation  of  risk-based  biosecurity  measures,  which  are  based  primarily  on  an

assessment of the probability of pathogens exposure from wild birds. 

The aim of this study was to assess and compare, for the most prevalent peridomestic wild

birds,  the  different  exposure  routes  of  Houbara  bustards  for  AIV and  NDV in  order  to

recommend preventive measures. To do so, we considered all of the potential pathways by

which  captive  bustards  could  be  exposed  to  AIV  and  NDV  by  wild  birds,  and  ran  a

comparative study of the likelihood of exposure via each of the pathways considered. We

merged  data  from an ecological  study dedicated  to  local  wild  bird  communities  with  an

analysis of the contacts between wild birds and captive bustards and with a prevalence survey

of AIV and NDV in wild bird populations (Hirschinger, 2020). We also extracted data from

an  extensive  review  of  the  scientific  literature  and  by  the  elicitation  of  expert  opinion.

Finally,  we  identified  the  most  significant  wild  bird  species  and  pathways  of  exposure,

representing priority targets for a thoughtful and efficient sanitary management strategy.
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Materials and Methods

This study, which is part of a research project dedicated to the evaluation of the sanitary risks

associated with the exposure of poultry farms to wild birds, was conducted at the National

Avian  Research  Center  (NARC, N24.39600 E55.43630),  a  Houbara bustard  conservation

breeding project in the UAE (Figure 1). 

Figure 1. 

Scenario tree and pathways of exposure

Following the methodological framework of the World Organisation of Animal Health (OIE)

for  risk  analysis  (Office  international  des  épizooties,  2005a,  2005b),  we investigated  the

likelihood  of  exposure  of  captive  Houbara  bustards  to  AIV  and  NDV  from  the  four

peridomestic species identified as dominant in this ecosystem and involved in the majority of

contacts with captive bustards  (Hirschinger, 2020): the House sparrow (Passer domesticus,

PASDOM),  the  White-eared  bulbul  (Pycnonotus  leucotis,  PYCTIS),  the  Laughing  dove

(Spilopelia senegalensis, STRSEN) and the Collared dove (Streptopelia decaocto, STRDEC).

As previously described  (Hernández-Jover, Schemann, East, & Toribio, 2015; Scott et al.,

2018), we used scenario trees to consider all of the potential exposure pathways by which

bustards housed in outdoor aviaries can be in contact with AIV and NDV by target species in

order to estimate exposure probabilities.

The exposure pathways considered in this study were divided into two groups due to the

nature of the contacts between wild birds and captive bustards. The first group considered all

pathways  of  exposure  resulting  from  the  presence  of  wild  birds  perched  on  an  aviary,
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including  exposure  through  the  falling  of  contaminated  faeces  or  contaminated  feathers

(Figure 2). The second group considered all pathways resulting from the presence of wild

birds  inside  an  aviary,  including  exposure  through  contaminated  faeces,  contaminated

feathers, contaminated aerosols and contaminated carcasses (Figure 3).

Figure 2. 

Figure 3. 

Exposure probabilities

All of the probabilities and their definitions are summarised in Table 1.

The overall probability of exposure Pi that we aimed to estimate was the daily probability of

exposure to the virus (AIV or NDV) of at least one captive bustard by at least one wild bird

of  species  i (i =  PASDOM,  PYCTIS,  STRSEN,  STRDEC),  accounting  for  all  exposure

pathways. It was calculated as follows:

Pi=1−(1−pi )
ni

with ni being the number of wild birds of species i present in aviaries areas and pi being the

daily probability of exposure to the virus of at least one captive bustard by one wild bird of

species i present in aviaries areas. 

Assuming the exposure pathways are mutually exclusive, pi was calculated as the sum of the

probability  of  each  exposure  pathway  (feces.perch,  feathers.perch,  feathers.in,  carcass,

aerosols and feces.in) for species i. More specifically, pi was given by:

pi=p . infecti∗¿
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with  p.infecti,  p.perchi and  p.inti being the daily probabilities  of a bird of species  i to be

infectious, to be perched on an aviary, and to get inside an aviary, respectively, and pa and pb

defined as the probability of exposure of at least one captive bustard by at least one wild bird

perched on an aviary, and as the probability of exposure of at least one captive bustard by at

least one wild bird inside an aviary, respectively, and given by:

pa=1−¿

and

pb=1−¿

with probabilities p.fecal.perch, p.feather.perch, p.fecal.int, p.feather.int, p.respi and p.organ

defined in Table 1 and calculated as detailed in the Supplementary Materials.

Table 1

Model calibration

To calibrate the model, we used field observations, a literature review and an elicitation of

expert opinion. Table S1 summarises all of the parameters, their estimation method and the

estimated range of values for both AIV and NDV in the four target species. 

Briefly, the average daily number of wild birds of species i present in aviaries areas (ni) was

estimated by on-site experts using data from bird censuses in aviaries areas and population

size estimates. 

Probabilities  of  excretion  in  the  faeces,  the  feathers,  the  organs  and the  aerosols,  which

contribute  to  the  computation  of  the  above-mentioned  probabilities  (Supplementary
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Materials), were estimated from published experimental infections with AIV and NDV on

House sparrows and related species  (Ayala et al.,  2019; Boon et al.,  2007; Bosco Lauth,‐

Marlenee, Hartwig, Bowen, & Root, 2019; J. D. Brown, Stallknecht, Berghaus, & Swayne,

2009; Forrest, Kim, & Webster, 2010; Fujimoto, Usui, Ito, Ono, & Ito, 2015; Gutiérrez, Sorn,

Nicholls,  & Buchy,  2011;  Han et  al.,  2012;  Hiono et  al.,  2016;  Iqbal,  Yaqub,  Mukhtar,

Shabbir, & McCauley, 2013; Jones et al., 2014; Q. Liu et al., 2010; Nemeth et al., 2013;

Nemeth, Thomas, Orahood, Anderson, & Oesterle, 2010; Perkins & Swayne, 2003; Poetranto

et al., 2016; Umar et al., 2016; Yamamoto, Nakamura, Yamada, & Mase, 2013) and on Feral

rock pigeons (Columba livia) and related species  (Abolnik, Stutchbury, & Hartman, 2018;

Achenbach & Bowen, 2011; Aziz-ul-Rahman et al., 2019; Barbezange & Jestin, 2003; Boon

et al., 2007; Bosco Lauth et al., 2019; J. D. Brown et al., 2009; Carrasco, Seki, Benevenute,‐

Ikeda,  & Pinto,  2016; Carrasco,  Seki,  de Freitas Raso, Paulillo,  & Pinto,  2008; Carrasco,

Seki, de Sousa, Raso, & Pinto, 2009; Dortmans, Koch, Rottier, & Peeters, 2011; Ellakany et

al.,  2019;  Guo  et  al.,  2014;  Hayashi  et  al.,  2011;  Jia  et  al.,  2008;  Kang  et  al.,  2016;

Kapczynski,  Wise,  & King,  2006;  Klopfleisch,  Werner,  Mundt,  Harder,  & Teifke,  2006;

Kwon et al., 2017; Leigh Perkins & Swayne, 2002; Y. Liu et al., 2007; Mansour, ElBakrey,

Ali, Knudsen, & Eid, 2014; Perkins & Swayne, 2003; Shriner et al., 2016; Śmietanka et al.,

2011;  Śmietanka,  Olszewska,  Domańska-Blicharz,  Bocian,  &  Minta,  2014;  Uchida,

Kanehira, Takemae, Hikono, & Saito, 2017; Wakamatsu, King, Kapczynski, Seal, & Brown,

2006;  Werner  et  al.,  2007; Xiang et  al.,  2017, 2019; Yamamoto,  Nakamura,  Yamada,  &

Mase, 2012). Due to the lack of available data, data on viral excretion in White-eared bulbuls

were extrapolated from House sparrows, and in Laughing and Collared doves from Feral rock

pigeons.
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Probabilities  p.waterfeces.perch, p.foodfeces.perch and  p.fecesground.perch were estimated

from the ratio between the surface area of the aviaries and the surface area occupied by water

and food dishes.

Finally, we elicited expert opinion to estimate the remaining 17 probabilities (Table S1). The

experts  consulted  (n=10) were selected  based on their  expertise  in  one  or  several  of  the

following fields: avian virology, epidemiology of animal diseases, avian medicine or poultry

biosecurity. They were asked by email to answer a multiple-choice questionnaire regarding

the probability of occurrence of 17 events leading to the release of viruses in the environment

of captive birds in this specific outdoor bustards-breeding context. The response choices for

each question consisted of probability intervals. The experts were asked to select all of the

intervals that were considered as credible for a given probability. The final interval that was

considered for a given parameter was the concatenation of the smallest number of intervals

that were selected by at least 50% of respondents.

Finally,  all  parameters  of the model  were associated  with a Pert  distribution  with lower,

median and upper limits of the interval as parameters to account for uncertainty in their value

(see Supplementary Materials and Table S1).

Model run

The distribution of the probabilities  Pi was simulated by sampling randomly the parameter

values  in their  corresponding probability  distributions  (Table S1) and combining them as

detailed above. To do so, we ran 100,000 simulations using R software (R Core Team, 2019).

Figures were generated using the R software and the libraries ggplot2 (Wickham H., 2016),

readxl (Wickham H and Bryan J., 2019), stringr (Wickham H., 2019) and gridExtra (Auguie

B., 2017).
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Pairwise t-tests were used to analyse differences between the outcome probabilities, and a p-

value < 0.05 was used to determine significance.

Sensitivity analysis

Two  sensitivity  analyses  were  run  to  evaluate  the  effect  of  individual  variations  of  the

parameters calibrated using the expert opinion elicitation on the outputs of the model. The

first sensitivity analysis considered the overall daily probabilities Pi to evaluate the effect of

the uncertain parameters on the relative contribution of the wild bird species. The second

considered the probabilities of exposure via the different exposure pathways for the riskiest

wild  bird  species  to  evaluate  the  effect  of  the  uncertain  parameters  on  the  relative

contribution of the exposure pathways for that species. To do so, we changed the value of the

uncertain  parameters  one  at  a  time  to  their  minimal  and  maximal  expected  values  as

presented in Table S2. Meanwhile, the other uncertain parameters were set to their median

values and those of the other parameters were sampled in their respective distributions as

defined in Table S1. We used 10,000 iterations for each parameter combination.
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Results

Probability of exposure

Model results highlighted that the risk of exposure to NDV was on average 2.39 times (95%

CI: 2.37 – 2.41) higher than that of AIV, irrespective of the species. Indeed, the average daily

probability of exposure to NDV for at least one captive bustard by at least one wild bird was

estimated between 2.3*10-3 and 132.3*10-3, while for AIV this probability ranged between

0.6*10-3 and 60.3*10-3.

For both viruses, the wild bird species representing the highest mean risk of exposure was the

House sparrow (PASDOM). This species was associated with an average daily probability of

exposure  of  at  least  one  captive  bustard  of  8.2*10-2 (95% CI:  2.4*10-2 –  16.7*10-2)  and

3.6*10-2 (95% CI: 0.9*10-2 – 7.8*10-2) for NDV and AIV, respectively (Figure 4). The risk of

exposure to NDV was on average 2.66 (95% CI: 2.65 – 2.67), 3.07 (95% CI: 3.05- 3.08) and

11.21 (95% CI: 11.15 – 11.27) times lower in White-eared bulbuls,  Laughing doves and

Collared doves compared to House sparrows, respectively. For AIV, this risk of exposure was

on average 2.48 (95% CI: 2.47 – 2.50), 3.92 (95% CI: 3.90- 3.95) and 19.54 (95% CI: 19.4 –

19.6) times lower in White-eared bulbuls, Laughing doves and Collared doves compared to

House sparrows, respectively. Observed inter-species differences were statistically significant

(p-value<0.001). 

Figure 4. 
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Pathways of exposure

House sparrows were identified as the riskiest species for exposing captive bustards to both

AIV and NDV. For this species, the pathway of exposure that contributed the most to this risk

was the exposure from the faeces excreted by an infectious bird that got inside the aviary.

This pathway was associated with an average daily probability of 1.9*10-2 (95% CI: 0.5*10-2

– 3.8*10-2) for both viruses (Figure 5). The risk of exposure was on average 1.72 (95% CI:

1.71- 1.72), 1.95 (95% CI: 1.95 – 1.96), 3.77 (95% CI: 3.76- 3.79), 3.90 (95% CI: 3.89- 3.92)

and 53.3 (95% CI: 53.0 – 53.6) times lower through the faeces of an infectious bird perched

on the aviary, the aerosols of an infectious bird inside the aviary, the feathers of an infectious

bird perched on the aviary, the feathers of an infectious bird inside the aviary and the carcass

of an infectious bird inside the aviary, respectively. Observed differences between pathways

were statistically significant (p-value<0.001). 

Delving more deeply, the pathway that contributed the most to the risk of exposure of a least

one captive bustard to both AIV and NDV was the exposure via the consumption of water

contaminated by the faeces of an infectious bird that got inside the aviary. This pathway was

associated with an average daily probability of 9.8*10-2 (95% CI: 2.6*10-2–20.0*10-2) for both

viruses (Figure 5). The risk of exposure was on average 1.05 (95% CI: 1.04 – 1.06) and 3.50

(95% CI: 3.49 – 3.52) times lower through the consumption of contaminated food and the

consumption of faeces on the ground, respectively. Observed differences between pathways

were statistically significant (p-value<0.001).

For  all  others  species,  the  pathway  of  exposure  that  contributed  the  most  to  the  risk  of

exposure of a least one captive bustard to both AIV and NDV was the indirect exposure via

the consumption on the ground of faeces excreted by an infectious bird perched on the aviary.
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Figure 5. 

Sensitivity analysis

The  sensitivity  analysis  showed  that  the  ranking  of  species  according  to  their  level  of

exposure risk was not modified when the values of the parameters estimated from experts’

opinions  varied between the  lowest  value  and the  highest.  House sparrows remained  the

species contributing the most to the risk of exposure to both viruses (Figures S1 and S2).

Moreover, the analysis showed that the variation of parameters values had little or no effect

on the ranking of the pathways of exposure for the riskiest species. Thus, indirect exposure

from the faeces of an infectious House sparrow that got inside the aviary contributed the most

to the risk of exposure for both viruses in almost all cases (Figure S3). 

Similarly, indirect exposure from consumption of contaminated water contributed the most to

the risk of exposure in almost all cases (Figure S4). 
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Discussion

Overall, this analysis highlighted that captive bustards had a high risk of being exposed to

pathogens by wild birds. This risk was higher for Newcastle disease virus (NDV) than avian

influenza  virus  (AIV),  and  House  sparrows  represented  the  riskiest  species  for  the

transmission  of  both  viruses  through  indirect  exposure  from  consumption  of  water

contaminated from the faeces of an infectious bird that got inside the aviary.

Exposure  probabilities  presented  in  this  study  are  comparatively  higher  than  the  ones

presented in similar studies (Hernández-Jover et al., 2015; Scott et al., 2018). This can likely

be explained by the system considered, i.e., one in which a strong oasis effect converged with

a need for outdoor housing to prepare bustards for release into the wild. Indeed, outdoor

breeding  is  usually  considered  as  a  major  risk  factor  for  pathogens  exposure  (Gonzales,

Stegeman, Koch, de Wit, & Elbers, 2013; Scott et al., 2018; Sims, Weaver, & Swayne, 2016).

As demonstrated  in  similar  studies,  indirect  exposure  from consumption  of  contaminated

water is the riskiest pathway (Scott et al., 2018; Sims et al., 2016). However, direct contact

with infectious  wild birds appears  to be less significant  in the present  study, most likely

because bustards are housed in netted aviaries which protect them from direct contacts.

For  this  analysis,  we  had  to  make  several  assumptions.  First,  the  estimated  exposure

probabilities were considered as representative of an “average” AI and ND virus. However,

some of the experimental infection studies compiled to extract the probabilities of shedding

of  the  viruses  in  the  different  biological  matrices  (p.fecalexcretion,  p.featherexcretion,

p.respiexcretion, p.organexcretion) mentioned important variations in shedding according to

the strain considered (sub-type, pathogenicity) (Hayashi et al., 2011; Hiono et al., 2016; Isoda

et al.,  2006; Jia et  al.,  2008; Shriner et al.,  2016; Susta et  al.,  2018; Xiang et  al.,  2017).

Considering  the  diversity  of  AIV  and  NDV  would  sharpen  the  analysis.  This  holds
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particularly true with regard to AIV, as shedding probabilities  in feathers and organs are

likely to vary according to the pathogenicity of the strain considered. This is because only

highly pathogenic strains present a systemic replication whereas low pathogenic strains are

restricted to the digestive and respiratory tracts (Swayne, Suarez, & Sims, 2017).

In this  analysis,  we can  consider  that  data  from the  field  are  more  likely  related  to  low

pathogenic viruses, at least for AIV (absence of clinical signs, low viroprevalence and low

viral loads) (Hirschinger et al., 2019). In contrast, most of data from the literature are related

logically to highly pathogenic viruses. Finally, data drawn from experts’ opinions depend

greatly on the field of expertise of each expert, but a bias toward highly pathogenic viruses

may be assumed. Therefore, it would be interesting to conduct separate analyses of low and

highly pathogenic viruses. Ideally, the analysis would target strains circulating in the UAE.

Moreover, the viral load shed is often linked with the inoculated one (Abolnik et al., 2018; J.

D.  Brown  et  al.,  2009;  Kapczynski  et  al.,  2006), and  viral  loads  are  usually  higher  in

experimental infection studies than the loads birds may face in the wild. Therefore, we may

have  overestimated  shedding  probabilities  in  our  epidemiological  context  and  artificially

increased the exposure risk. The extrapolation of shedding data from related species, although

justified in our case, also may represent an important limitation for this analysis as some

studies mentioned important shedding variations according to the infected species, even with

regard to closely related species  (Ayala et al., 2019; Carrasco et al., 2008; Dortmans et al.,

2011; Nemeth et al., 2010). 

The estimation  of virus  excretion  in the  environment  based on expert  elicitation  may be

considered to be subjective. However, the sensitivity analysis showed that neither the rank of

the species nor the rank of the pathways of exposure were significantly modified when the
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input values of these parameters were varied along their estimated intervals, suggesting these

estimates were realistic.

Overall, outcomes of the analysis seem trustworthy and show a high exposure risk from wild

birds to captive bustards. However, despite this large exposure probability, the real number of

captive bustards clinically infected by AIV or NDV is very low (Hirschinger, 2020). 

We  ended  this  analysis  at  the  exposure  step,  but  exposure  does  not  lead  inevitably  to

infection. To assess the risk of infection, one should consider a probability of transmission

(i.e., pathogen passing from contaminated matrix to bustard) and a probability of infection

(i.e., effective spread of the pathogen in the organism after transmission). Thus, the limited

number  of  diseased  captive  bustards  may  simply  be  the  result  of  the  efficient  vaccine

protection set up, but it also may be due to the limited efficiency of the transmission and

infection  as  even  in  sentinel  bustards  (non-vaccinated  birds),  morbidity,  mortality  and

seroprevalence rates are very low (Hirschinger, 2020). This result suggests that even with a

strong exposure pressure, contamination is limited.

Several  explanations  are  worth  considering  (Sims  et  al.,  2016).  First,  environmental  and

climatic conditions are clearly unfavourable to the environmental persistence of the viruses

(high temperatures, low humidity, high UV index) and likely prevent the contamination of

bustards  (Stallknecht  & Brown J.,  2009).  We can also assume a limited susceptibility  of

bustards for the strains carried by wild birds, but this hypothesis seems unlikely as shared

strains have already been highlighted (Hirschinger et al., 2019). Nevertheless, in the case of

the circulation of a highly pathogenic strain in wild birds, exposure probabilities suggest that

an outbreak in captive bustards is of real concern.

Overall, the absolute values presented in this analysis may only have a relative significance

because they are directly associated with a specific epidemiologic context. However, they are
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of great interest  for the sanitary management of the breeding site presented in this study,

allowing a hierarchization of risk levels between viruses, species and pathways of exposure.

Specifically, this study has made it possible to target House sparrows for sanitary surveillance

of AIV and NDV, and water contamination by wild birds’ faeces appears as a priority target

for sanitary control.

Thus, although the role of some peridomestic species in the transmission of AIV and NDV

has already be examined in numerous studies  (Abolnik, 2014; Nemeth et al., 2013, 2010),

this analysis reveals that, at least in this specific environmental context, wild peridomestic

birds should not be neglected.

These  results  also  confirm  the  importance  of  known  pathways  of  exposure  for  outdoor

poultry (faeces-contaminated water) and reaffirm the need to implement sanitary measures to

limit  contacts  between  wild  and  captive  birds.  They  also  highlight  the  need  for  further

research dedicated to the pathogens circulating in the Middle East. Finally, despite the current

uncertainties associated with probabilities, this study offers an efficient tool that may be used

by decision-makers to implement a sanitary management strategy.

To conclude, such a risk assessment, one based on the best data available with the use of a

multimodal  approach  merging  ecological,  epidemiological  and  virological  data,  although

resource and time-consuming, appears to be the most appropriate approach to assess the risk

of pathogen exposure at the interface between wildlife and domestic animals.

Acknowledgements

This study was funded by the National Avian Research Center (NARC), a breeding project

under the leadership of the IFHC, and conducted under the guidance of Reneco International

Wildlife  Consultants  LLC,  the  consulting  company  operating  the  NARC.  We thank  His

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398



Highness  Sheikh  Mohammed  bin  Zayed  Al  Nahyan,  Crown  Prince  of  Abu  Dhabi  and

Chairman of the International  Fund for Houbara Conservation(IFHC) and His Excellency

Mohamed Al Bowardi,  Deputy Chairman of  IFHC, for  their  support.  We thank Frederic

Lacroix  (Reneco  General  Manager),  Toni  Chalah  (NARC  Operation  Manager)  and  all

Reneco staff involved in data collection. We also thank all the people involved in field and

laboratory work.

Data availability statement

The data that supports the findings of this study are available in the supplementary material

of this article.

Ethics

The authors confirm that the ethical policies of the journal, as noted on the journal’s author

guidelines  page,  have  been adhered  to.  All  birds  used  in  this  study have  been captured,

handled and sampled by skilled ornithologists graduated from the Centre de Recherches par

le Baguage des Populations d’Oiseaux (CRBPO, Natural History Museum Paris) and trained

veterinarians from the NARC according to international ethical standards (Fair, J., E. Paul,

and J.Jones, Eds. 2010. Guidelines to the Use of Wild Birds in Research.Washington,D.C.:

Ornithological Council).

Conflict of interest

The authors declare no conflicts of interest.

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421



422



References

Aamir, U. B., Wernery, U., Ilyushina, N., & Webster, R. G. (2007). Characterization of avian H9N2 

influenza viruses from United Arab Emirates 2000 to 2003. Virology, 361(1), 45-55. 

https://doi.org/10.1016/j.virol.2006.10.037

Abolnik, C. (2014). A current review of avian influenza in pigeons and doves (Columbidae). Veterinary

Microbiology, 170(3-4), 181-196. https://doi.org/10.1016/j.vetmic.2014.02.042

Abolnik, C., Stutchbury, S., & Hartman, M. J. (2018). Experimental infection of racing pigeons 

(Columba livia domestica) with highly pathogenic Clade 2.3.4.4 sub-group B H5N8 avian 

influenza virus. Veterinary Microbiology, 227, 127-132. 

https://doi.org/10.1016/j.vetmic.2018.10.028

Achenbach, J. E., & Bowen, R. A. (2011). Transmission of avian influenza A viruses among species in 

an artificial barnyard. PLoS One, 6(3).

Al Shekaili, T., Clough, H., Ganapathy, K., & Baylis, M. (2015). Sero-surveillance and risk factors for 

avian influenza and Newcastle disease virus in backyard poultry in Oman. Preventive 

Veterinary Medicine, 122(1-2), 145-153. https://doi.org/10.1016/j.prevetmed.2015.09.011

Al-Azemi, A., Bahl, J., Al-Zenki, S., Al-Shayji, Y., Al-Amad, S., Chen, H., … Smith, G. J. (2008). Avian 

influenza A virus (H5N1) outbreaks, Kuwait, 2007. Emerging infectious diseases, 14(6), 958.

Alexander, D J. (2008). Newcastle disease and other avian paramyxoviruses. Revue Scientifique et 

Technique de l’OIE, 19(2), 443-462.

Alexander, Dennis J. (2007). An overview of the epidemiology of avian influenza. Vaccine, 25(30), 

5637-5644. https://doi.org/10.1016/j.vaccine.2006.10.051

Alkhalaf, A. N. (2010). Field investigation on the prevalence of avian influenza virus infection in some 

localities in Saudi Arabia. Pakistan Veterinary Journal, 30(3), 139-142.

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446



Alsahami, A. A., Ideris, A., Omar, A., Ramanoon, S. Z., & Sadiq, M. B. (2018). Isolation, identification 

and molecular characterization of Newcastle disease viruses in vaccinated chickens from 

commercial farms in the Sultanate of Oman. International Journal of Veterinary Science and 

Medicine, 6(2), 248-252. https://doi.org/10.1016/j.ijvsm.2018.08.007

Alsahami, A., Ideris, A., Omar, A., Ramanoon, S. Z., & Sadiq, M. B. (2018). Seroprevalence of 

Newcastle disease virus in backyard chickens and herd-level risk factors of Newcastle disease

in poultry farms in Oman. International Journal of Veterinary Science and Medicine, 6(2), 

186-191. https://doi.org/10.1016/j.ijvsm.2018.06.004

Ayala, A. J., Hernandez, S. M., Olivier, T. L., Welch, C. N., Dimitrov, K. M., Goraichuk, I. V., … Miller, P. 

J. (2019). Experimental Infection and Transmission of Newcastle Disease Vaccine Virus in 

Four Wild Passerines. Avian Diseases, 63(3), 389. https://doi.org/10.1637/11980-092918-

Reg.1

Aziz-ul-Rahman, Rohaim, M. A., El Naggar, R. F., Mustafa, G., Chaudhry, U., & Shabbir, M. Z. (2019). 

Comparative clinico-pathological assessment of velogenic (sub-genotype VIIi) and mesogenic

(sub-genotype VIm) Avian avulavirus 1 in chickens and pigeons. Avian Pathology, 48(6), 

610-621. https://doi.org/10.1080/03079457.2019.1648751

Barbezange, C., & Jestin, V. (2003). Monitoring of pigeon paramyxovirus type-1 in organs of pigeons 

naturally infected with Salmonella Typhimurium. Avian Pathology, 32(3), 277-283. 

https://doi.org/10.1080/0307945031000097877

Bock, C. E., Jones, Z. F., & Bock, J. H. (2008). The oasis effect : Response of birds to exurban 

development in a southwestern savanna. Ecological Applications, 18(5), 1093-1106. https://

doi.org/10.1890/07-1689.1

Bodewes, R., & Kuiken, T. (2018). Changing Role of Wild Birds in the Epidemiology of Avian Influenza 

A Viruses. In Advances in Virus Research (Vol. 100, p. 279-307). Elsevier. 

https://doi.org/10.1016/bs.aivir.2017.10.007

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471



Boon, A. C., Sandbulte, M. R., Seiler, P., Webby, R. J., Songserm, T., Guan, Y., & Webster, R. G. (2007).

Role of terrestrial wild birds in ecology of influenza A virus (H5N1). Emerging Infectious 

Diseases, 13(11), 1720.

Bosco Lauth, A. M., Marlenee, N. L., Hartwig, A. E., Bowen, R. A., & Root, J. J. (2019). Shedding of ‐

clade 2.3.4.4 H5N8 and H5N2 highly pathogenic avian influenza viruses in peridomestic wild 

birds in the U.S. Transboundary and Emerging Diseases, 66(3), 1301-1305. 

https://doi.org/10.1111/tbed.13147

Brown, J. D., Stallknecht, D. E., Berghaus, R. D., & Swayne, D. E. (2009). Infectious and lethal doses of 

H5N1 highly pathogenic avian influenza virus for house sparrows (Passer domesticus) and 

rock pigeons (Columbia livia). Journal of veterinary diagnostic investigation, 21(4), 437-445.

Brown, V. R., & Bevins, S. N. (2017). A review of virulent Newcastle disease viruses in the United 

States and the role of wild birds in viral persistence and spread. Veterinary Research, 48(1). 

https://doi.org/10.1186/s13567-017-0475-9

Capua, I., & Alexander, D. J. (2004). Avian influenza : Recent developments. Avian Pathology, 33(4), 

393-404. https://doi.org/10.1080/03079450410001724085

Caron, A., Cappelle, J., & Gaidet, N. (2017). Challenging the conceptual framework of maintenance 

hosts for influenza A viruses in wild birds. Journal of Applied Ecology, 54(3), 681-690. https://

doi.org/10.1111/1365-2664.12839

Carrasco, A. O. T., Seki, M. C., Benevenute, J. L., Ikeda, P., & Pinto, A. A. (2016). Experimental 

infection with Brazilian Newcastle disease virus strain in pigeons and chickens. Brazilian 

Journal of Microbiology, 47(1), 231-242. https://doi.org/10.1016/j.bjm.2015.07.001

Carrasco, A. O. T., Seki, M. C., de Freitas Raso, T., Paulillo, A. C., & Pinto, A. A. (2008). Experimental 

infection of Newcastle disease virus in pigeons (Columba livia) : Humoral antibody response, 

contact transmission and viral genome shedding. Veterinary Microbiology, 129(1-2), 89-96. 

https://doi.org/10.1016/j.vetmic.2007.11.012

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496



Carrasco, A. O. T., Seki, M. C., de Sousa, R. L. M., Raso, T. F., & Pinto, A. A. (2009). Protection levels of

vaccinated pigeons (Columba livia) against a highly pathogenic newcastle disease virus 

strain. Tropical Animal Health and Production, 41(7), 1325-1333. 

https://doi.org/10.1007/s11250-009-9318-7

Chatziprodromidou, I. P., Arvanitidou, M., Guitian, J., Apostolou, T., Vantarakis, G., & Vantarakis, A. 

(2018). Global avian influenza outbreaks 2010–2016 : A systematic review of their 

distribution, avian species and virus subtype. Systematic Reviews, 7(17), 12.

Dortmans, J. C. F. M., Koch, G., Rottier, P. J. M., & Peeters, B. P. H. (2011). A comparative infection 

study of pigeon and avian paramyxovirus type 1 viruses in pigeons : Evaluation of clinical 

signs, virus shedding and seroconversion. Avian Pathology, 40(2), 125-130. 

https://doi.org/10.1080/03079457.2010.542131

Ellakany, H. F., Elbestawy, A. R., Abd El-Hamid, H. S., Zedan, R. E., Gado, A. R., Taha, A. E., … Hussein, 

E. O. S. (2019). Role of Pigeons in the Transmission of Avian Avulavirus (Newcastle Disease-

Genotype VIId) to Chickens. Animals, 9(6), 338. https://doi.org/10.3390/ani9060338

Forrest, H. L., Kim, J.-K., & Webster, R. G. (2010). Virus Shedding and Potential for Interspecies 

Waterborne Transmission of Highly Pathogenic H5N1 Influenza Virus in Sparrows and 

Chickens. Journal of Virology, 84(7), 3718-3720. https://doi.org/10.1128/JVI.02017-09

Fujimoto, Y., Usui, T., Ito, H., Ono, E., & Ito, T. (2015). Susceptibility of wild passerines to subtype 

H5N1 highly pathogenic avian influenza viruses. Avian Pathology, 44(4), 243-247. 

https://doi.org/10.1080/03079457.2015.1043235

Gaidet, N., & Caron, A. (2016). Rôle des oiseaux sauvages dans la transmission et la dispersion des 

virus de l’influenza aviaire : Apport de l’éco-épidémiologie dans les écosystèmes afro-

tropicaux. Cahiers Agricultures, 25(5), 54001. https://doi.org/10.1051/cagri/2016037

Gavier-Widén, D., Duff, P., & Meredith, A. (2012). Infectious diseases of wild mammals and birds in 

Europe. Chichester: Wiley.

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521



Gonzales, J. L., Stegeman, J. A., Koch, G., de Wit, S. J., & Elbers, A. R. W. (2013). Rate of introduction 

of a low pathogenic avian influenza virus infection in different poultry production sectors in 

the Netherlands : Rate of introduction of a LPAIv infection. Influenza and Other Respiratory 

Viruses, 7(1), 6-10. https://doi.org/10.1111/j.1750-2659.2012.00348.x

Guo, H., Liu, X., Xu, Y., Han, Z., Shao, Y., Kong, X., & Liu, S. (2014). A comparative study of pigeons 

and chickens experimentally infected with PPMV-1 to determine antigenic relationships 

between PPMV-1 and NDV strains. Veterinary Microbiology, 168(1), 88-97. 

https://doi.org/10.1016/j.vetmic.2013.11.002

Gutiérrez, R. A., Sorn, S., Nicholls, J. M., & Buchy, P. (2011). Eurasian Tree Sparrows, Risk for H5N1 

Virus Spread and Human Contamination through Buddhist Ritual : An Experimental 

Approach. PLoS ONE, 6(12). https://doi.org/10.1371/journal.pone.0028609

Han, Y., Hou, G., Jiang, W., Han, C., Liu, S., Chen, J., … Chen, J. (2012). A Survey of Avian Influenza in 

Tree Sparrows in China in 201. PLoS ONE, 7(4), 5.

Haroun, M., Mohran, K. A., Hassan, M. M., & Abdulla, N. M. (2015). Molecular pathotyping and 

phylogenesis of the first Newcastle disease virus strain isolated from backyard chickens in 

Qatar. Tropical Animal Health and Production, 47(1), 13-19. https://doi.org/10.1007/s11250-

014-0677-3

Hassell, J. M., Begon, M., Ward, M. J., & Fèvre, E. M. (2017). Urbanization and Disease Emergence : 

Dynamics at the Wildlife–Livestock–Human Interface. Trends in Ecology & Evolution, 32(1), 

55-67. https://doi.org/10.1016/j.tree.2016.09.012

Hayashi, T., Hiromoto, Y., Chaichoune, K., Patchimasiri, T., Chakritbudsabong, W., Prayoonwong, N., 

… Saito, T. (2011). Host Cytokine Responses of Pigeons Infected with Highly Pathogenic Thai 

Avian Influenza Viruses of Subtype H5N1 Isolated from Wild Birds. PLoS ONE, 6(8), e23103. 

https://doi.org/10.1371/journal.pone.0023103

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545



Hernández-Jover, M., Schemann, K., East, I. J., & Toribio, J.-A. L. M. L. (2015). Evaluating the risk of 

avian influenza introduction and spread among poultry exhibition flocks in Australia. 

Preventive Veterinary Medicine, 118(1), 128-141. 

https://doi.org/10.1016/j.prevetmed.2014.11.018

Hiono, T., Okamatsu, M., Yamamoto, N., Ogasawara, K., Endo, M., Kuribayashi, S., … Sakoda, Y. 

(2016). Experimental infection of highly and low pathogenic avian influenza viruses to 

chickens, ducks, tree sparrows, jungle crows, and black rats for the evaluation of their roles 

in virus transmission. Veterinary Microbiology, 182, 108-115. 

https://doi.org/10.1016/j.vetmic.2015.11.009

Hirschinger, J. (2020). Evaluation des risques sanitaires associés à l’exposition des élevages avicoles à

l’avifaune sauvage péridomestique. Exemple des élevages conservatoires d’outardes houbara

aux Emirats Arabes Unis. (Thèse de doctorat d’université). Institut National Polytechnique de

Toulouse, Toulouse.

Hirschinger, J., Munoz, M. C., Hingrat, Y., Vergne, T., Guerin, J.-L., & Le Loc’h, G. (2019). Exposure to 

and Circulation of Avian Influenza and Newcastle Disease Viruses in Peridomestic Wild Birds 

in the United Arab Emirates. Journal of Wildlife Diseases, 2019-06-164. 

https://doi.org/10.7589/2019-06-164

Iqbal, M., Yaqub, T., Mukhtar, N., Shabbir, M. Z., & McCauley, J. W. (2013). Infectivity and 

transmissibility of H9N2 avian influenza virus in chickens and wild terrestrial birds. 

Veterinary Research, 44(1), 100. https://doi.org/10.1186/1297-9716-44-100

Isoda, N., Sakoda, Y., Kishida, N., Bai, G.-R., Matsuda, K., Umemura, T., & Kida, H. (2006). 

Pathogenicity of a highly pathogenic avian influenza virus, A/chicken/Yamaguchi/7/04 

(H5N1) in different species of birds and mammals. Archives of Virology, 151(7), 1267-1279. 

https://doi.org/10.1007/s00705-005-0723-6

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569



Jia, B., Shi, J., Li, Y., Shinya, K., Muramoto, Y., Zeng, X., … Chen, H. (2008). Pathogenicity of Chinese 

H5N1 highly pathogenic avian influenza viruses in pigeons. Archives of Virology, 153(10), 

1821-1826. https://doi.org/10.1007/s00705-008-0193-8

Jones, J. C., Sonnberg, S., Koçer, Z. A., Shanmuganatham, K., Seiler, P., Shu, Y., … Webster, R. G. 

(2014). Possible Role of Songbirds and Parakeets in Transmission of Influenza A(H7N9) Virus 

to Humans. Emerging Infectious Diseases, 20(3). https://doi.org/10.3201/eid2003.131271

Kang, Y., Xiang, B., Yuan, R., Zhao, X., Feng, M., Gao, P., … Ren, T. (2016). Phylogenetic and 

Pathotypic Characterization of Newcastle Disease Viruses Circulating in South China and 

Transmission in Different Birds. Frontiers in Microbiology, 7. 

https://doi.org/10.3389/fmicb.2016.00119

Kapczynski, D. R., Wise, M. G., & King, D. J. (2006). Susceptibility and Protection of Naïve and 

Vaccinated Racing Pigeons (Columbia livia) Against Exotic Newcastle Disease Virus from the 

California 2002–2003 Outbreak. Avian Diseases, 50(3), 336-341. 

https://doi.org/10.1637/7479-112905R.1

Kent, J., Bailey, T., Silvanose, C.-D., McKeown, S., Wernery, U., Kinne, J., & Manvell, R. (2006). An 

Outbreak of Low Pathogenic Avian Influenza in a Mixed-Species Aviculture Unit in Dubai in 

2005. Veterinary Clinics of North America: Exotic Animal Practice, 9(3), 523-531. 

https://doi.org/10.1016/j.cvex.2006.05.012

Khan, O. A., Shuaib, M. A., Abdel Rhman, S. S., Ismail, M. M., Hammad, Y. A., Abdel Baky, M. H., … 

Cattoli, G. (2009). Isolation and identification of highly pathogenic avian influenza H5N1 virus

from Houbara bustards (Chlamydotis undulata macqueenii) and contact falcons. Avian 

Pathology, 38(1), 35-39. https://doi.org/10.1080/03079450802609815

Klopfleisch, R., Werner, O., Mundt, E., Harder, T., & Teifke, J. P. (2006). Neurotropism of Highly 

Pathogenic Avian Influenza Virus A/Chicken/Indonesia/2003 (H5N1) in Experimentally 

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593



Infected Pigeons (Columbia livia f. Domestica). Veterinary Pathology, 43(4), 463-470. https://

doi.org/10.1354/vp.43-4-463

Kwon, J.-H., Noh, Y. K., Lee, D.-H., Yuk, S.-S., Erdene-Ochir, T.-O., Noh, J.-Y., … Nahm, S.-S. (2017). 

Experimental infection with highly pathogenic H5N8 avian influenza viruses in the Mandarin 

duck ( Aix galericulata ) and domestic pigeon ( Columba livia domestica ). Veterinary 

Microbiology, 203, 95-102. https://doi.org/10.1016/j.vetmic.2017.03.003

Leigh Perkins, L. E., & Swayne, D. E. (2002). Pathogenicity of a Hong Kong–Origin H5N1 Highly 

Pathogenic Avian Influenza Virus for Emus, Geese, Ducks, and Pigeons. Avian Diseases, 46(1),

53-63. https://doi.org/10.1637/0005-2086(2002)046[0053:POAHKO]2.0.CO;2

Lisovski, S., van Dijk, J. G. B., Klinkenberg, D., Nolet, B. A., Fouchier, R. A. M., & Klaassen, M. (2018). 

The roles of migratory and resident birds in local avian influenza infection dynamics. Journal 

of Applied Ecology, 0(0), 1-13. https://doi.org/10.1111/1365-2664.13154

Liu, Q., Ma, J., Kou, Z., Pu, J., Lei, F., Li, T., & Liu, J. (2010). Characterization of a highly pathogenic 

avian influenza H5N1 clade 2.3.4 virus isolated from a tree sparrow. Virus Research, 147(1), 

25-29. https://doi.org/10.1016/j.virusres.2009.09.014

Liu, Y., Zhou, J., Yang, H., Yao, W., Bu, W., Yang, B., … Wang, X. (2007). Susceptibility and 

transmissibility of pigeons to Asian lineage highly pathogenic avian influenza virus subtype 

H5N1. Avian Pathology, 36(6), 461-465. https://doi.org/10.1080/03079450701639335

Mansour, S. M. G., ElBakrey, R. M., Ali, H., Knudsen, D. E. B., & Eid, A. A. M. (2014). Natural infection 

with highly pathogenic avian influenza virus H5N1 in domestic pigeons (Columba livia) in 

Egypt. Avian Pathology, 43(4), 319-324. https://doi.org/10.1080/03079457.2014.926002

Marks, F. S., Rodenbusch, C. R., Okino, C. H., Hein, H. E., Costa, E. F., Machado, G., … Corbellini, L. G. 

(2014). Targeted survey of Newcastle disease virus in backyard poultry flocks located in 

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616



wintering site for migratory birds from Southern Brazil. Preventive Veterinary Medicine, 

116(1-2), 197-202. https://doi.org/10.1016/j.prevetmed.2014.06.001

Mase, M., & Kanehira, K. (2015). Surveillance of avian paramyxovirus serotype-1 in migratory 

waterfowls in Japan between 2011 and 2013. Journal of Veterinary Medical Science, 77(3), 

381-385. https://doi.org/10.1292/jvms.14-0550

McElwain, T. F., & Thumbi, S. M. (2017). Animal pathogens and their impact on animal health, the 

economy, food security, food safety and public health. Rev Sci Tech, 36(2), 13. 

https://doi.org/10.20506/rst.36.2.2663

Mine, J., Uchida, Y., Sharshov, K., Sobolev, I., Shestopalov, A., & Saito, T. (2019). Phylogeographic 

evidence for the inter- and intracontinental dissemination of avian influenza viruses via 

migration flyways. PLoS ONE, 14(6), 21.

Mohran, K. A., Haroun, M., & Hassan, M. (2011). Molecular Detection, Virus Isolation and 

Pathotyping of a Newcastle Diseaese Virus Field Strain from Backyard Chickens in Qatar. 

Research Journal of Poultry Sciences, 4(3), 28-32. 

https://doi.org/10.3923/rjpscience.2011.28.32

Munster, V. J., & Fouchier, R. A. M. (2009). Avian influenza virus : Of virus and bird ecology. Vaccine, 

27(45), 6340-6344. https://doi.org/10.1016/j.vaccine.2009.02.082

Nagy, A., Mettenleiter, T. C., & Abdelwhab, E. M. (2017). A brief summary of the epidemiology and 

genetic relatedness of avian influenza H9N2 virus in birds and mammals in the Middle East 

and North Africa. Epidemiology and Infection, 145(16), 3320-3333. 

https://doi.org/10.1017/S0950268817002576

Naldo, J. L., & Samour, J. H. (2004). Causes of Morbidity and Mortality in Falcons in Saudi Arabia. 

Journal of Avian Medicine and Surgery, 18(4), 229-241. https://doi.org/10.1647/2002-013

Nemeth, N. M., Oesterle, P. T., Poulson, R. L., Jones, C. A., Tompkins, S. M., Brown, J. D., & 

Stallknecht, D. E. (2013). Experimental Infection of European Starlings (Sturnus vulgaris) and 

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641



House Sparrows (Passer domesticus) with Pandemic 2009 H1N1 and Swine H1N1 and H3N2 

Triple Reassortant Influenza Viruses. Journal of Wildlife Diseases, 49(2), 437-440. 

https://doi.org/10.7589/2012-09-224

Nemeth, N. M., Thomas, N. O., Orahood, D. S., Anderson, T. D., & Oesterle, P. T. (2010). Shedding 

and serologic responses following primary and secondary inoculation of house sparrows 

(Passer domesticus) and European starlings (Sturnus vulgaris) with low-pathogenicity avian 

influenza virus. Avian Pathology, 39(5), 411-418. 

https://doi.org/10.1080/03079457.2010.513043

Obon, E., Bailey, T. A., Somma, A. D., Silvanose, C., O’Donovan, D., McKeown, S., … Wernery, U. 

(2009). Seroprevalence of H5 avian influenza virus in birds in the United Arab Emirates. 

Veterinary Record, 165, 752-754.

Office international des épizooties. (2005a). Handbook on import risk analysis for animals and animal

products, Volume 1, Introduction and qualitative risk analysis. Paris: OIE.

Office international des épizooties. (2005b). Handbook on import risk analysis for animals and 

animal products, Volume 2, Quantitative risk assessment. Paris: OIE.

Okello, A. L., Gibbs, E. P. J., Vandersmissen, A., & Welburn, S. C. (2011). One Health and the 

neglected zoonoses : Turning rhetoric into reality. Veterinary Record, 169(11), 281-285. 

https://doi.org/10.1136/vr.d5378

Olsen, B., Munster, V. J., Wallensten, A., Waldenstrom, J., Osterhaus, A. D. M. E., & Fouchier, R. A. M.

(2006). Global Patterns of Influenza A Virus in Wild Birds. Science, 312(5772), 384-388. 

https://doi.org/10.1126/science.1122438

Perkins, L. E. L., & Swayne, D. E. (2003). Comparative Susceptibility of Selected Avian and 

Mammalian Species to a Hong Kong–Origin H5N1 High-Pathogenicity Avian Influenza Virus. 

Avian Diseases, 47(s3), 956-967. https://doi.org/10.1637/0005-2086-47.s3.956

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665



Poetranto, E. D., Poetranto, A. L., Nastri, A. M., Candra, A. Y. R., Puruhito, E. F., Wulandari, L., … 

Shimizu, K. (2016). Study of Tree-sparrow (Passer montanus) as Natural Spreader of H5N1 

Virus. Procedia Chemistry, 18, 205-212. https://doi.org/10.1016/j.proche.2016.01.032

Ramos, S., MacLachlan, M., & Melton, A. (2017). Impacts of the 2014-2015 Highly Pathogenic Avian 

Influenza Outbreak on the U.S. Poultry Sector. USDA Economic Research Service, 282(02), 22.

Scott, A. B., Toribio, J.-A., Singh, M., Groves, P., Barnes, B., Glass, K., … Hernandez-Jover, M. (2018). 

Low Pathogenic Avian Influenza Exposure Risk Assessment in Australian Commercial Chicken 

Farms. Frontiers in Veterinary Science, 5, 68. https://doi.org/10.3389/fvets.2018.00068

Seifarth, K., & Tarraf, R. (2018). United Arab Emirates Poultry and Products Annual 2018 UAE Chicken

Market Report and Outlook.

Shriner, S. A., Root, J. J., Mooers, N. L., Ellis, J. W., Stopak, S. R., Sullivan, H. J., … Franklin, A. B. 

(2016). Susceptibility of rock doves to low-pathogenic avian influenza A viruses. Archives of 

Virology, 161(3), 715-720. https://doi.org/10.1007/s00705-015-2685-7

Sims, L. D., Weaver, J., & Swayne, D. E. (2016). Epidemiology of avian influenza in agricultural and 

other man-made systems. In D. E. Swayne (Éd.), Animal Influenza (p. 302-336). Hoboken, NJ, 

USA: John Wiley & Sons, Inc. https://doi.org/10.1002/9781118924341.ch12

Śmietanka, K., Minta, Z., Wyrostek, K., Jóźwiak, M., Olszewska, M., Domańska-Blicharz, K., … 

Habyarimana, A. (2011). Susceptibility of Pigeons to Clade 1 and 2.2 High Pathogenicity 

Avian Influenza H5N1 Virus. Avian Diseases, 55, 106-112.

Śmietanka, K., Olszewska, M., Domańska-Blicharz, K., Bocian, Ł., & Minta, Z. (2014). Experimental 

Infection of Different Species of Birds with Pigeon Paramyxovirus Type 1 Virus—Evaluation 

of Clinical Outcomes, Viral Shedding, and Distribution in Tissues. Avian Diseases, 58(4), 

523-530. https://doi.org/10.1637/10769-011514-Reg.1

Stallknecht, D. E., & Brown J., D. (2009). Tenacity of avian influenza viruses. Revue Scientifique et 

Technique de l’OIE, 28(1), 59-67. https://doi.org/10.20506/rst.28.1.1880

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690



Susta, L., Segovia, D., Olivier, T. L., Dimitrov, K. M., Shittu, I., Marcano, V., & Miller, P. J. (2018). 

Newcastle Disease Virus Infection in Quail. Veterinary Pathology, 55(5), 682-692. 

https://doi.org/10.1177/0300985818767996

Swayne, D. E., Suarez, D. L., & Sims, L. D. (2017). Influenza. In Diseases of Poultry (p. 181-218). John 

Wiley & Sons, Ltd. https://doi.org/10.1002/9781119421481.ch6

The Global Consortium for H5N8 and Related Influenza Viruses. (2016). Role for migratory wild birds 

in the global spread of avian influenza H5N8. Science, 354(6309), 213-217. 

https://doi.org/10.1126/science.aaf8852

Thompson, J. M., Trejo-Pech, C. J. O., & Pendell, D. L. (2019). Agribusiness value impacts from highly 

pathogenic avian influenza. Agricultural Finance Review, 79(3), 16.

Uchida, Y., Kanehira, K., Takemae, N., Hikono, H., & Saito, T. (2017). Susceptibility of chickens, quail, 

and pigeons to an H7N9 human influenza virus and subsequent egg-passaged strains. 

Archives of Virology, 162(1), 103-116. https://doi.org/10.1007/s00705-016-3090-6

Umar, S., Rehman, A., Asif, S., Usman, M., Atif, M., Ali, S., … Shah, M. A. A. (2016). Variation in Viral 

Shedding Patterns between Domestic and Wild Terrestrial Birds Infected Experimentally with

Reassortant Avian Influenza Virus (H9N2). Avian Biology Research, 9(3), 200-206. 

https://doi.org/10.3184/175815516X14667741490471

Wakamatsu, N., King, D. J., Kapczynski, D. R., Seal, B. S., & Brown, C. C. (2006). Experimental 

Pathogenesis for Chickens, Turkeys, and Pigeons of Exotic Newcastle Disease Virus from an 

Outbreak in California during 2002-2003. Veterinary Pathology, 43(6), 925-933. 

https://doi.org/10.1354/vp.43-6-925

Werner, O., Starick, E., Teifke, J., Klopfleisch, R., Prajitno, T. Y., Beer, M., … Harder, T. C. (2007). 

Minute excretion of highly pathogenic avian influenza virus A/chicken/Indonesia/2003 

(H5N1) from experimentally infected domestic pigeons (Columbia livia) and lack of 

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714



transmission to sentinel chickens. Journal of General Virology, 88(11), 3089-3093. 

https://doi.org/10.1099/vir.0.83105-0

Wernery, U., Shanmuganatham, K. K., Krylov, P. S., Joseph, S., Friedman, K., Krauss, S., & Webster, R. 

G. (2013). H9N2 influenza viruses from birds used in falconry. Influenza and Other 

Respiratory Viruses, 7(6), 1241-1245. https://doi.org/10.1111/irv.12143

Wiethoelter, A. K., Beltrán-Alcrudo, D., Kock, R., & Mor, S. M. (2015). Global trends in infectious 

diseases at the wildlife–livestock interface. Proceedings of the National Academy of Sciences,

112(31), 9662-9667. https://doi.org/10.1073/pnas.1422741112

Xiang, B., Liang, J., You, R., Han, L., Mei, K., Chen, L., … Ren, T. (2017). Pathogenicity and 

transmissibility of a highly pathogenic avian influenza virus H5N6 isolated from a domestic 

goose in Southern China. Veterinary Microbiology, 212, 16-21. 

https://doi.org/10.1016/j.vetmic.2017.10.022

Xiang, B., You, R., Kang, Y., Xie, P., Zhu, W., Sun, M., … Ren, T. (2019). Host immune responses of 

pigeons infected with Newcastle disease viruses isolated from pigeons. Microbial 

Pathogenesis, 127, 131-137. https://doi.org/10.1016/j.micpath.2018.11.049

Yamamoto, Y., Nakamura, K., Yamada, M., & Mase, M. (2012). Limited Susceptibility of Pigeons 

Experimentally Inoculated with H5N1 Highly Pathogenic Avian Influenza Viruses. Journal of 

Veterinary Medical Science, 74(2), 205-208. https://doi.org/10.1292/jvms.11-0312

Yamamoto, Y., Nakamura, K., Yamada, M., & Mase, M. (2013). Pathogenesis in Eurasian Tree 

Sparrows Inoculated with H5N1 Highly Pathogenic Avian Influenza Virus and Experimental 

Virus Transmission from Tree Sparrows to Chickens. Avian Diseases, 57(2), 205-213. https://

doi.org/10.1637/10415-101012-Reg.1

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738



Figures legends

Figure 1. Satellite view of the United Arab Emirates. On the top right, the breeding sites of 

the National Avian Research Center (NARC). This figure was produced on the basis of 

satellite views from Google Earth.

Figure 2. Scenario tree representing all of the potential pathways by which at least one 

captive bustard can be exposed to AIV and NDV by one wild bird. Details of the pathways 

leading to the exposure of at least one captive bustard by one infectious bird perched on an 

aviary are presented. Each black rectangle represents an event and each red wording 

represents the probability of the event to occur (all probabilities are defined in Table S1). 

Dark arrows represent the succession of events. Each coloured block represents a pathway of 

exposure.  

Figure 3. Scenario tree representing details of the pathways leading to the exposure of at least

one captive bustard by one wild bird inside an aviary. Each black rectangle represents an 

event and each red wording represents the probability of the event to occur (all probabilities 

are defined in Table S1). Dark arrows represent the succession of events. Each coloured 

block represents a pathway of exposure. 

Figure 4. Daily probability of exposure to NDV and AIV of at least one captive bustard by 

one wild bird from the different species. PASDOM = House sparrow, PYCTIS = White-eared

bulbul, STRSEN = Laughing dove, STRDEC = Collared dove.

Figure 5. Daily probability of exposure of at least one captive bustard to NDV and AIV from 

at least one House sparrow (Passer domesticus) according to the different exposure pathways.

feces.perch = exposure through the faeces of an infectious bird perched on an aviary, 

feathers.perch = exposure through the feathers of an infectious bird perched on an aviary, 

feces.in = exposure through the faeces of an infectious bird inside an aviary, feathers.in = 
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exposure through the feathers of an infectious bird inside an aviary, aerosols = exposure 

through the aerosols of an infectious bird inside an aviary, carcass exposure through the 

carcass of an infectious bird inside an aviary, water.feces.in = exposure from consumption of 

contaminated water, food.feces.in = exposure from consumption of contaminated food, 

ground.feces.in = exposure from consumption of faeces on the ground.
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