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Editorial on the Research Topic

Pathogen transmission at the domestic-wildlife interface: a growing
challenge that requires integrated solutions

1 Introduction

Wildlife has coexisted with domestic animals in dynamic systems over thousands

of years. Domestic-wildlife interfaces are intricate, encompassing physical spaces where

wild and domestic species overlap and potentially interact, posing risks of pathogen

transmission. The nature of this interface has changed over time and across landscapes,

leading to continuous emergence of different conflicts. In addition, human processes that

alter ecosystems have led to more interconnected interfaces and increased opportunities

for the emergence and spread of shared pathogens (1).

The main goal of this Research Topic was to promote integrative research at

domestic-wildlife interfaces globally to characterize and better understand specific eco-

epidemiological drivers of pathogen transmission. This knowledge is essential to support

subsequent strategies and interventions for disease management and control.

2 Organization of the Research Topic and new
findings

The fourteen manuscripts comprising this Research Topic of scientific articles cover

diverse aspects of domestic-wildlife interfaces. Systematic reviews, original research, case

reports, and perspective articles contributed to a deeper knowledge of these interfaces and

the eco-epidemiological drivers of pathogen transmission. The majority of contributions
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focused on domestic-wild mammals (57.1%), and animal

tuberculosis (TB), with avian interfaces also explored (28.6%),

notably investigating highly pathogenic avian influenza (HPAI)

virus H5N1. This breakdown by taxa group and pathogen was

similar to literature reviews on these interfaces performed over the

last decade (2, 3). A major difference in our Research Topic is the

contribution of articles on African swine fever (ASF), reflecting

the increased interest in domestic-wild suid interfaces around the

world. Disease epidemiology (35.7%) and control (35.7%) were

primary areas of investigation, followed by surveillance (14.3%)

and predictive modeling (14.3%).

Thompson et al. reviewed the historical perspective of the

World Organization for Animal Health (WOAH) on wildlife, and

its role in defining the wildlife compartment of this interface

and contextualizing the wildlife health framework of WOAH.

They articulated a WOAH-led One Health approach with cross-

sectoral collaboration to address challenges and assist in preserving

wildlife population health and biodiversity conservation. However,

communication gaps between the health and environmental

sectors, and scarce resources for wildlife health surveillance in

many countries, hinders international information sharing and

limits availability of epidemiological data on wildlife. This often

leads scientists and managers to rely on indirect inference. Hayes

et al. performed a scoping review of the scientific literature to

illustrate different methodological approaches explored to precisely

infer epidemiological outcomes at this complex and dynamic

interface. They included a total of 56 research articles published

during 2001-2023 with the main focus on mathematical modeling

of drivers of disease transmission between domestic and wild

hosts. Strengthening wildlife disease surveillance efforts globally

requires interdisciplinary collaboration and integration of diverse

datasets. By embracing transparency, integrating the One Health

approach, and leveraging advancedmodeling techniques, the global

community may enhance wildlife disease surveillance and mitigate

associated risks.

Among domestic-wild mammal interfaces, the relationship

among wild boar (Sus scrofa) and domestic pigs was highlighted.

The interplay between them and disease transmission is a focal

point in epidemiological research across different regions. In

Corsica (France), Dupon et al. merged different approaches

including social sciences, epidemiology, animal husbandry, and

geography to estimate the risks of interaction between domestic

pigs and wild boar based on pig production practices. They

discussed how the information obtained could inform control

efforts of shared porcine diseases in extensive farming, not only

in Corsica but also at larger territorial scales. In the United States

(US), Brown et al. described the state of the knowledge available

on ASF, which poses a significant threat to the domestic-wildlife

interface and global food security. The authors aimed to prepare the

policy context for an integrated and coordinated response against

a potential ASF outbreak. Free-ranging or feral suids constituting

invasive populations in the US are mostly hybrids of domestic and

wild lineages (4), which adds some disease management differences

and hinder this response. These animals underscore the need for

a holistic approach, considering sociological factors with the same

urgency and determination as has been given to the surveillance

aspects. In Eastern Poland, the risk factors related to transmission

dynamics of ASF virus at the wild boar-domestic pig interface

were investigated by Pepin et al. between 2014 and 2019. Results

showed that while risk factors related to pig ASF cases did not

predict disease detection in wild boar, multiple risk factors for wild

boar were able to predict case detection in domestic animals. In

addition, they showed that spill over from wild boar to domestic

pigs might be more frequent than the reverse, but that the structure

of surveillance systems hindered this quantification, highlighting

the importance of investigating the movement patterns of both

swine species to better understanding transmission routes at this

interface. In an experimental study conducted in Spain, Kosowska

et al. assessed the potential transmission of an attenuated ASF

virus isolate (vaccine candidate) between infectious wild boar and

directly exposed naïve domestic pigs, examining the transmission

of this viral strain, clinical signs and the level of interaction

between Suidae species. Authors found that wild boar were

successfully protected, did not transmit the virus to susceptible

pigs and survived the challenge with the virulent ASF virus isolate

during the experiment, without showing ASF-compatible signs or

associated viremia. This observation suggests that the presence

of wild boar infected with an attenuated virus in ASF-affected

areas may reduce the spreading of virulent isolates and virus

introduction into the domestic pig husbandry. Altogether, these

outcomes may help decision-making related to targeted control

actions against ASF in field conditions. These studies collectively

underscore the importance of understanding disease dynamics

at the domestic-wildlife interface. By combining interdisciplinary

methodologies and spatial analyses, researchers aim to enhance our

epidemiological knowledge and disease management, ultimately

safeguarding and securing animal and human health.

Similarly, TB is another key disease at the domestic-wildlife

interface, with humans also included in this complex multi-host

system. In Nepal, transmission of Mycobacterium tuberculosis

complex between elephants and humans was evidenced by Man

Rajbhandari et al. They sequenced the whole genome of the strains

isolated from two deceased Asian elephants (Elephas maximus) and

one human. The elephant-derived isolates were closely related to

human-derived isolates previously described in the same country,

supporting the presence of zooanthroponosis or bidirectional

transmission. This highlighted the need for a One Health approach

for TB prevention and control at this interface, because it is a

serious threat not only to humans and livestock, but also to wildlife

species critical to biodiversity conservation. Meanwhile, in Ireland,

Chang et al. aimed to better understand local TB transmission

between cattle and European badgers (Meles meles) through the

development of a spatially explicit environmental transmission

model that incorporated both within herd/territory and between-

species transmission. The model disentangled the relationship

between relative badger density and local TB transmission risk

and generated the first between-herd R (reproductive ratio) map

for TB that identified high-risk areas. This map provided a useful

tool for identifying TB hotspots where transmission is driven

primarily by badger densities, allowing to direct control strategies.

In North-Eastern Lower Michigan (US), on the other hand,

Dressel et al. demonstrated the feasibility of TB vaccination of

free-ranging white-tailed deer (Odocoileus virginianus) via oral

baits. The BCG vaccine delivery units included Rhodamine B
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as a biomarker to subsequently quantify the achievable potential

uptake coverage. This strategy demonstrated its scalability as

an effective method which could spur further progress toward

TB eradication in free-ranging wildlife populations and globally.

Overall, these studies highlight the complexity of TB epidemiology,

management, and control at the domestic-wildlife interface, as

well as the importance of integrating different approaches such

as genomics, risk mapping, or innovative vaccination strategies,

to mitigate the risk of TB transmission and enhance public

health outcomes.

In Cambodia, Porco et al. reported the first case

of lumpy skin disease in an endangered banteng (Bos

javanicus) and the subsequent initiation of a vaccination

campaign in domestic cattle to mitigate the challenge of

pathogen transmission at the domestic-wildlife interface.

In this case, vaccination both supported local livestock-

based economies and promoted biodiversity conservation.

However, this is only a component of a wider and

integrated solution against many other disease threats at the

domestic-wildlife interface.

In addition, other studies explored the influence of wild

bird communities around domestic avian farms or investigated

biosecurity measures and potential risk factors related to the

introduction and spread of shared pathogens at this domestic-

wildlife interface. Studies on these topics are often more difficult

to elaborate and their nature is not commonplace among scientists

focusing on both animal and human health, particularly when

addressing pathologies resulting from the interaction network

that may take place among them. Sánchez-Cano et al. used

a camera trapping approach to assess the effectiveness of

biosecurity measures in different types of avian farms in Spain.

They investigated wild bird communities that visited commercial

layer and red-legged partridge farms over a one-year timeframe

and assessed the occurrence of interactions. They showed that,

independently of the type of farm, the house sparrow (Passer

domesticus), a potential bridge host for several diseases, was

in contact with the surveyed farms as well as with other

wild bird species mostly belonging to the order Passeriformes.

The most geographically extensive and costly animal health

event in the history of the USA occurred in 2022-2023 as a

HPAI virus H5N1 outbreak affected more than 70% of both

commercial turkey and poultry farms. Knowledge of risk factors

for HPAI infection became increasingly relevant because additional

domestic flocks, wild birds, and other domestic and wild non-

avian species have been infected (5, 6). Patyk et al. and Green

et al. conducted two similarly designed case-control studies to

identify potential risk factors related to the introduction of

HPAI virus H5N1 into commercial meat turkey and table egg

operations, respectively. In both cases, data were provided by the

United States Department of Agriculture (USDA) Animal and

Plant Health Inspection Service (APHIS), with support from the

USDA National Agricultural Statistics Service (NASS), as well

as by regional/national poultry and turkey organizations. They

aimed to compare farm characteristics, management practices

and biosecurity methods between case and control farms. Patyk

et al. included 66 case and 59 control commercial meat turkey

farms from 12 different states. It should be noted that there

were a few mistakes in the first published version. Thus, an

Erratum (Frontiers Production Office) was also published within

this Research Topic with the main goal of amending all detected

errors and to update the original research article. Green et al., on

their side, used data from 18 case and 22 control commercial table

egg farms from eight different States, with the same goals of the

previous study. Univariate and multivariable results provided a

better understanding of both risk and protective factors for HPAI

virus H5N1 infection that can be employed to support science-

based updates to prevention and control recommendations to

safeguard turkey and commercial table egg farms, respectively, in

the United States. Overall, these studies emphasize the critical role

of interdisciplinary approaches, robust surveillance systems, and

integrated strategies in mitigating disease risks at the domestic-

wildlife interface to enhance the prevention of new disease

outbreaks and the preservation of both animal and public health,

as well as biodiversity.

3 Conclusions

In conclusion, this Research Topic of articles provides a very

interesting contribution of different studies and perspectives

to improve our understanding of pathogen transmission and

disease prevention and control opportunities at domestic-wildlife

interfaces globally. The diversity of content highlights the

multi-faceted nature and the complex dynamics of pathogen

transmission between wild and domestic animals and humans.

As reflected in the Research Topic, in the global north, increasing

wildlife-livestock interfaces are attributed to an expansion

of wildlife populations/numbers or points of contact and

linked to what are described as direct threats to human

productive activities including livestock-based farming or

agriculture, among others. Reports from the global south

associate human (with their livestock) encroachment on

wildlife habitat as inducing the potential conflicts that can

facilitate disease emergence among livestock, wild species, and

humans. Overall, these findings highlight the importance and

complexity of this topic worldwide and the growing need for

improving awareness, research, and surveillance, and to develop

new interdisciplinary strategies and solutions to address this

growing challenge.

Author contributions

SJ-R: Conceptualization, Formal analysis, Funding

acquisition, Methodology, Project administration, Supervision,

Validation, Visualization, Writing—original draft, Writing—

review & editing. NS: Conceptualization, Validation,

Writing—review & editing. JB: Conceptualization, Funding

acquisition, Validation, Writing—review & editing. AF:

Conceptualization, Validation, Writing—review & editing. FJ:

Conceptualization, Supervision, Validation, Writing—review

& editing.

Frontiers in Veterinary Science 03 frontiersin.org7

https://doi.org/10.3389/fvets.2024.1415335
https://doi.org/10.3389/fvets.2023.1228505
https://doi.org/10.3389/fvets.2024.1369779
https://doi.org/10.3389/fvets.2023.1229071
https://doi.org/10.3389/fvets.2023.1229008
https://doi.org/10.3389/fvets.2023.1229071
https://doi.org/10.3389/fvets.2023.1336351
https://doi.org/10.3389/fvets.2023.1229008
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
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Phylogenomic analysis supports 
Mycobacterium tuberculosis 
transmission between humans 
and elephants
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Introduction: Tuberculosis is an infectious disease caused by a group of acid-fast 
bacilli known as Mycobacterium tuberculosis complex (MTC), which has a major 
impact on humans. Transmission of MTC across the human-animal interface has 
been demonstrated by several studies. However, the reverse zoonotic transmission 
from humans to animals (zooanthroponosis) has often been neglected.

Methods: In this study, we used Nanopore MinION and Illumina MiSeq approaches 
to sequence the whole genome of M. tuberculosis strains isolated from two 
deceased Asian elephants (Elephas maximus) and one human in Chitwan, Nepal. 
The evolutionary relationships and drug resistance capacity of these strains were 
assessed using the whole genome data generated by the stand-alone tool Tb-
Profiler. Phylogenomic trees were also constructed using a non-synonymous SNP 
alignment of 2,596 bp, including 94 whole genome sequences representative 
of the previously described M. tuberculosis lineages from elephants worldwide 
(lineages 1 and 4) and from humans in Nepal (lineages 1, 2 and 3).

Results and Discussion: The new genomes achieved an average coverage of 
99.6%, with an average depth of 55.67x. These M. tuberculosis strains belong 
to lineage 1 (elephant DG), lineage 2 (elephant PK) and lineage 4 (human), and 
none of them were found to have drug-resistant variants. The elephant-derived 
isolates were evolutionarily closely related to human-derived isolates previously 
described in Nepal, both in lineages 1 and 2, providing additional support for 
zooanthroponosis or bidirectional transmission between humans and elephants. 
The human-derived isolate clustered together with other published human isolates 
from Argentina, Russia and the United Kingdom in the lineage 4 clade. This complex 
multi-pathogen, multi-host system is challenging and highlights the need for a 
One Health approach to tuberculosis prevention and control at human-animal 
interface, particularly in regions where human tuberculosis is highly endemic.

KEYWORDS
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1. Introduction

Tuberculosis (TB) is a significant global burden and is widely 
reported to be a major public health and economic problem, costing 
the world $617 billion between 2000 and 2015 and projected to cost 
$1 trillion between 2015 and 2030 (1). It is the second leading cause 
of death after COVID-19, with an estimated 10 million cases 
worldwide and 1.5 million deaths in 2020 (2). Drug-resistant TB is 
also a major threat to global disease control (3). It is a major 
contributor to global antimicrobial resistance (4). In 2021, 450,000 
cases of rifampicin-resistant and multidrug-resistant (MDR/
MDR-TB) TB were forecasted worldwide, of which 191,000 died (5). 
In Nepal, the number of cases of drug-resistant TB is estimated to 
be around 1,500 per year (6).

Human and animal tuberculosis is caused by a group of closely 
related acid-fast bacilli known as the Mycobacterium tuberculosis 
complex (MTC) (7, 8). The MTC includes several species of 
mycobacteria, namely M. tuberculosis, Mycobacterium bovis (Bacillus 
Calmette–Guerin), Mycobacterium africanum, Mycobacterium caprae, 
Mycobacterium microti, Mycobacterium canettii and Mycobacterium 
pinnipedii (9). M. tuberculosis is the human-adapted variant and is the 
major cause of human TB (9). However, most publications on 
emerging infectious agents such as MTC often focus on their zoonotic 
origin, but comparatively fewer reports are published on possible 
zooanthroponosis and the human origin of infectious diseases 
affecting domestic or wild animals (10). Zooanthroponosis, is an 
important ongoing debate regarding the transmission of pathogens 
from humans to animals. Evidence from a global survey showed that 
humans are capable of transmitting at least 21 bacterial, 12 viral and 
7 fungal pathogens to animals (10). Although there is evidence that 
pathogens can be transmitted from humans to animals, most reported 
cases involve captive or domestic animals (11). Influenza is one of the 
best known examples of bidirectional transmission between humans 
and domestic pigs (12). The emergence and re-emergence of these 
pathogens has important implications for human and animal health 
(13). This risk appears to be  even greater when bidirectional 
transmission between humans and animals is frequent, as in the case 
of TB in elephants (14).

Tuberculosis in elephants has been reported worldwide, although 
most reported cases involve captive elephants with M. tuberculosis, the 
ethological agent of human TB (15–19). In countries such as Nepal, 
where there is a high prevalence of active M. tuberculosis infection in 
humans (117,000 people living with TB; 20) and a large elephant 
population (more than 200 captive and 200–250 wild elephants; 21), 
this issue is particularly relevant. Elephant-human interactions are 
particularly high in regions where captive elephants are used for 
ecotourism and patrolling protected areas, such as Chitwan National 
Park. This poses a serious risk of zooanthroponosis and disease to 
both captive and wild elephant populations, as well as a risk to humans 
given the possibility of bidirectional transmission (15, 22). A recent 
study in four national parks in Nepal showed a high seroprevalence 
(21.56%) of TB in captive elephants, with most cases detected in 
Chitwan National Park (23). In addition, some evidence of 
zooanthroponosis has been reported from previous studies in Nepal 
that also isolated M. tuberculosis from diseased elephants using multi-
locus variable number of tandem repeats (MLVA) (15, 24), large 
sequence polymorphism (24) or whole genome data (25). However, 
the latter study lacks a phylogenetic analysis of the two M. tuberculosis 

genomes (26) and their integration with previously published 
data (25).

In this study, a whole genome sequencing approach was used to 
genotype M. tuberculosis isolates from a human and two deceased 
elephants in Chitwan, Nepal. These new data, combined with genomic 
data from elephants and human isolates available in the literature, 
allowed a comprehensive evolutionary study of M. tuberculosis in 
Nepal. These results contribute to the understanding of the possible 
bidirectional transmission of this pathogen at human-elephant interface.

2. Methods and materials

2.1. Study area

Chitwan district is located in the southwestern part of Bagmati 
Province in Nepal. It covers an area of 2,238.39 km2 and had a human 
population of 719,859 in 2022. Nepal’s first national park, Chitwan 
National Park (CNP), is located in this district (Figure 1) and was 
established in 1973 (27). The park covers an area of 932 km2 and is 
located in the subtropical Terai lowlands of south-central Nepal. It lies 
in a river valley basin or dun, along the floodplains of the Rapti, Reu 
and Narayani rivers. The Chitwan valley consists of tropical and 
subtropical forests. Sal forest covers 70% of the park. Sal leaves are used 
locally for plates in festivals and religious offerings, and are also known 
for their Ayurvedic use in the treatment of wounds, coughs and other 
ailments (28). Grasslands cover 20 per cent of the park. There are more 
than 50 different species of grasses, including elephant grass 
(Saccharum spp), known for its immense height. The climate is mainly 
dominated by the summer monsoon, and the valley experiences three 
distinct seasons each year: winter, summer and monsoon.

Chitwan National Park is regarded as one of the best national 
parks for wildlife viewing in Asia (29). It is home to 68 species of 
mammals, more than 576 species of birds, 49 species of reptiles and 
amphibians, 120 species of fish and several species of invertebrates 
that contribute significantly to ecosystem processes in the region. The 
reserve is home to many of Nepal’s charismatic wildlife species, 
including the one-horned rhinoceros (Rhinoceros unicornis), Bengal 
tiger (Panthera tigris), leopard (Panthera pardus) and Asian elephant 
(Elephas maximus), among others (29, 30). Of the various recreational 
activities available in the park, elephant safaris are the most popular, 
especially in and around the buffer zones. Elephants are also used by 
the government for transport and patrolling the park. Buffer zones in 
the CNP were established in 1996 with the aim of involving people in 
the management of park resources for the conservation of biodiversity 
and the livelihoods of buffer zone communities (31). The buffer zone 
covers an area of 750 km2 and is home to approximately 45,516 houses 
and 2,60,352 people (32). Buffer zones are primarily designed to create 
human-wildlife coexistence by providing an ecological and socio-
economic buffer for communities, and in these areas, where wildlife 
and humans share the same landscape in close proximity, their 
interaction is very obvious (33).

2.2. Sample collection

Samples were collected from two deceased adult (>30 years) 
elephants in Sauraha (Elephant PK and Elephant DG), Chitwan, 
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owned by the government, and used for tourism, grass collection 
and patrolling. Sauraha is a village at the eastern entrance to 
Chitwan National Park, near the East Rapti River. These animals 
had died in captivity and at necropsy showed granulomatous 
lesions in the lungs compatible with tuberculosis. Tissue samples 
from lung biopsies (with lesions) were taken from both elephants. 
The human sputum sample (No. 52G111) collected in Chitwan as 
part of a previous study (20) was also genotyped, although it was 
not closely related to the diseased elephants. It was included to 
understand the evolutionary relationship with the M. tuberculosis 
strains isolated from elephants, as it was collected from the 
same region.

2.3. Molecular confirmation of 
Mycobacterium tuberculosis infection

The elephant lung tissue samples (PK and DG) and human 
sputum samples (52G111) were sent to GENETUP (German Nepal 
Tuberculosis Project microbiology lab) for culture confirmation of 
M. tuberculosis as described in (34). The heat-killed cultures were then 
resuspended in 100 μL of PBS for DNA extraction. The DNA 
extraction was performed using a DNA-SorB kit according to the 
manufacturer’s instructions (Sacace Biotechnologies, Italy). Briefly, 
300 μL of the lysis solution was mixed with 100 μL of the heat lysed 
M. tuberculosis PBS solution and incubated at 60°C for 5 min. The 

FIGURE 1

Geographical map of Nepal showing the location of Chitwan National Park (light green) and the origin of the human and elephant samples used in this 
study (icons). Forest communities around Chitwan National Park are shown in dark green.
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samples were centrifuged at 15000 g for 5 min to separate the cell 
debris and DNA in the supernatant. The supernatant was then mixed 
with 20 μL of the sorbent to bind the DNA to the sorbent. The sorbent 
was washed twice, dried at 65°C for 5 min and eluted with 25 μL of 
DNA eluent. Elution was further enhanced by incubating the tubes 
with DNA eluent at 65°C for 5 min and periodically vortexing. The 
extracted DNA was then quantified using Qubit (Thermo Fisher 
Scientific, USA) and M. tuberculosis infection was diagnosed using the 
specific real-time PCR (35).

2.4. Whole-genome sequencing of 
elephant and human Mycobacterium 
tuberculosis isolates

Two complementary whole genome sequencing approaches were 
used in this study: Illumina short reads and MinION long reads. In 
the case of Illumina short reads, genomic DNA from the heat-killed 
cultures of M. tuberculosis was purified using AMPure beads 
(Beckman Coulter, United  States) (1:1), quantified using Qubit 
(Thermo Fisher Scientific, United States) and normalised to 0.2 ng/
μL. The normalised samples were tagged and indexed using the 
Nextera Indexing Kit (Illumina, United States). The indexed library 
was then purified using (0.8X) AMPure beads and quantified using 
HS kit (Thermo Fisher Scientific, United States). Each library was 
analysed using a bioanalyzer and normalised to a final concentration 
of 2 nM. The three normalised libraries were then pooled in equal 
volumes of 5 μL to give a final pooled library of 2 nM. The pooled 
library was spiked with 5% of 2 nM PhiX and denatured with 
NaOH. The denatured library was diluted to 20 pM, then 10 pM using 
hybridisation buffer, and the final 10 pM library was loaded onto the 
Illumina MiSeq platform using the MiSeq Reagent Kit V2 300-cycles 
(Illumina, United  States), with an estimated coverage of 
approximately100× per sample.

For long-read sequencing in Nanopore MinION, normalised 
genomic DNA (0.2 ng/μL) from the heat-killed cultures of 
M. tuberculosis isolated from the two elephants was also used for long-
read sequencing in Nanopore MinION, using the Nextera XT Library 
Preparation Kit (Illumina, USA). The 20 μL of tagged genomic DNA 
was end-repaired using Ultra II End Prep Buffer and Ultra II End Prep 
Enzyme (NEB, United Kingdom) according to the manufacturer’s 
instructions. The end-repaired DNA was then subjected to Nanopore 
DNA preparation using Ligation sequencing kit (Oxford Nanopore, 
United  Kingdom) with PCR barcoding expansion kit (Oxford 
Nanopore, United Kingdom). The final library was purified using 0.4X 
AMPure beads and Long Fragment Buffer (LFB) to obtain the eluate 
in 15 μL elution buffer. The adapter-ligated library was quantified 
using the Qubit Fluorometer and approximately 15 fm of the total 
library was finally loaded onto the MinION for sequencing using 
15 μL of sequencing buffer and 10 μL loading beads.

2.5. Lineage and multi drug resistance 
status determination

Tb-Profiler version 4.1.0, a stand-alone tool (36), was used for 
lineage identification and drug resistance assessment of M. tuberculosis 
isolates from whole genome sequences. The tool accepts raw data from 

both MinION Nanopore and Illumina MiSeq sequences as well as 
BAM and FASTA files. It is a command-line tool that can use whole-
genome data to predict lineages and identify 21 types of drug 
resistance (based on small variants and large deletions associated with 
drug resistance).

2.6. Processing and analysis of Illumina and 
Nanopore sequence data

Quality control and filtering of Illumina reads was performed 
using Fastp v0.20 (37), while NanoFilt v2.6.0 (38) was used to filter 
Nanopore reads. After quality filtering, the Illumina and Nanopore 
reads were mapped separately to the M. tuberculosis reference genome 
(GenBank accession NC_000962.3) using BWA v0.7.17 (39). 
SAMtools v1.15 (40) was used to convert the SAM files of the mapped 
reads from both Illumina and Nanopore to BAM files, and to sort and 
index the BAM file reads using the view, sort and index commands. 
SAMtools merge was then used to merge the index and sorted BAM 
files into a single BAM file containing both long and short reads for 
each sample (40).

2.7. Phylogenomic analysis

To performe a comparative phylogenomic analysis of 
M. tuberculosis isolates, we selected a sequence dataset comprising 94 
full-length M. tuberculosis whole genomes, including data from 
human isolates in Nepal (n = 8), and a genome of M. africanum to use 
as an outgroup. These genomes were from 33 different countries and 
the four different geographical lineages previously described from 
elephants worldwide (lineages 1 and 4) and from humans in Nepal 
(lineages 1, 2 and 3), and they were retrieved from the NCBI Sequence 
Read Archive (SRA) database (Supplementary Table S1). The prefetch 
command in the SRA toolkit v2.11.0 (41) was used to download all 
whole-genome sequence files of our dataset in SRA format, which 
were later converted to FASTQ format using the fastq-dump 
command. Fastp v0.20 was used for quality control and read filtering 
(37). Read mapping to the reference genome (GenBank accession: 
NC_000962.3) was performed using BWA v0.7.17 (39). SAMtools 
v1.15 was used to convert the SAM files of the mapped reads to BAM 
files, and then to sort and index the BAM file reads (40). The SAMtools 
mpileup command generated a text pileup output, summarizing the 
base calls of the aligned reads to the reference sequence. The consensus 
call was performed using the call command in BCFtools v1.10 (40), 
which produced a VCF file that was converted to a FASTQ file using 
the vcf2fq function in the vcfutils.pl script (42). Seqtk v1.3 (42) was 
used to convert the FASTQ files to FASTA files using the seq command 
with the masking of bases with quality less than 20.

Variant calling for all the downloaded M. tuberculosis sequences 
and three M. tuberculosis isolates from this study was performed using 
PhaME v1.0.4 (43), with the H37Rv genome (GenBank accession: 
NC_000962.3) as the reference. The PhaME analysis tool was used to 
remove repeats from each genome in the dataset, and genome 
alignment to the reference genome was performed using the nucmer2 
tool from MUMmer v3.0, as described in the pipeline (43). The output 
genome alignments were filtered, and SNP tables were generated for 
each alignment using the delta-filter and show-snps utilities, 
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respectively, both in MUMmer v3.0. The PhaME pipeline then collated 
the alignment files to produce a core genome alignment and output a 
multiple alignment FASTA file (~200 kbp) with the variant sites. This 
was further filtered with SNP-sites to remove non-informative 
synonymous sites, resulting in a final non-synonymous SNP alignment 
dataset of 2,596 base pairs.

Using the non-synonymous SNP alignment data, phylogenomic 
analysis was performed using maximum likelihood and Bayesian 
inference. For maximum likelihood, the best substitution models 
and likelihood trees were evaluated using IQTREE v1.6.11 (44) 
with 500 bootstrap replicates and default parameters. Similarly, for 
Bayesian inference, the best nucleotide substitution model, TVM, 
was selected based on the Bayesian Information Criterion score in 
jModeltest2 v2.1.8 (45, 46), followed by tree reconstruction in 
MrBayes v3.2.7 (47) with 2,000,000 iterations, discarding 25% as 
burn-in.

3. Results

3.1. Molecular screening results

The two heat-killed culture samples from elephants yielded 
1.07 ng/μL and 0.35 ng/μL DNA for DG and PK, respectively, allowing 
confirmation of M. tuberculosis by real-time PCR. The M. tuberculosis 
isolated from the human sample 52G11 was already a confirmed 
cultured M. tuberculosis with a DNA concentration of 2.34 ng/μL.

3.2. TB-profiler results

Lineage analysis using TB-Profiler showed that the three isolates 
belonged to three different M. tuberculosis lineages (Table 1). The 
elephant isolates DG and PK belong to lineage/sub-lineage 1.2.2.2 and 
2.2, respectively, whereas the human isolate 52G111 belongs to 
lineage/sub-lineage 4.1.2.1. None of the three isolates had drug-
resistant variants.

3.2.1. Whole genome and phylogenomic analysis
The mean coverage of the three M. tuberculosis genomes was 

99.6%, while the mean depth was 55.67x, with the isolate DG having 
the lowest mean depth of 39x (Table 2). The PhaME pipeline generated 
a core genome alignment of ~200 kbp and a non-synonymous SNP 
alignment of 2,596 bp size, which included the elephant and human 
isolates and the genomes downloaded from the NCBI Sequence Read 
Archive database. The SNP alignment was used for phylogenomic 
analysis (Table 2).

The topology of both maximum-likelihood and Bayesian 
inference trees were similar, as shown in Figure 2. The phylogenomic 
analysis of M. tuberculosis sequences revealed that the two elephant-
derived isolates, DG and PK, clustered into clades of two different 
lineages, lineage 1 and lineage 2, respectively. Similarly, the human-
derived isolate, 52G111, clustered within into lineage 4 clade. This 
result is consistent with the lineages/sub-lineages defined by 
TB-Profiler. Sample DG is evolutionary closely related to two other 
published genomes of elephant-derived isolates sampled in Nepal 
(SRR14514371 and SRR14514372). These three elephant-derived 
sequences clustered together, in the same sub-clade, with published 
human-derived isolates sampled in Nepal (ERR1213884) and India 
(SRR5341274). Similarly, sample PK clustered closely in the same 
clade with published human-derived isolates sampled in Nepal 
(ERR553171 and ERR551520). The human sample 52G111 clustered 
in a clade together with other published human-derived samples 
from Argentina (ERR757160), Russia (ERR067670) and the 
United Kingdom (ERR047885). The topology of the tree also showed 
that previously published M. tuberculosis isolates derived from captive 
Asian elephants in the USA and Switzerland belonged to lineage 4 
and clustered in a clade with human-derived isolates from nearby 
geographical regions. Similarly, an isolate originating from wild 
African elephants (SRR6487127) clustered very closely with a human-
derived isolate (SRR1140950), both sampled in South Africa.

4. Discussion

In this study, we characterised elephant-derived M. tuberculosis 
isolates from two diseased animals (PK and DG), and a human-
derived M. tuberculosis isolate (52G111) using a whole-genome 
sequencing approach combining Illumina short reads and Nanopore 
long reads, resulting in an average genome coverage of 99.6% with an 
average depth of 55.67x. Phylogenomic analyses were used to explore 
possible spillover of M. tuberculosis between humans and elephants. 
We  also used an online-based TB profiling tool (TB-Profiler) to 
further identify lineages/sublineages of the sequenced isolates and to 
assess drug-resistant variants.

The two elephant-derived M. tuberculosis isolates appear to be of 
human origin based on both the TB-Profiler result and the 
phylogenomic trees. These strains are evolutionarily closely related to 
previous human isolates sampled in Nepal (Figure 1), suggesting a 
bidirectional transmission from humans to elephants. This may be due 
to the high prevalence of TB in humans and the continuous exposure 
of elephants to their handlers, the mahouts, rather than to the sporadic 
contact with tourists (48). Despite living in the same locality, the two 
elephant-derived M. tuberculosis isolates clustered in different clades 
of TB lineages, suggesting a complex and diverse M. tuberculosis 
transmission dynamics in the region. There must be multiple sources 

TABLE 1 Mycobacterium tuberculosis lineages, sub-lineages, and drug 
resistance type of the two elephant and one human isolates collected 
and sequenced in this study and identified using TB-Profiler v4.1.0.

Sample Host Lineage Sub-
lineage

Drug-
resistance 
type

52G111 Human Lineage 4 Lineage 4.1.2.1 Sensitive

PK Elephant Lineage 2 Lineage 2.2 Sensitive

DG Elephant Lineage 1 Lineage 1.2.2.2 Sensitive

TABLE 2 Size, coverage, and mean depth of the analysed M. tuberculosis 
genomes after merging of the Illumina short reads and Nanopore long 
reads.

Sample Size (bp) Genome 
coverage (%)

Mean depth (x)

52G111 4,411,532 99.59 60.13

DG 4,411,532 99.69 39.29

PK 4,411,532 99.51 67.58
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of infection and cross-species (human-mediated) transmission other 
than direct elephant-to-elephant transmission. This conclusion could 
be drawn from the fact that lineage 2 is the second most prevalent 
lineage in Nepal according to human samples from 2009 to 2010, 
while lineage 1 is the least prevalent according to a study conducted 
in 2018 (20). The possibility of bidirectional interspecies transmission 
of M. tuberculosis between humans and elephants has also been 
supported by previous reports (49–51). Our results reinforce previous 
evidence suggesting a close association between M. tuberculosis 
isolates from elephants and humans in Nepal using M. tuberculosis 
spoligotyping (15, 24), large sequence polymorphism (24) or whole 
genome data (25).

Tuberculosis is known as a re-emerging disease, but recently it has 
been considered a zooanthroponosis (52). The observed cases of 
zooanthroponosis have implications for global and national elephant 
conservation. Human tuberculosis already contributes to a huge 
annual burden of morbidity and mortality, and cases are concentrated 
in countries such as Nepal where poverty and high population density 
overlap. Multi-drug resistant M. tuberculosis is an additional concern, 
and the global burden of zoonotic TB is increasing due to the 
uncontrolled use of antibiotics in animals (53). Zoonotic TB is severely 
under-reported due to diagnostic challenges and inadequate public 
health surveillance (54). However, this study attempts to fill this gap 
in Nepal. Furthermore, the risk factors prevalent in South Asian 
countries, including Nepal, such as high human-animal density, close 
and frequent contact with infected animals, inadequate disease control 
measures, consumption of unpasteurised milk and milk products (55), 
and use of elephants in tourism (56), explain the possibility of zoonotic 
TB cases in humans as well as zooanthroponosis in animals. 
Nevertheless, a serious risk factor analysis should be undertaken to 

better understand the complex and dynamic transmission of TB 
in Nepal.

In conclusion, the prospect of an elephant potentially acting as a 
carrier/reservoir for the transmission of drug-resistant M. tuberculosis 
as a result of human-animal interactions is a serious concern that may 
pose future risks not only to humans but also to TB control in livestock 
and wildlife (57). A One Health approach is fundamental to 
understanding the spillover or transmission dynamics of infectious 
diseases such as TB. Therefore, regular screening and detection of 
these infectious diseases in elephants, other wild and domestic 
animals, human populations and the environment is essential. The 
Food and Agriculture Organization of the United Nations (FAO) has 
already identified in its ‘Roadmap for Zoonotic Tuberculosis’ (58) a 
wide range of actions involving a wide range of stakeholders to reduce 
the risk of transmission, thereby bringing economic benefits and 
improvements in animal welfare. The One Health Strategic Framework 
2019 has already been approved in Nepal (59). In Nepal, 
implementation of the One Health framework appears to be possible 
only with a focus on zoonoses and zooanthroponosis. Therefore, it 
should be  monitored through surveillance systems and better 
screening and diagnostic strategies using information on circulating 
M. tuberculosis genotypes as identified in this study. However, to limit 
transmission of the pathogen, oral BCG administration provides 
significant protection against human (60) and animal (61) TB in 
addition to surveillance prevention strategies. In the context of Nepal, 
regular M. tuberculosis screening of all captive elephants and people 
in close contact with them, especially mahouts, should be promoted 
to control and prevent the spread of TB. This will also help prevent the 
spread of TB to other endangered species in the forest (62). In 
addition, good practices and guidelines for tourism-related activities 

FIGURE 2

Phylogenomic trees constructed using the 2,596 bp non-synonymous SNP alignment comprising the three new M. tuberculosis genomes described in 
this study and the 94 genome sequences retrieved from GenBank: (A) IQTREE maximum likelihood tree, the values in the nodes are 500 bootstrap 
scores; (B) MrBayes Bayesian inference tree, the values in the nodes are posterior probability scores. The elephant (PK, DG) and human (52G111) 
samples generated in this study are shown in red and orange font, respectively, while the published elephant and human derived samples are shown in 
blue and black font, respectively.
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involving direct human-animal interactions, such as mahout-elephant 
interaction, should be implemented as a preventive measure.
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Introduction: The 2022–2023 highly pathogenic avian influenza (HPAI) H5N1 
outbreak in the United States (U.S.) is the most geographically extensive and costly 
animal health event in U.S. history. In 2022 alone, over 57 million commercial and 
backyard poultry in 47 U.S. states were affected. Over 75% of affected poultry 
were part of the commercial table egg production sector.

Methods: We conducted a case–control study to identify potential risk factors 
for introduction of HPAI virus onto commercial table egg operations. Univariate 
and multivariable analyses were conducted to compare farm characteristics, 
management, and biosecurity factors on case and control farms.

Results: Factors associated with increased risk of infection included being in 
an existing control zone, sightings of wild waterfowl, mowing or bush hogging 
vegetation less than 4 times a month, having an off-site method of daily mortality 
disposal (off-site composting or burial, rendering, or landfill), and wild bird access 
to feed/feed ingredients at least some of the time. Protective factors included a 
high level of vehicle washing for trucks and trailers entering the farm (a composite 
variable that included having a permanent wash station), having designated 
personnel assigned to specific barns, having a farm entrance gate, and requiring 
a change of clothing for workers entering poultry barns.

Discussion: Study results improve our understanding of risk factors for HPAI 
infection and control measures for preventing HPAI on commercial U.S. table 
egg farms.
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1. Introduction

Many species of birds are susceptible to influenza A viruses. 
Aquatic wild birds constitute a major reservoir of these viruses, which 
are classified into subtypes according to their hemagglutinin (H) and 
neuraminidase (N) antigens. Low pathogenicity H5 and H7 influenza 
viruses generally cause few clinical signs or asymptomatic infections 
in poultry. While the clinical signs of highly pathogenic avian 
influenza (HPAI) viruses may vary, severe clinical signs and high 
mortality rates may occur (1).

Birds infected with influenza shed virus in feces and respiratory 
secretions. Disease may spread through direct contact with infected 
birds or their secretions or through contaminated feed and water. 
Indirect spread through fomites, such as contaminated farm equipment, 
can also spread the virus. As part of the U.S. response to HPAI, a 10 km 
control zone is established around each infected premises with birds 
kept primarily for the purpose of producing poultry or poultry products 
offered for sale or trade. Poultry, poultry products, and other materials 
from within a control zone require permitting before movement. 
Extensive surveillance of commercial and backyard flocks is conducted 
prior to control area release. Economic impacts of HPAI are wide-
ranging, including not only loss of birds due to death or depopulation, 
but also the high cost of outbreak response and market losses associated 
with international trade restrictions (2).

The U.S. Geological Survey’s National Wildlife Health Center 
conducts surveillance in wild birds to assist in early detection of high 
consequence pathogens such as HPAI (3). As described by Caliendo et al. 
(4), the first 2021 detection of Eurasian strain H5N1 HPAI H5N1 clade 
2.3.4.4b in North America occurred in December in Newfoundland and 
Labrador, Canada, in a mixed species flock (4). At the time, it was noted 
that this was the first detection of H5 influenza virus of this lineage in the 
Americas since June 2015 in domestic birds and December 2016 in wild 
birds (5). The last introduction of viruses from this lineage to North 
America in 2014 ultimately resulted in what was, at the time, the largest 
animal health emergency in the history of the United States (6).

In February 2022, the first commercial poultry flock in the 
U.S. was affected with this Eurasian lineage H5N1 HPAI virus. By the 
end of 2022, over 57 million commercial and backyard poultry in 
47 U.S. states were affected (7), resulting in over $659 million in federal 
expenditures for control efforts and indemnity payments. While 
approximately 70% of all affected commercial poultry farms in 2022 
were turkey farms, the commercial table egg industry was also heavily 
affected. Over 75% of affected commercial poultry were table egg 
birds. Results of full genome sequencing indicate that independent 
wild bird introductions have been the primary mechanism of 
introduction of virus into operations in this outbreak (Youk S, 
Torchetti MK, Lantz K, Lenoch JB, Killian ML, Leyson C, et  al., 
pending submission). In comparison, the severity of the 2014–
2015 U.S. HPAI H5N2 outbreak, once it reached the Midwest, was 
heavily influenced by lateral transmission of virus between farms (8, 9).

Circulation of this highly infectious HPAI virus among North 
American wild birds calls for updated epidemiologic investigation of 
factors associated with spillover infection to domestic poultry. To 
explore these factors, as well as how they may differ from risk factors 
noted in 2015, a case-control study for H5N1 HPAI was conducted 
among commercial table egg layer, pullet, and breeder bird farms in 
Delaware, Iowa, Maryland, Minnesota, Nebraska, Ohio, Pennsylvania, 
and Utah. This study was conducted by the United States Department 

of Agriculture (USDA) Animal and Plant Health Inspection Service 
(APHIS) in collaboration with State partners, academia, and national 
poultry organizations. Goals of this study included identifying risk 
factors for HPAI on commercial table egg farms, identifying biosecurity 
challenges on commercial table egg farms, and providing data to assist 
in refining biosecurity recommendations to support prevention of 
HPAI. This information will improve understanding of risk factors 
associated with HPAI on table egg farms in the United States to support 
science-based guidance on farm-level preventative measures.

Unprecedented transmission of this H5N1 clade 2.3.4.4b among 
wild bird populations results in ongoing high risk for domestic poultry 
(10) and significant economic impacts for affected producers. The 
USDA’s National Veterinary Services Laboratories perform whole 
genome sequencing (WGS) of the influenza virus for all confirmed 
positive operations and conduct analyses to help determine whether 
the sequence (s) are consistent with independent wild bird-origin 
introduction or represent the potential for lateral spread while 
considering all available epidemiologic data. The subset of operations 
likely to be infected by wild bird introduction was further examined 
in relation to selected farm characteristics and biosecurity-related 
management practices to determine possible associations with wild 
bird-related spillover risks for HPAI.

In addition to this commercial table egg farm study, there was a 
similar but independent study of the risk factors for HPAI affecting 
turkey farms, also conducted by USDA–APHIS. Despite similar 
overall objectives, the study design and target population were 
sufficiently different to warrant a separate report. This publication 
relates to the table egg layer investigation, while the turkey farm 
investigation is reported separately.

2. Materials and methods

2.1. Case definition and laboratory testing

Samples from poultry farms were screened for influenza A, and 
H5/H7 subtypes by reverse transcript real-time polymerase chain 
reaction (RT-PCR) by members of the National Animal Health 
Laboratory Network (NAHLN). Samples testing non-negative by 
influenza A virus (IAV) PCR were sent to the National Veterinary 
Services Laboratories (NVSL, Ames, Iowa, United  States) for 
confirmation. Testing at NVSL included an H5 clade 2.3.4.4 
pathotyping assay and an assay targeting N1 for neuraminidase 
subtyping. Whole genome sequencing was conducted directly from 
the samples. Influenza A viruses were sequenced directly from 
samples as previously described (11); RAxML was used to generate 
phylogenetic trees, and tables of single nucleotide polymorphisms 
(SNPs) were created using the vSNP pipeline.1

For the purposes of this study, a case farm was defined as any 
U.S. table egg layer, pullet, or breeder premises in Delaware, Iowa, 
Maryland, Minnesota, Nebraska, Ohio, Pennsylvania, or Utah from 
which samples were confirmed positive from February through 
September 2022. Control farms were defined as farms from the same 
states that did not have HPAI during the study period.

1 https://github.com/USDA-VS/vSNP
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2.2. Questionnaire design and data 
collection

By September 30, 2022, more than 29 million table egg layers, 
pullets, and breeder birds in the participating 8 states had been lost 
from infection or depopulation (7). A case–control study was designed 
to examine risk factors associated with HPAI infection on 
U.S. commercial table egg farms. For the current study, the 
questionnaire from Garber et  al. (12) was updated and condensed 
based on academic, field, and industry subject matter expertise. The 
26-page questionnaire (included in Supplementary material) covers 
farm characteristics, wild birds and wildlife, biosecurity, personnel, 
visitors, vehicles, equipment, and management practices for the 14 days 
prior to detection of clinical signs or increased mortality on case farms, 
and for a comparable 14-day reference period on control farms. In rare 
situations where clinical signs or an increase in mortality were not 
noted, farmers were asked to provide the date that the farm was positive 
for HPAI based on diagnostic test results. This situation was most 
common when farms were located within a control or surveillance zone.

Eligible case farms included those commercial table egg layer, 
pullet, and breeder farms in Delaware, Iowa, Maryland, Minnesota, 
Nebraska, Ohio, Pennsylvania, or Utah with confirmed infection from 
February 22 through September 30, 2022. A total of 22 farms met the 
inclusion criteria. While confirmed infections also occurred in 
Colorado, South Dakota, and Wisconsin, these were not included due 
to resource constraints or lack of eligible control premises. Eligible 
control farms were any commercial table egg layer, pullet, or breeder 
farms selected from the same states as case farms, using the USDA–
APHIS Veterinary Services Emergency Management Response 
System. Randomized lists of 10 potential controls per case were shared 
with interviewers in each participating state, with a goal of enrolling 
up to two control farms per case farm. Potential controls were 
contacted by interviewers via phone or email to confirm eligibility and 
interest in participating. To be  considered eligible, control farms 
needed to have 50,000 or more birds, as well as birds on site for a 
minimum two-week window of risk within the state-specific high-risk 
timeframe. High-risk timeframes were determined according to 
reported onset of clinical signs for confirmed infections within the 
states. Interviewers were asked to match risk windows for cases and 
controls as closely as possible.

Questionnaires were administered by Federal or State veterinary 
medical officers via telephone interviews. Fillable pdf forms were 
uploaded to a secure APHIS location. Interviewers in each state only had 
access to their state’s data. All data were treated as confidential business 
information; due to this requirement, results are shared in aggregate only. 
Producer participation was voluntary. Questionnaire administration 
took place between September 26 and December 28, 2022.

2.3. Data entry and management

Survey data were entered into a SAS dataset using SAS version 9.4 
(SAS Institute Inc., Cary, NC). Survey responses were validated by 
USDA–APHIS staff prior to analysis. Validation included reviewing 
survey responses for consistency and logical issues such as the proper 
treatment of skip patterns (e.g., if a respondent reported not having a 
certain type of visitor on the operation but then also reported a count 
of more than zero visits made to the operation by that visitor type), 

checking for invalid responses (e.g., a response of “0” for a 1/3 
response variable), reclassification of other specify responses (e.g., if 
the respondent chose another type of road surface but wrote in a 
surface type that was consistent with the listed road surface types), and 
other conditional logic checks. Random, single imputation was used 
for variables included in multiple regression modeling for which there 
was item nonresponse, but a valid response could not be deduced 
using the validation steps outlined above (13, 14).

Validation and univariable analyses were performed using SAS 
version 9.4. Multiple regression modeling was performed using R 
version 4.1.1 (15), implemented within R Studio version 1.4.1717 (16). 
The R packages used included AICcmodavg (17), blorr (18), BMA 
(19), car (20), caret (21), haven (22), Hmisc (23), leaps (24), lme4 (25), 
and tidyverse (26). Exact multiple logistic regression model estimates 
were generated using PROC LOGISTIC in SAS version 9.4.

2.4. Univariable analyses

Univariable analyses were performed to identify variables 
potentially associated with the presence of HPAI, and a Fisher’s exact 
test was used for categorical variables to assess the association of each 
variable with HPAI infection. Numeric variables were broken into 
quartiles for assessment. Variables with Fisher’s exact test p ≤ 0.20 that 
were also biologically plausible for risk of HPAI infection and had at 
least 5 responses per level were considered for entry into candidate 
multivariable models.

The subset of farms that had WGS results consistent with wild bird 
introduction was further examined in relation to selected farm and 
biosecurity-related factors to determine which of these may 
be specifically associated with wild bird-related spillover risk for HPAI.

2.5. Multivariable analyses

2.5.1. Multicollinearity and confounding variables
From the pool of screened predictor variables, variance inflation 

factors (VIFs) (27) were computed. Variables with VIFs exceeding 3 
indicated further investigation was needed. All of the predictor 
variables considered were binary, so the ordinary VIF was used rather 
than the generalized VIF (28). Groupings of variables with high 
similarity were identified using hierarchical clustering on a similarity 
matrix, calculated using proportions of observations that were positive 
for each pair of binary predictor variables, using complete linkage 
clustering (29).

Confounding and effect measure modification were assessed 
using three statistical methods combined with subject-matter 
expertise regarding likely causal relationships between predictor 
variables and HPAI presence (30, 31). First, the relationship between 
the variable of interest and the confounding variable and the 
relationship between the confounding variable and HPAI presence 
were both assessed using logistic regression modeling and assessing 
statistical significance at the 0.10 significance level. Secondly, the 
relative change in the estimated odds ratio associated with the 
predictor variable of interest in a multiple logistic regression model 
prior to and after inclusion of the potential confounding variable was 
assessed, with changes of more than 10 percent being indicative of 
potential confounding. Lastly, biological, and epidemiological 
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plausibility was used to determine whether the potential confounding 
variable was in the causal pathway between the variable of interest and 
HPAI presence. If a potential confounding variable passed the 
statistical checks and was found not to be  in the causal pathway 
between the predictor of interest and HPAI presence, then that 
variable would be  adjusted for in the multiple logistic regression 
model. Potential confounding relationships were tested to identify 
whether they were indicative of confounding, effect measure 
modification, or both (31).

2.5.2. Leave-one-out cross-validation and AICc
Leave-one-out cross-validation [LOOCV] (32) was used to rank 

models according to their ability to classify case and control farms. In 
this study, because there were approximately equal numbers of case 
and control farms in the dataset, the overall goodness of the multiple 
logistic regression model predictions was taken as the accuracy of the 
predictions made using the models.

The values of the accuracy of the models ranked using LOOCV 
were relatively coarse due to sample size. Therefore, a second model 
goodness criterion was used to order models within a given accuracy. 
The second model goodness criterion was AICc, which is a variant of 
Akaike’s information criterion (33) with an adjustment for small 
sample sizes (34). Smaller values of AICc indicate models that are 
expected to approximate the underlying process more closely than 
models with higher values of AICc.

2.5.3. Multiple logistic regression modeling
During model selection, multiple logistic regression models were 

fit using iteratively reweighted least squares using the glm function in 
R, specifying the response as the indicator for whether a farm was a 
case (response value of 1) or a control (response value of 0) as a 
function of one or more predictor variables. For the final model-based 
estimates, an exact multiple logistic regression model wasfit using the 
EXACT statement in the LOGISTIC procedure within SAS, which 
gives conditional maximum likelihood estimates of odds ratios and 
their confidence intervals (35), which use permutation theory and are 
appropriate to use in situations in which there are small sample sizes.

Logistic regression model fit was assessed using deviance residual 
diagnostic plots (27) to check for influence, leverage, and overall 
model fit. Statistics used to describe relative model goodness included 
the LOOCV accuracy and AICc. McFadden’s pseudo–R2 and 
McFadden’s adjusted pseudo-R2 were used to assess explained 
variability of the model (36).

The primary inferential statistics derived included estimated odds 
ratios (OR), indicating the multiplicative increase in the odds of a 
farm being a case farm associated with a given predictor variable, 
given all other predictor variables remained constant. In addition, 
estimated 95% confidence intervals for the odds ratios were used to 
communicate uncertainty in the point estimates, and Type III F-test 
(37) value of ps were used to assess the statistical significance of 
model effects.

2.5.4. Bayesian model averaging
In addition to investigating potentially important predictor 

variables for HPAI presence using the above methods to select a single 
model from which to make inference, Bayesian model averaging was 
used to further investigate the effects of the predictor variables in the 
pool under consideration. Bayesian model averaging (BMA) is a 

statistical method that attempts to account for the uncertainty induced 
by the model selection problem by taking information from a broad 
group of models rather than from a single model (38). BMA has been 
shown to improve predictive ability over single-model 
selection methods.

Bayesian model averaged estimates of the posterior probabilities 
that the predictor variable effects were non-zero, odds ratios, and 
approximate 95% confidence intervals for the odds ratios were 
produced using the BMA package in R. These estimates were used to 
estimate the effect of each predictor variable on HPAI presence in a 
multiple logistic regression model setting, accounting for the spread 
of effect sizes those variables take across a broad range of 
possible models.

3. Results

Eighteen of 22 (81.8%) commercial table egg farms affected by 
HPAI in the 8 participating states agreed to participate in the study. 
An estimated 20% of potential control producers met eligibility 
criteria and agreed to participate. Onset of clinical signs for 
affected flocks ranged from March 3 to August 31, 2022. To 
maintain confidentiality of participating producers, cases and 
controls were reported by region; states in the Eastern region 
included Maryland, Delaware, Ohio, and Pennsylvania. States in 
the Midwest/Western region included Iowa, Minnesota, Nebraska, 
and Utah. Samples from this study were collected between March 
2022 and September 2022. There were 18 case farms; 11 farms in 
the Eastern region (61.1% of case farms) and 7 farms in the 
Midwest/Western region (38.9% of case farms). There were 22 
control farms, with 15 of the control farms in the Eastern region 
(68.2% of control farms) and 7 of the control farms (31.8% of 
control farms) in the Midwest/Western region. All premises were 
tested by PCR and confirmed with H5N1 clade 2.3.4.4b at 
NVSL. Based on the analysis of full genome sequences and in 
consideration of available epidemiologic data, each layer case farm 
that participated in the case–control study was categorized by 
likely route of introduction of virus: introductions consistent with 
independent wild bird-origin were identified for 61% of case farms 
(n = 11), whereas potential lateral spread or common source 
exposure was found for 39% of case farms (n = 7). The case–control 
analysis included 18 case farms and 22 control farms. Median flock 
size for case farms was 900,000 (range: 72,000–5,000,000). Median 
flock size for control farms was 480,000 (range: 77,000–2,900,000). 
Of the case farms, 83% (n = 15) had table egg layers, and 22% 
(n = 4) had pullets or breeders. Of the control farms, 91% (n = 20) 
had table egg layers, and 14% (n = 3) had pullets or breeders (Please 
note that there was some overlap between categories). During the 
study period, a total of 137 control zones were active in the 8 states 
that took part in the study.

3.1. Univariable analyses

Selected results of the farm-level univariable analysis are 
shown in Tables 1–3. These results do not include imputed values. 
A complete list of univariable results is available in the 
Supplementary material.
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Farm characteristics (Table 1). During the 14-day reference period, 
more case farms were located within an existing control zone 
compared to control farms (44% vs. 9%, OR = 8.0, p = 0.02). Fewer case 
farms were within 320 meters (350 yards) of a field that had been tilled 
the previous fall (11% vs. 43%, OR = 0.2, p = 0.04).

Wild bird/wild animal characteristics (Table 1). Wild waterfowl or 
shorebirds were seen in the closest field during the 14-day reference 
period on 44% of case farms compared to 10% of control farms 
(OR = 7.6, p = 0.03).

Vehicle-related characteristics (Table 1). Using wash stations to 
wash vehicle tires was more commonly reported on control farms 
(82% vs. 61% of case farms, OR = 0.3, p = 0.17). Using wash stations 
for feed trucks was more commonly reported on control farms (82% 
vs. 50% of case farms, OR = 0.2, p = 0.05). Using wash stations for egg 
trucks was more commonly reported on control farms (76% vs. 50% 
of case farms, OR = 0.3, p =  0.11). Ninety-one percent of control 
operations either did not share or shared and always disinfected 
company trucks and trailers that might be used by another farm, as 
compared with 67% of case operations (OR = 0.2, p = 0.11). Permanent 
vehicle wash stations were more commonly reported by control farms 
(41% vs. 17% of case farms, OR = 0.3, p = 0.17).

Biosecurity characteristics (Tables 1, 2). Having a gated farm 
entrance was more commonly reported on control farms (64% vs. 22% 
of case farms, OR = 0.2, p = 0.01). Farm mowing or bush hogging less 
than 4 times a month was more commonly reported on case farms 
(65% vs. 41% of control farms, OR = 2.6, p = 0.20). Incineration was 
more commonly reported as a method of daily mortality disposal on 
control farms (OR = 0.2, p = 0.10, Table 2).

Worker and visitor-related practices (Table 2), not all data shown. 
In general, use of occasional workers was uncommon. Most farms 
always required the use of a clean/dirty line for workers entering barns 
(83% of case farms vs. 91% of control farms, p =  0.64). Always 
requiring a washable change of clothing for workers entering barns 
was more commonly reported by control farms (91% vs. 67% of case 

farms, OR = 0.20, p = 0.11). Nearly all farms always required a change 
of shoes or use of shoe covers for workers entering barns. Overall, 
visitors to farms were not common. High percentages of both case and 
control farms required visitors not to visit multiple farms in the same 
day (92% of case farms and 84% of control farms, p = 1.00). Workers 
being assigned to specific barns (dedicated barn personnel) was more 
commonly reported on control farms (OR = 0.2, p = 0.20).

Rodent management and wildlife feed access (Table 2). Having at 
least some problem with rodents was more commonly reported on 
case farms (72% vs. 46% of control farms, OR = 3.1, p = 0.12). Having 
wild bird access to feed or feed ingredients at least some of the time 
was more commonly reported on case farms (50% vs. 27% of control 
farms, OR = 2.7, p = 0.19). Having wild animal access to feed or feed 
ingredients at least some of the time was more commonly reported on 
case farms (33% vs. 9% of control farms, OR = 5.0, p = 0.11).

Other variables of interest, not statistically significant. Among case 
farms, 33% reported use of a renderer as a general practice, while this 
mortality disposal method was reported by 14% of control farms as a 
general practice (p =  0.25). The practice of cleaning up feed spills 
immediately was reported by 67% of case farms and 82% of control 
farms (p = 0.30). Half of case farms and half of control farms reported 
having hard top/asphalt roads as the road surface on the farms that 
vehicles coming onto the operation drive on.

Variables analyzed for independent wild bird introduction of HPAI 
(Table 3). For the univariate analysis of case farms where HPAI was 
independently introduced by wild birds, being located within a control 
zone was not significant (27% of case farms vs. 10% of control farms, 
OR = 3.4, p = 0.32). Having a structural windbreak such as a hill or 
other natural break present was more common for control farms (30% 
vs. 0% of case farms), (OR not calculated due to zero cell, p = 0.07). 
Though not statistically significant, being within 320 meters (350 
yards) of a wastewater lagoon was more common among case farms 
(73% vs. 45% of control farms, OR = 3.3, p = 0.26). Having a drainage 
ditch visible or within 320 meters (350 yards) of the farm was more 

TABLE 1 Univariable analyses of factors considered for entry into farm-level multivariable models.

Characteristic
Number of 
case farms 
(percent)

Number of 
control farms 

(percent)

Univariable p-
value (Fisher’s 

exact)

Odds ratio (95% 
confidence 

interval)

In an existing control zone 8 (44.4) 2 (9.1) 0.02 8.0 (1.4, 44.9)

Flock size was large (≥500,000 birds) 11 (61.1) 11 (50.0) 0.54 1.6 (0.4, 5.6)

Closest field within 320 meters (350 yards) of farm tilled previous fall 2 (11.1) 9 (42.9) 0.04 0.2 (0.0, 0.9)

Wild waterfowl or shorebirds seen in closest field during reference period 8 (44.4) 2 (9.5) 0.03 7.6 (1.3, 42.8)

Farm entrance gated 4 (22.2) 14 (63.6) 0.01 0.2 (0.0, 0.7)

Vegetation mowed/bush hogged less than 4 times a month 11 (64.7) 9 (40.9) 0.20 2.6 (0.7, 9.8)

Lower level of vehicle washing (combination variable) 16 (88.9) 15 (68.2) 0.15 3.7 (0.7, 20.9)

Vehicle tires washed 11 (61.1) 18 (81.8) 0.17 0.3 (0.1, 1.5)

Feed trucks washed 9 (50.0) 18 (81.8) 0.05 0.2 (0.1, 0.9)

Egg trucks washed 9 (50.0) 16 (76.2) 0.11 0.3 (0.1, 1.2)

Company trucks/trailers either not shared or shared and always 

disinfected during reference period

12 (66.7) 20 (90.9) 0.11 0.2 (0.0, 1.2)

Permanent vehicle washing station 3 (16.7) 9 (40.9) 0.17 0.3 (0.1, 1.3)

Any vehicles either not shared or shared and always disinfected during 

reference period (combination variable)

7 (38.9) 6 (27.3) 0.51 1.7 (0.4, 6.4)

Number and percentage of case farms and number and percentage of control farms by farm, wild bird, and vehicle-related characteristics.
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common among case farms (64% vs. 35% of control farms, OR = 3.3, 
p = 0.15). Seeing wild waterfowl or shorebirds in the field closest to the 
farm during the reference period was more common among case 
farms (36% vs. 5% of control farms, OR = 10.3, p = 0.05). Having at 
least some problem with rodents was more common among case 
farms (73% vs. 40% of control farms, OR = 4.0, p = 0.14). Wild bird 
access to feed or feed ingredients at least some of the time was more 
common among case farms (73% vs. 30% of control farms, OR = 6.2, 
p = 0.03). Cleaning up feed spills immediately was more common 
among control farms (80% vs. 50% of case farms, OR = 0.3, p = 0.12).

3.2. Multivariable analyses

3.2.1. Variable selection
Variables that had observed cell sizes of 5 or greater and a Fisher’s 

exact test p ≤ 0.20 included the following 19 variables.

 a) The farm was in an existing control zone on the reference date,
 b) The closest crop field was tilled last fall,
 c) Presence of any wild waterfowl or shorebirds in the closest crop 

field during the 14-day reference period,
 d) Egg trucks moving eggs off the farm generally came near 

the barns,

 e) Other business visitors (e.g., meter reader, repairman) generally 
came near the barns,

 f) The farm had a gated entrance,
 g) Frequency of mowing of vegetation on the premises,
 h) Tires were washed for vehicles on the farm during the 14-day 

reference period,
 i) Feed vehicles were washed during the 14-day reference period,
 j) Egg trucks were washed during the 14-day reference period,
 k) The vehicle wash station was a permanent station rather than 

recently put in place,
 l) There was any rodent problem during the 14-day 

reference period,
 m) Wild birds had access to feed or feed ingredients during the 

14-day reference period,
 n) Wild animals (such as raccoons, opossums, coyotes, or foxes) 

had access to feed or feed ingredients during the 14-day 
reference period,

 o) Different personnel were always required for different barns 
(workers assigned to specific barns) during the 14-day 
reference period.

 p) Workers were always required to change clothes before entering 
barns (washable clothes, not disposable), and

 q) The farm had a high level of vehicle washing during the 14-day 
reference period (equal to 1 if the farm had a vehicle wash 

TABLE 3 Univariable analyses of selected factors analyzed for the subset of farms with independent wild bird introduction of HPAI.

Characteristic
Number of 
case farms 
(percent)

Number of 
control farms 

(percent)

Univariable 
p-value 

(Fisher’s exact)

Odds ratio (95% 
confidence 

interval)

In an existing control zone 3 (27.3) 2 (10.0) 0.32 3.4 (0.5, 24.3)

Structural windbreak present (e.g., hill, natural break) 0 (0.0) 6 (30.0) 0.07 *

Wastewater lagoon visible or within 320 meters (350 yards) of farm 8 (72.7) 9 (45.0) 0.26 3.3 (0.7, 16.0)

Drainage ditch visible or within 320 meters (350 yards) of farm 7 (63.6) 7 (35.0) 0.15 3.3 (0.7, 15.1)

Wild waterfowl or shorebirds seen in closest field during reference period 4 (36.4) 1 (5.3) 0.05 10.3 (1.0, 108.8)

Low, moderate, or high rodent problem vs. rodents not a problem 8 (72.7) 8 (40.0) 0.14 4.0 (0.8, 19.8)

Wild birds able to access feed/feed ingredients at least sometimes 8 (72.7) 6 (30.0) 0.03 6.2 (1.2, 31.9)

Clean up feed spills immediately 5 (50.0) 16 (80.0) 0.12 0.3 (0.1, 1.4)

Number and percentage of case farms and number and percentage of control farms by premises characteristics, biosecurity, and feed-related management practices. 
*OR not shown due to zero cell value for case farms.

TABLE 2 Univariable analyses (p  ≤  0.20) of factors considered for entry into farm-level multivariable models.

Characteristic
Number of 
case farms 
(percent)

Number of 
control farms 

(percent)

Univariable 
p-value 

(Fisher’s exact)

Odds ratio (95% 
confidence 

interval)

Change of clothing always required for workers entering poultry barns 12 (66.7) 20 (90.9) 0.11 0.2 (0.0, 1.2)

Different personnel for different barns (dedicated barn personnel) ** 5 (22.7) 0.20 0.2 (0.0, 1.9)

Severity of rodents low, moderate, or high (vs. not a problem) 13 (72.2) 10 (45.5) 0.12 3.1 (0.8, 11.8)

Wild birds able to access feed/feed ingredients at least sometimes 9 (50.0) 6 (27.3) 0.19 2.7 (0.7, 10.0)

Wild animals able to access feed/feed ingredients at least sometimes 6 (33.3) 2 (9.1) 0.11 5.0 (0.9, 28.9)

Incineration as a method of daily mortality disposal ** 6 (27.3) 0.10 0.2 (0.0, 1.5)

Off-site method of daily mortality disposal (off-site composting or 

burial, rendering, or landfill)

9 (50.0) 6 (27.3) 0.19 2.7 (0.7, 10.0)

Number and percentage of case farms and number and percentage of control farms by premises feed, rodent-related, worker-related, and mortality disposal management practices. 
**Too few to report.
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station, washed tires of vehicles, washed worker, feed, and egg 
trucks, and had a permanent wash station rather than one that 
was recently put in place due to heightened biosecurity 
measures surrounding the HPAI outbreak, and equal to 
0 otherwise),

 r) Incineration was used to dispose of dead birds (daily 
mortality), and

 s) The farm disposed of dead birds (daily mortality) off-site (equal 
to 1 if the farm composted off-site, buried off-site, used a 
renderer, or a landfill and was equal to 0 otherwise).

Two additional variables that passed the univariable screening 
and had sufficient cell sizes included whether a farm had egg trucks 
moving eggs off the farm come near the barns or whether other 
business visitors (e.g., a meter reader, repairman) come near the 
barns. These variables were not considered for multiple regression 
modeling because their effects appeared to be  counter to an 
epidemiological explanation and deserve further investigation 
which could not be  thoroughly performed due to the lack of 
variability in the study responses For example, all case farms (n = 2) 
and all control farms (n = 11) that allowed egg trucks near the barns 
reported washing egg trucks during the reference period. Of farms 
that allowed company personnel vehicles to come near the barns, 
71.4% (n = 5) of case farms and 80.0% (n = 8) of control farms 
reported washing worker vehicles during the reference period.

One variable that did not pass the univariable screening but was 
included in multiple regression modeling was an indicator variable for 
flock size, measured as the number of birds on the farm on the 
reference date, where farms with fewer than 500,000 birds were 
considered small, and those with 500,000 birds or more were 
considered large. The cutoff of 500,000 birds was just below the 
median flock size. This variable was included as it is related to several 
of the poultry and farm management factors listed above and was 
involved in a confounding relationship with at least one of them.

3.2.2. Multicollinearity and confounding variables
Of the variables that met the cell size requirements and passed 

univariable screening, the four individual vehicle washing indicator 
variables (items h-k in the list above) were omitted in favor of the high 
level of washing combination variable (item q) due to the resulting 
high VIF values. In addition, wild animal access to feed (item n) was 
omitted in favor of the variable measuring wild bird access to feed 
(item m) due to high VIF values. The closest crop field being tilled the 
previous fall (item b) appeared to be multicollinear with the presence 
of any wild waterfowl in the closest crop field (item c), and so the 
former was omitted in favor of the latter. Finally, incineration as a 
method of dead bird disposal (item r) was omitted in favor of the 
combination variable assessing any off-site method of disposal (item 
s) due to high VIF values. This left 12 variables that were used in 
multiple regression modeling. Those variables are described in Table 4.

TABLE 4 Predictor variables included in multiple regression modeling, including name, description, and calculation of the variable.

Name Description Calculation

Flock size
Number of birds on the farm on the reference date. Categorized as farms having 500,000 birds or 

more versus farms having fewer than 500,000 birds.

if sum(e204, e210) > = 500,000 

then 1 else 0

Control zone
Farm was in an existing control zone on the reference date versus the farm was not in an existing 

control zone on the reference date.
if e205 = 1 then 1 else 0

Waterfowl presence
Any waterfowl (e.g., ducks, geese) or shorebirds seen in the closest crop field during the reference 

period versus no waterfowl or shorebirds seen in the closest crop field.
if e354 in (2–4) then 1 else 0

No farm entrance gate Farm had a gated entrance versus the farm did not have a gated entrance. if e417 = 3 then 1 else 0

Wild bird access to feed
Wild birds had any access to poultry feed or feed ingredients during the reference period versus wild 

birds had no access to poultry feed or feed ingredients.
if e449 in (1–3) then 1 else 0

Off-site disposal
Farm disposed of dead birds (daily mortality) using off-site methods (composting off-site, burial 

off-site, rendering, or landfill) versus the farm used other disposal methods.

if e1102a = 3 or e1103a = 3 or 

e1105 = 1 or e1106 = 1 then 1 else 0

No dedicated barn personnel
Different personnel were assigned to specific barns during the reference period versus moving 

between barns.
if e606 = 1 then 1 else 0

At least some rodent problems
Farm had any rodent problem (low, moderate, or high severity) during the reference period versus 

the farm had no rodent problem.
if e445 in (1–3) then 1 else 0

Change of clothing not always 

required for workers

A change of (washable) clothing was always required for workers entering barns during the reference 

period versus a change of clothing was not always required.
if e608 = 1 then 1 else 0

Sharing company trucks/

trailers

Farm shared and either sometimes or never cleaned and disinfected company trucks/trailers (e.g., 

pickup truck, trailer with supplies, supervisor truck, or similar) during the reference period versus 

the farm did not share company trucks/trailers or shared and always cleaned and disinfected them.

if e801 = 1 and e801a in (2, 3) then 

1 else 0

Mowing less than 4 times/

month

Farm mowed or bush hogged vegetation on the premises (when vegetation is present, e.g., spring and 

summer) 3 or fewer times per month versus 4 or more times per month.
if e420 < = 3 then 1 else 0

Lower level of vehicle washing

Farm had a vehicle wash/spray station during the reference period and washed tires of vehicles, 

washed worker, feed, and egg vehicles, and the wash station was permanent (e.g., in use prior to the 

HPAI incident) rather than a station that was recently put into use as a response to heightened 

biosecurity concerns versus the farm did not practice at least one of these.

if e421 = 1 and e423 = 1 and 

e426 = 1 and e427 = 1 and e428 = 1 

and e431 = 1 then 0 else 1

All variables are binary and, as shown, take the value 1 for the category associated with a higher risk of HPAI. The calculations refer to the item codes from the questionnaire for each variable 
(e.g., e205 is the item code that holds a 1 or a 3, indicating whether the farm was in a control zone on the reference date from item 2.d on the questionnaire).
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There were five confounding relationships identified using the 
statistical screening measures and in which the confounding effect was 
not believed to lie in the causal pathway between the predictor variable 
of interest and HPAI presence. Those included: waterfowl presence 
confounding flock size, control zone and the presence of a farm 
entrance gate were confounded, control zone confounding the sharing 
of company trucks/trailers, and the presence of a farm entrance gate 
confounded the presence of a high level of vehicle washing.

The sample size was not sufficient to adequately assess whether 
these relationships were confounding, effect measure modification, or 
both. However, for the relationships between waterfowl presence and 
flock size, control zone and the sharing of company trucks/trailers, 
and the presence of a farm entrance gate and the presence of a high 
level of vehicle washing, the evidence leaned more in favor of 
confounding relationships (both conditional ORs close to one another 
and both below the crude OR). The relationship between control zone 
and the presence of a farm entrance gate suggested there was effect 
measure modification present, with farms in a control zone tending to 
have higher ORs of having HPAI present if they did not have a farm 
entrance gate, while farms outside of the control zone tended to have 
lower (though still greater than 1.0) ORs of having HPAI present if 
they did not have a farm entrance gate. These effects were controlled 
for in multiple logistic regression modeling, but interaction effects 
were not included due to inadequate sample size.

3.2.3. Leave-one-out cross-validation and AICc
All possible models with no interaction terms were created 

using the remaining 12 variables for a total of 4,095 models (the 
intercept-only model was not considered). The top  15 models 
ranked by LOOCV accuracy and AICc are depicted in Table 5. The 
variables included in each of the top 15 models and the count of 
which models include them are also indicated. McFadden’s 
unadjusted and adjusted pseudo-R2 values are depicted for each 
model as well.

Control zone, waterfowl presence, and no farm entrance gate 
were included in all 15 of the top models. Flock size and not always 
having different personnel for different barns were included in 9 of 
the top 15 models, and wild bird access to feed was included in 7. 
The remaining variables were included in 5 or fewer models, 
indicating lower importance regarding their ability to predict 
which farms were positive, given the other variables included in 
the models. LOOCV accuracies ranged from 0.725–0.775 in the 
top 15 models. This indicates that, given an exchangeable set of 
new table egg layer farms in the HPAI 2022 outbreak, we would 
expect these models to accurately predict the HPAI infection status 
of between 72.5 and 77.5 percent of the farms – though there is 
evidence that this accuracy estimate is likely biased high (32, 39). 
McFadden’s pseudo-R2 values range from 0.33–0.45 for the top 15 
models, with the top model having a value of 0.38. Values of 
McFadden’s pseudo-R2  are typically lower than those from 
ordinary linear regression, where values between 0.2 and 0.4 have 
been cited as indicating a good amount of variability explained in 
the response by the given logistic regression model (36). The 
adjusted McFadden’s coefficient of determination, pseudo-Radj

2 , 
values ranged from 0.09 to 0.19, with the top model having a value 
of 0.16.

The model with the highest LOOCV accuracy and the lowest 
AICc is summarized in Table 6 using exact multiple logistic regression 

modeling to account for small sample size. None of the predictor 
variables were statistically significant at the 0.05 significance level, 
though whether the farm was in an existing control zone on the 
reference date (p = 0.09) was the most important variable. Control 
zone had an odds ratio of 10.3 (95% CI: 0.8–377.0), indicating that a 
farm that was in a control zone had an expected odds of being positive 
for HPAI 10.3 times greater than that for a farm that wasn’t in a control 
zone. Wild waterfowl or shorebird presence in the closest crop field 
had an odds ratio of 5.8 (95% CI: 0.7–79.4), meaning that farms that 
had observed wild waterfowl or shorebirds in the closest crop field 
during the reference period had an expected odds of being positive for 
HPAI about 5.8 times greater than farms that did not, though this 
effect wasn’t significant at the 0.05 significance level (p = 0.12). Not 
having a gate at the farm entrance had an OR of 3.8 (95% CI: 0.6–31.5), 
not always requiring different personnel working in different barns 
had an OR of 6.2 (95% CI: 0.3–427.5), and larger operations had an 
OR of 2.6 (95% CI: 0.3–39.5), though none of these effects were 
statistically significant (value of ps of 0.21, 0.34, and 0.59, respectively).

A separate, mixed effects multiple regression model was fit using 
the fixed effects that were included in the LOOCV top model, plus a 
random intercept term for state to assess state-level farm location 
effects. The percentage of variance explained by state in the model was 
0.8%, and so it was decided that final inference would be made from 
the exact multiple logistic regression model, with fixed effects only, as 
depicted in Table 6.

3.2.4. Bayesian model averaging
The same 12 predictor variables that were used in the LOOCV 

model selection procedure were used in the Bayesian model averaging 
procedure. An image plot showing variable inclusion and whether the 
effect was a risk factor or protective in the given model for each top 
model selected by the Bayesian model averaging model search method 
is shown in Figure  1. Variables are ordered on the vertical axis 
according to the posterior probability that their effect size was 
non-zero. These posterior probabilities, along with posterior mean 
odds ratios and their approximate 95% confidence intervals, 
conditional on those effects being included in the model, are included 
in Table 7.

Comparing the LOOCV model-based selection and ranking to 
BMA, the most important predictor variables were similar: control 
zone, no farm entrance gate, waterfowl presence, wild bird access to 
feed, flock size, and no specific barn personnel (probabilities of 0.55, 
0.53, 0.40, 0.25, 0.22, and 0.14, respectively).

There were some differences, including off-site disposal (posterior 
probability of 0.17) being a moderate to low effect according to BMA, 
but it was not included in any of the top 15 models sorted by LOOCV, 
and vehicle washing, which had the lowest posterior probability of 
0.07 using BMA, but was a moderate to low effect using LOOCV, 
being included in 4 of the top  15 models. However, many of the 
differences in order of importance of effects were present only for the 
lower and moderate sized effects, while the most important effects 
were the same by both modeling methods.

Odds ratios were also broadly similar between the two methods. 
Control zone had an OR of 10.3 (95% CI: 1.1–100.5, Table 7), which 
was very similar to that derived using the LOOCV-based top model. 
Not having a farm entrance gate had a BMA-based OR of 7.0 (95% 
CI: 1.1–43.7), compared to 3.8 (95% CI: 0.6–31.5) in the LOOCV-
based top model, which can be  partly explained by the strong 
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TABLE 5 Predictor variables included (indicated by a black box) in the top 15 models for HPAI presence, ranked by leave-one-out cross validation (LOOCV) accuracy and AICc.

Model
LOOCV 

Accuracy
AICc R2

Radj
2

Control 
zone

Waterfowl 
presence

No farm 
entrance 

gate

Flock 
size

No specific 
barn 

personnel

Wild 
bird 

access 
to feed

At least 
some 

rodent 
problems

Lower 
level of 
vehicle 

washing

Change 
of 

clothing 
not 

always 
required

Sharing 
company 

trucks/ 
trailers

Mowing 
less than 
4 times/

mo.

Off-site 
disposal

1 77.5 48.8 0.38 0.16 ⬛ ⬛ ⬛ ⬛ ⬛

2 77.5 51.7 0.38 0.12 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

3 75.0 47.5 0.35 0.17 ⬛ ⬛ ⬛ ⬛

4 75.0 48.0 0.45 0.19 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

5 75.0 48.7 0.33 0.15 ⬛ ⬛ ⬛ ⬛

6 75.0 50.3 0.35 0.13 ⬛ ⬛ ⬛ ⬛ ⬛

7 75.0 50.5 0.40 0.15 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

8 75.0 50.7 0.40 0.14 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

9 75.0 51.0 0.45 0.16 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

10 75.0 51.3 0.33 0.11 ⬛ ⬛ ⬛ ⬛ ⬛

11 75.0 51.7 0.38 0.12 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

12 75.0 53.8 0.40 0.11 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

13 75.0 54.8 0.38 0.09 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

14 72.5 48.4 0.44 0.19 ⬛ ⬛ ⬛ ⬛ ⬛ ⬛

15 72.5 48.5 0.38 0.16 ⬛ ⬛ ⬛ ⬛ ⬛

Count 15 15 15 9 9 7 5 4 2 2 2 0

Variables included in each model are depicted and a count of models in the top 15 in which each predictor variable is depicted in the last row. McFadden’s pseudo-R2 and McFadden’s adjusted coefficient of determination, pseudo-Radj
2  are included for each model.
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TABLE 6 Summary of the exact multiple logistic regression model fit regressing HPAI disease status of an operation on risk factors, with the greatest 
leave-one-out cross validation accuracy and lowest AICc value among all models under consideration.

Variable Level
Exact conditional 

test p-value
OR Point 
estimate

OR 95% Confidence 
Interval

Intercept 0.0 (0.0, 0.5)

Flock size (number of birds on the farm on the reference date)
Large (≥500,000)

0.59
2.6 (0.3, 39.5)

Small (<500,000) (referent)

Farm in an existing control zone on the reference date
Yes

0.09
10.3 (0.8, 377.0)

No (referent)

Wild waterfowl or shorebirds in closest crop field during the 14-day 

reference period

Yes
0.12

5.8 (0.7, 79.4)

No (referent)

Was there a gate to the farm entrance
Yes

0.21
(referent)

No 3.8 (0.6, 31.5)

Were there always different personnel working in different barns
Yes

0.34
(referent)

No 6.2 (0.3, 427.5)

FIGURE 1

Image plot showing the variables included in the top models included in the Bayesian model averaging process. Predictor variables are on the vertical 
axis and models are on the horizontal axis. Each model composes a vertical stack of rectangles with width proportional to the Bayesian posterior 
probability of the model being selected. The rectangles are colored purple where the predictor variable was a risk factor in that given model, yellow if it 
was protective, and grey where that predictor variable was not included in the model.

confounding between control zone and the not having a farm 
entrance gate. Waterfowl presence had a similar estimate using BMA 
(OR = 6.2, 95% CI: 1.1–39.6) compared to LOOCV (OR = 5.8, 95% 
CI: 0.7–79.4) and not always having different personnel for different 
barns had a similar estimate using BMA (OR = 6.4, 95% CI: 
0.4–97.1) compared to LOOCV (OR = 6.2, 95% CI: 0.3–27.5). 
Although not included in the top model by LOOCV, the BMA 
estimate for the OR for wild bird access to feed was 5.0 (95% CI: 
0.8–30.8).

3.2.5. Model fit diagnostics
There were no substantial indicators of poor model fit for the 

multiple logistic regression models, after inspection of the residual 
diagnostic plots for the top models.

4. Discussion

The wave of H5N1 clade 2.3.4.4b HPAI that began in 2021 has 
been unprecedented in several regions of the world (40), including the 
United States. As avian influenza viruses continue to circulate in wild 
birds, it is critical to identify measures that may help mitigate 
infections in domestic poultry (41, 42). The case–control study 
presented here investigated the risk factors associated with infection 
with HPAI virus between February and September 2022 on 
U.S. commercial table egg farms in 8 states. Although the table egg 
sector is a relatively small sector of the U.S. commercial poultry 
industry, it has been heavily affected by this outbreak. Over 80% of 
affected table egg producers in participating states took part in this 
study—a testament to the willingness of the industry to support 
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science-based prevention efforts. It can be challenging to interpret 
findings from a small dataset, and so we focus on interpretation of 
both the outcomes of the multivariable modeling processes and the 
univariable analyses.

Garber et al. (12) noted that the most significant farm-level risk 
factor for HPAI on commercial table egg farms in 2015 was being 
located within an existing control zone. In the current study, this 
finding continues to hold true. This predictor was the closest to being 
significant in the exact multiple logistic regression model at the 0.05 
significance level, as well as present in each of the top fifteen models 
produced by the LOOCV process. Farms that are located near an 
infected farm must be particularly diligent about biosecurity-related 
practices to protect flock health. Proximity to an infected farm has also 
been reported as a risk factor for HPAI infection in outbreaks in 
Europe and Japan (43, 44). Study findings confirm the need for both 
biosecurity and surveillance on poultry farms near an infected farm, 
to prevent infection and ensure rapid detection, whether the virus is 
likely spreading by wild birds or between farms.

Although multivariable modeling in the Garber et  al. (12) 
study did not find an association between presence of wild birds 
on or around the farm and disease status, we  did detect an 
association between sightings of wild waterfowl or shorebirds in 
the field closest to the farm during the reference period and farm-
level disease status. Again, this predictor was present in the exact 
multiple logistic regression model, was in each of the top models 
produced by the LOOCV process, and had the third-highest 
posterior probability of having a non-zero effect size in 
BMA. Notably, this variable was a significant predictor of HPAI 
infection in the univariate analysis even though, as a group, all the 
farms that participated in the study had no other types of poultry 
on the farm, and none had pastured poultry or poultry with 
outdoor access. While this result may be due in part to recall bias 
by producers on case farms, producers seeking to decrease risk for 
HPAI may wish to work with a wildlife mitigation specialist to 
develop a wild bird management plan.

Included in 7 of the top models by the LOOCV process and the 
fourth-highest ranked predictor by BMA, any access of wild birds to 
feed or feed ingredients appeared to be an important predictor of 
HPAI farm status classification. Feed accessible to wild birds could act 
as a congregation point for wild birds on the farm and could increase 
risk of exposure to virus shed by affected wild birds. In addition, 
although not statistically significant, only 40% of farms that had a 
protocol to clean spilled feed immediately were classified as cases, 
while 60% of farms that had no protocol listed or a protocol to clean 
spilled feed less frequently were classified as cases, further supporting 
the need to include regular inspection of feed housing and prompt 
cleanup of feed spills in an overall flock management and wild bird 
management plan.

The presence of a farm gate was found to be  protective. This 
predictor was present in the exact multiple logistic regression, in each 
of the top models produced by LOOCV, and was the predictor with 
the second-highest posterior probability of having a non-zero effect 
size by BMA. Gates were much more commonly reported on control 
operations than on case operations (64% vs. 22%). Having a gate may 
be a proxy variable for other biosecurity practices and could even 
be associated with a highly proactive approach to biosecurity. Gates 
improve control of traffic onto farms and may increase the likelihood 
that visitors will see posted signage and follow requested 
biosecurity procedures.

Flock size was non-significantly associated with increased risk in 
the exact multiple logistic regression (p = 0.23), was in 9 of the top 15 
models produced by the LOOCV process, and was one of the top 5 
most important predictors by BMA. This may be a finding associated 
with selection bias; our estimated response rate for control producers 
was 20%. Smaller producers may have been more likely to participate 
in the study.

There were two farm worker biosecurity practices that had 
p ≤ 0.20  in the univariable analysis and appeared to be  low to 
moderately important in multivariable modeling, accounting for the 
other modeled effects. These were always having different personnel 

TABLE 7 Summary statistics from Bayesian model averaging, including the posterior probability that the predictor variable effect is non-zero, the 
posterior mean odds ratio, and the approximate 95% posterior interval for the odds ratio, conditional on the predictor variable being included in the 
model.

Variable
Posterior probability the 

variable effect size is 
non-zero

Conditional posterior 
mean odds ratio

Conditional 95% 
posterior interval

Intercept 0.1 (0.0, 1.2)

Control zone 0.55 10.3 (1.1, 100.5)

No farm entrance gate 0.53 7.0 (1.1, 43.7)

Waterfowl presence 0.40 6.2 (1.1, 39.6)

Wild bird access to feed 0.25 5.0 (0.8, 30.8)

Flock size 0.22 5.9 (0.8, 44.3)

Off-site disposal 0.17 4.1 (0.7, 25.5)

No specific barn personnel 0.14 6.4 (0.4, 97.1)

At least some rodent problems 0.11 3.1 (0.6, 15.3)

Change of clothing not always required for workers 0.10 4.5 (0.4, 48.4)

Sharing company trucks/trailers 0.07 3.1 (0.4, 23.5)

Mowing less than 4 times/month 0.07 2.8 (0.4, 18.6)

Lower level of vehicle washing 0.07 2.7 (0.4, 20.0)

Predictor variables statistically significant at the 0.05 level are shown in bold.
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working in different barns (workers assigned to specific barns) and 
always requiring a change of clothing for workers before they enter a 
barn. Having workers assigned to specific barns is not a commonly 
reported practice, although movement of employees between barns is 
a known biosecurity risk (45). Having the available resources to 
perform biosecurity measures, such as appropriate facility design 
features, sufficient time, and personnel, can also affect the degree to 
which workers are able to carry out practices that support good 
biosecurity (46). Requiring a change of clothing for workers entering 
barns is commonly advised in biosecurity guidance, as well as in 
general guidance provided by United Egg Producers Animal Health 
and Biosecurity Committee (47).

Lack of a rodent problem was another factor more commonly 
reported on control farms; 28% of case farms reported having no 
rodent problem, whereas 54% of control farms reported no rodent 
problem (p = 0.12). The reported presence of any degree of rodent 
problem on-farm was a moderately important effect by both LOOCV 
and BMA. There is at least some evidence that rodents can transmit 
low-pathogenic avian influenza (48). Control of rodents is often 
advised to limit HPAI and other disease risks. While not meeting the 
criteria for confounding, mowing less frequently appeared to 
be related to farms having a rodent problem. That is, of farms that 
mowed more frequently, only 42% had a rodent problem, while of 
those that mowed less frequently, 71% had a rodent problem. This 
finding suggests that one part of an effective rodent control program 
could include frequent mowing of vegetation around poultry barns.

Vehicle washing was moderately important as measured by both 
LOOCV and BMA. This finding of moderate importance may be an 
artifact of the limitations of a survey-based approach; effectiveness of 
cleaning can be difficult to measure based on visual inspection (49). 
Notably, multiple vehicle wash-related variables were univariately 
significant (p ≤ 0.20), including washing of feed trucks, egg trucks, 
washing truck tires, and having a permanent vehicle washing station.

Historic work has noted increased risks associated with use of 
rendering for disposal (12, 50–53). In the current study, 33.3% of 
case farms reported the use of rendering for dead bird disposal, 
while 13.6% of control farms utilized this carcass disposal practice. 
Rendering vehicles may transport virus via vehicle movement from 
farm to farm. Additionally, depending on storage of mortalities 
prior to renderer pickup, there is the possibility of attracting 
scavengers, which can include gulls, vultures, and other wild birds. 
Interestingly, though not a common practice among producers, use 
of incineration as a disposal method was significant (p = 0.10) in 
the univariate analysis. Given the recurring finding of rendering as 
a risk factor in multiple outbreaks, carcass disposal practices 
warrant further investigation. More generally, off-site disposal may 
increase risk due to vehicle movement between farms: off-site 
disposal was reported by 50% of case farms and 27% of control 
farms (p = 0.19).

The univariate analyses of the subset of cases linked to wild bird 
introductions suggested that topography and proximity to bodies of 
water can affect risk for transmission of HPAI. Presence of a structural 
windbreak such as a hill was protective (p = 0.07), and proximity to a 
drainage ditch was a risk factor (p = 0.15), though proximity to a 
wastewater lagoon was not statistically significant. Seeing wild 
waterfowl or shorebirds in the closest field during the reference period 
was also associated with increased risk (p = 0.05). While these 
characteristics cannot be  changed, the data suggest that risk can 

be mitigated by limiting areas where water can pool on and around 
the farm and employing wildlife mitigation strategies (54). Notably, 
not having a rodent problem was associated with decreased risk 
(p = 0.14), as was lack of wild bird access to feed or feed ingredients 
(p = 0.03). Further study of the effectiveness of specific mitigation 
practices would be valuable.

5. Limitations

This study has a number of general limitations. The sample size 
for this investigation was relatively small, with a total size of 40 
observations, 18 being case farms and 22 being control farms. 
However, 18 of the 22 (82%) eligible commercial table egg case farms 
participated in the study. The estimated rate of participation was 
substantially lower for control farms, so practices among this group 
of participants may not have been representative of unaffected 
commercial table egg producers overall. Relatively few table egg 
pullet and breeder farms were affected by HPAI during the study 
period, so although they were included in the study, not all findings 
may apply to these subgroups of the table egg sector. Recall bias is 
another limitation. Some respondents in the study were asked to 
provide responses for observations and activities that had taken 
place months prior to the study. Recall for some questions may have 
been different for case farms versus control farms. Another 
limitation of survey-based methods is the potential for bias 
associated with questions that may be  considered sensitive. 
Respondents may be more likely to provide responses considered to 
be  aligned with best practices, rather than reflective of actual 
practices. While our goal was to balance the number of completed 
case and control questionnaires geographically, 1:1 matching of cases 
and controls by state was not feasible due to variation in response 
rates between cases and controls, as well as a lack of eligible and 
interested controls.

Since predictors were pre-screened prior to performing LOOCV, 
estimated cross-validation accuracy of the model was likely 
artificially inflated (32, 39). That is, the performance of the models 
may be  lower than they are shown to be here (72.5–77.5 percent 
accuracy, from Table 5) if applied to a different dataset. This was 
acceptable because unbiased predictive ability wasn’t the end goal. 
Instead, the goal was to assist in selecting variables for the exact 
multiple logistic regression model. In addition, outbreak parameters 
(routes of transmission, effectiveness of control measures) can 
change over time or between outbreaks, therefore, the prediction 
error may not be directly applicable to new datasets but may serve as 
an adequate baseline.

Future HPAI and weather-related analysis using the 2022 outbreak 
data is planned across affected poultry sectors. Case–control study 
data will be analyzed in combination with weather conditions that 
occurred during the time preceding detection of HPAI infection. 
Weather patterns related to transmission of HPAI have been studied 
previously and may have had a role in the 2022 outbreak. Another 
direction of study underway for the turkey sector examines biosecurity 
investments farmers have made since 2015 and their impacts on 
classification of farms as cases or controls. These data will be analyzed 
and reported separately to identify priority areas for investment to 
reduce risk for HPAI. A similar study for table egg farmers may 
be of benefit.
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Case report: Lumpy skin disease
in an endangered wild banteng
(Bos javanicus) and initiation of a
vaccination campaign in domestic
livestock in Cambodia

Alice Porco1*, Sokha Chea1, Sreyem Sours1, Vonika Nou2,
Milou Groenenberg3, Cain Agger1, Sothyra Tum4, Vanna Chhuon5,
San Sorn2, Chamnan Hong6, Ben Davis7, Sharyn Davis7,
Sereyrotha Ken1†, Sarah H. Olson8 and Amanda E. Fine8*
1Wildlife Conservation Society, Cambodia Program, Phnom Penh, Cambodia, 2General Directorate of
Animal Health and Production, Phnom Penh, Cambodia, 3World Wide Fund for Nature, Phnom Penh,
Cambodia, 4National Animal Health and Production Research Institute, Phnom Penh, Cambodia,
5Forestry Administration, Phnom Penh, Cambodia, 6Department of Freshwater Wetlands Conservation,
Phnom Penh, Cambodia, 7Our Future Organization, Preah Vihear, Cambodia, 8Wildlife Conservation
Society, Health Program, New York, NY, United States

We describe a case of lumpy skin disease in an endangered banteng in Cambodia
and the subsequent initiation of a vaccination campaign in domestic cattle to
protect wild bovids from disease transmission at the wildlife-livestock interface.
Lumpy skin disease virus (LSDV) was first detected in domestic cattle in Cambodia
in June of 2021 and rapidly spread throughout the country. In September 2021,
a banteng was seen in Phnom Tnout Phnom Pok wildlife sanctuary with signs of
lumpy skin disease. Scab samples were collected and tested positive for LSDV.
Monitoring using line transect surveys and camera traps in protected areas with
critical banteng and gaur populations was initiated from December 2021-October
2022. A collaborative multisector vaccination campaign to vaccinate domestic
livestock in and around priority protected areas with banteng and gaur was
launched July 2022 and a total of 20,089 domestic cattle and water bu�alo were
vaccinated with LumpyvaxTM. No signs of LSDV in banteng or gaur in Cambodia
have been observed since this initial case. This report documents the first case of
lumpy skin disease in wildlife in Cambodia and proposes a potential intervention
to mitigate the challenge of pathogen transmission at the domestic-wildlife
interface. While vaccination can support local livestock-based economies and
promote biodiversity conservation, it is only a component of an integrated solution
and One Health approach to protect endangered species from threats at the
wildlife-livestock interface.

KEYWORDS

case report, lumpy skin disease,wildlife-livestock interface, vaccination, banteng,wildlife,

conservation, intervention

Frontiers in Veterinary Science 01 frontiersin.org31

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1228505
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1228505&domain=pdf&date_stamp=2023-08-03
mailto:aporco88@gmail.com
mailto:afine@wcs.org
https://doi.org/10.3389/fvets.2023.1228505
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2023.1228505/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Porco et al. 10.3389/fvets.2023.1228505

Introduction

Lumpy skin disease virus (LSDV) is a DNA virus from the

family Poxviridae that causes characteristic skin nodules in bovine

species, such as cattle and buffalo. Because it affects the hide and

can cause pyrexia, emaciation, abortions, and/or reducedmilk yield

in lactating cattle, it is a disease of agricultural and economic

importance, and can devastate the livelihoods of farmers (1). The

virus is primarily transmitted mechanically by biting arthropods,

such as mosquitos, flies, and ticks, and its ability to survive in skin

nodules for over a month facilitates rapid spread throughout a

herd (2).

Historically, lumpy skin disease has been endemic throughout

themajority of Africa. In late 2020 and early 2021, several epidemics

in Asia were observed, involving China, Myanmar, and Vietnam

(3). LSDV was first detected in domestic cattle in Cambodia in

June of 2021. By September 2021, it had spread to all provinces

throughout Cambodia and infected over 73,000 cattle and killed

∼1,000 calves (personal communication GDAHP Sept 2021).

LSDV can also infect endangered and threatened wild bovids,

such as banteng (Bos javanicus) and gaur (Bos gaurus). In

neighboring Thailand, LSDV was detected in three gaurs in Kui

Buri National Park in June 2021 and two bantengs in Huai Kha

Khaeng Wildlife Sanctuary in August 2021 (4).

Globally, gaur have been listed by the IUCN as vulnerable since

1986 and banteng listed as endangered since 1996 (5, 6). There are

estimated to be<1,500 banteng in Cambodia and gaur populations

are too small, fragmented, and infrequently observed to estimate.

The majority of these species live in isolated protected areas in the

Eastern and Northern Plains of the country.

Eradication and control of LSDV in domestic livestock relies

on early detection, widespread vaccination, movement restriction,

and removal of infected animals. Widespread vaccination with a

homologous vaccine is paramount to a LSDV control program

and no country has been able to eradicate LSDV without

vaccination (3).

This case of lumpy skin disease in a free-roaming wild banteng

in Cambodia was detected as part of WildHealthNet, an initiative

in Cambodia, Laos, and Vietnam to develop national wildlife

health surveillance networks to detect, investigate, and respond

to high-consequence pathogens at the wildlife-livestock-human

interface (7). The rapid spread of LSDV in domestic cattle in

Cambodia coupled with the susceptible populations of banteng

and gaur, facilitated the need for One Health collaboration and an

integrated approach to manage and control this important disease

at the wildlife-livestock interface. Through the network created

under WildHealthNet, government and conservation stakeholders

in the region were called to action to monitor banteng and gaur

populations for clinical signs of LSDV, inform targeted vaccination

strategies in livestock designed to prevent transmission of LSDV to

vulnerable species of wildlife, and contribute to LSDV control in

domestic cattle.

Case description

Phnom Tnout Phnom Pok wildlife sanctuary in Preah Vihear

province is a 42,000 hectare dry dipterocarp forest that is home to

a variety of endangered wildlife species including banteng, Sunda

pangolins, elongated tortoises, and several primates, such as the

Indochinese silvered langur (8). There are five villages within the

wildlife sanctuary and several in the surrounding area (Figure 1).

Protected areas in Cambodia are not fenced and domestic cattle

are allowed to roam freely within them. It is estimated that 800–

1,000 domestic cattle graze within the wildlife sanctuary and ∼300

share the same area as banteng (personal communication Our

Future Organization April 2023). Joam Praoup, a village within

the wildlife sanctuary located 5.6 km from where the banteng was

found, experienced a lumpy skin disease outbreak in domestic cattle

as early as June 2021.

On September 8, 2021, an adult male banteng was seen by

community rangers in PhnomTnout PhnomPokwildlife sanctuary

(Decimal degrees: 13.4665, 104.6765). The banteng was thin,

lethargic, and had multiple skin nodules on its head and flank

(Figure 2). It also had a snare wound on its right front leg that

appeared to be swollen and infected, causing lameness (Figure 3).

Community rangers stayed with the animal to monitor its health

and protect it from poachers. The banteng became progressively

weaker and immobile, and eventually died on September 10

(Decimal degrees: 13.4672, 104.6771).

Response actions were coordinated through the wildlife health

surveillance network and government officials arranged for a Preah

Vihear district veterinarian to travel to the site to collect samples.

Whole blood and scabs from skin lesions on the head were

collected. Following sample collection, the carcass was incinerated

at the site.

The samples were sent to the Cambodian National Animal

Health and Production Research Institute on September 13, 2021

and the scab samples were tested for LSDV via real-time-PCR

following DNA extraction (Qiagen QIAamp R© DNA Extraction

protocol) (9, 10). Results confirmed that the banteng was positive

for LSDV.

Response

Following the detection of LSDV in the banteng, conservation

organizations, including Wildlife Conservation Society (WCS)

and World Wide Fund for Nature (WWF), met with the

Cambodian General Directorate of Animal Health and Production

(GDAHP) to discuss a plan to prevent LSDV transmission to

banteng and gaur. In order to protect these species from LSDV,

the disease must be controlled in domestic cattle. Widespread

vaccination, movement restrictions, and biosecurity in domestic

cattle are essential for a LSDV control program. Unfortunately,

resources and capacity for disease control in Cambodia are

limited. At the time of the outbreak, GDAHP received 20,000

lumpy skin disease vaccines, however there are over 1.3 million

susceptible cattle in Cambodia (personal communication GDAHP

Sept 2021).

A vaccination campaign was organized in coordination with

GDAHP, provincial animal health departments, WCS, and WWF

to augment the national LSDV vaccination effort. All parties agreed

to conduct a ring vaccination of domestic cattle in and around

the Eastern and Northern Plains Landscapes. 27,000 LumpyvaxTM

vaccine doses (100 doses/vial), needles and syringes were purchased
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FIGURE 1

Map of Phnom Tnout Phnom Pok wildlife sanctuary with banteng case and village locations.

FIGURE 2

LSDV lesions on head and neck.
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FIGURE 3

Necrotic snare wound.

FIGURE 4

Timeline of LSDV detection, monitoring of wild ruminant populations, and vaccination campaign implementation.

in January 2022 by WCS Health program and Keo Seima REDD+

and WWF (Figure 4).

LumpyvaxTM is a homologous live attenuated Neethling strain

vaccine produced by Intervet in South Africa. It was approved

for use in Cambodia by GDAHP based on preliminary efficacy

studies completed internally in Cambodia at the start of the

outbreak in domestic cattle (personal communication GDAHP

April 2023).
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The Eastern Plains Landscape (Srepok, Phnom Prich, and Keo

Seima wildlife sanctuaries) in Mondulkiri province were chosen as

priority protected areas to implement the vaccination campaign

due to their importance for banteng conservation. It was agreed

that all domestic cattle in and within a 20 km radius of the

protected areas would be vaccinated for LSDV. A distance of

20 km surrounding each protected area was chosen as the radius

for the ring vaccination zone according to known vector range

and historical vaccination recommendations (11). All remaining

vaccines would be designated for distribution to the Northern

Plains Landscape (Kulen Promtep, Chhaeb, Preah Roka, and

Phnom Tnout Phnom Pok wildlife sanctuaries) in Preah Vihear

province to vaccinate domestic cattle in select villages in close

proximity to known banteng populations.

The vaccination campaign was implemented in the Eastern

Plains Landscape from July 21-December 28, 2022 and in the

Northern Plains Landscape from August 20-October 12, 2022.

Community awareness and vaccination campaign launch events

were organized by GDAHP, in coordination with WWF and

WCS, in Srepok wildlife sanctuary in the Eastern Plains, and the

Preah Vihear Provincial Animal Health and Production Office

in Chhaeb district in the Northern Plains, at the start of each

vaccination campaign, respectively. These events aimed to raise

awareness among local communities about the LSDV vaccination

campaign and educate village animal health workers on vaccination

procedures. Twenty thousand vaccine doses were distributed to

animal health authorities in the Eastern Plains Landscape and 5,000

were distributed to authorities in the Northern Plains Landscape.

Post vaccination campaign reports confirmed a total of 14,226

domestic cattle and 2,646 water buffalo were vaccinated for LSDV

in the Eastern Plains and 2,676 domestic cattle and 541 water

buffalo were vaccinated in the Northern Plains. The remaining

2,000 vaccine doses will be distributed to both landscapes in May

2023 to complete a second phase of vaccination. GDAHP has

committed to continue vaccination for LSDV for an additional 3

years (personal communication GDAHP April 2023).

Monitoring for clinical signs of LSDV in wildlife was conducted

by forest ranger patrol teams and conservation research teams

in Srepok, Phnom Prich, and Keo Seima wildlife sanctuaries.

A distance-sampling based line transect survey was conducted

in all three Eastern Plains protected areas over the dry season

(Jan-May) of 2022. During this survey, research teams directly

observed banteng on seven occasions (group size ranged from 1 to

5 individuals) in Srepok. In Phnom Prich one gaur was observed

and banteng were observed on seven occasions (group size ranged

from 1 to 6 individuals). No signs of LSDV were seen on any of the

observed wild bovids. In Keo Seima, neither banteng nor gaur were

directly observed.

Camera trapping was conducted in the core zone of Srepok

January-May and July-October 2022, in the core and conservation

zone of Phnom Prich February-May 2022, in Keo Seima March-

August 2022, and Kulen Promtep December 2021-May 2022. In

Keo Seima, banteng were observed on camera trap images on two

separate occasions in March (group of four) and May (group of

six) 2022. No visible signs of LSDV were observed on the images.

Gaur were not observed in Keo Seima. Both banteng and gaur were

observed on camera trap images in Phnom Prich and Sre Pok, and

banteng only were observed in Kulen Promtep, however no visible

signs of LSDV were observed.

Discussion

This is the first case of LSDV reported in a banteng in

Cambodia, adding to the earlier regional cases reported in

Thailand. With widespread transmission of LSDV and prevalence

of free-roaming domestic cattle in and around protected areas, this

case epitomizes the imminent and incessant health-related threats

to conservation at the wildlife-livestock interface.

In rapidly developing biodiversity-rich regions, habitat

destruction, land-use change, and human encroachment into wild

areas create overlapping habitats and novel interfaces with more

frequent interactions between wildlife and domestic animals and

increased opportunities for disease transmission. Wildlife is often

blamed for spillover of diseases to humans (i.e., SARS-CoV) and

domestic animals (i.e., HPAI, Nipah virus), however recognition

of the risks of disease transmission to vulnerable and endangered

populations already ravaged by habitat loss and wildlife trafficking

is often neglected. Spillover of domestic animal diseases to wildlife

represents a serious threat to conservation (12). In Mongolia,

nearly 80% of the critically endangered Mongolian saiga antelope

population were lost due to Peste des Petits Ruminants (PPR)

virus, spread from sheep and goats (13). In Southeast Asia, 11

endemic wild pig species, including the Sumatran bearded pig

(Sus barbatus), are threatened by the widespread and catastrophic

African swine fever virus epidemic in domestic swine (14, 15).

In addition to primary hosts, the loss of critical keystone species

due to disease transmission could have amplifying long-term

consequences on the ecosystem, such as causing diminished food

sources for endangered predators.

This case also highlights another formidable threat to

endangered wildlife, the snaring crisis. Although the banteng

developed lumpy skin disease, its snaring injury likely contributed

to its inability to fight off the infection and eventual death.

Wild cattle populations were severely depleted due to decades

of hunting pressure historically, and currently wild bovids are

severely threatened by the snaring epidemic in Southeast Asia. It

is estimated that there are over 12 million snares in the protected

areas of Cambodia, Laos, and Vietnam (16). Large wild bovids,

including banteng and gaur, are often targeted for snaring due to

the increased demand for wildlife meat, driven by wealthier classes

in urban areas (17). Snaring is an enticing option for rural villagers

to support their livelihoods, as snares are made from inexpensive

readily available materials, such as cord and wire, and numerous

snares can be deployed in a single outing (18). Often snares

are not checked by the hunter who set them, leaving whatever

indiscriminate species to perish due to starvation or infection from

the wound (16). Despite snaring being illegal in Cambodia under

the 2002 Forestry Law and 2008 Protected Areas Law, over the

last decade there has been a rapid intensification of poaching, with

detection rates of lethal traps by rangers increasing over 100-fold

(19). Limited governance, lack of resources for law enforcement,

and corruption enable the snaring crisis to persist and threaten

wildlife populations.
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The survival of a species is also considered at risk when

confined to small, fragmented, isolated populations. Only one

decade ago, the Eastern Plains in Cambodia held the largest

population of banteng globally, with an estimate population size

of 4,600 per IUCN with total global population estimated to be

4,000–8,000 (5, 20). The banteng population in two key protected

areas within the Eastern Plains Landscape, Srepok and Phnom

Prich wildlife sanctuaries, declined by a dramatic 72% in the

decade between 2010 and 2020 based on a robust long-term

distance-sampling based monitoring (19). By 2022, the estimated

banteng population had further dropped by 89% compared to

the baseline year (Groenenberg et al. unpublished data). In the

adjacent Keo Seima wildlife sanctuary, line transect failed to detect

any banteng in recent years despite extensive survey effort (21–

23). Banteng in Phnom Tnout Phnom Pok wildlife sanctuary

are estimated to be 46–119 individuals based on camera trap

data, which makes it a small but globally significant population

as there are only 6–8 subpopulations with over 50 animals

(excluding Phnom Tnout Phnom Pok wildlife sanctuary) (8).

Gaur are globally vulnerable and estimated to be 15,000–35,000

individuals worldwide (6). Cambodia harbors one of the most

significant populations in the world, however surveys are currently

too infrequent to estimate the population size. Evidence from

other systems suggest that this case of LSDV in a banteng in

Cambodia represents an additional threat to the conservation of

wild ruminants in this region. We have seen that outbreaks of

infectious disease can cause significant direct mortality when a

pathogen enters an immunologically naive population of wildlife

(13) and the presence of a pathogen circulating in a fragmented

population of an endangered species can further increase extinction

risk (24).

Mitigation measures to reduce disease transmission at

the wildlife-livestock interface typically include biosecurity

and movement control, however, these measures have limited

application in wildlife populations. Vaccination of livestock in

critical ecosystems is a potential intervention to prevent spillover

of pathogens to susceptible wildlife, however, assessments of these

types of interventions in peer-reviewed literature are limited.

Recognition of the occurrence and impact of PPR in wildlife

species, such as the critically endangered Saiga antelope (Saiga

tatarica mongolica) in Mongolia, has recently been integrated

into the FAO/WOAH PPR Global Eradication Programme with

targeted PPR vaccination of domestic sheep and goats highlighted

as critical to reducing pathogen transmission across the entire

host community, including wildlife populations (25, 26). In

Africa, there are disease prevention guidelines recommending

immunization of protected area authorities, tourists, and

other humans working in close proximity of great apes for

childhood vaccines, including measles and polio, to prevent

transmission of human pathogens to endangered apes (27). Direct

vaccination of critically endangered wildlife is generally a last

resort option. However, a canine distemper virus (CDV) vaccine

was administered to foxes in Santa Catalina Island in California

to successfully reestablish their population following a CDV

outbreak thought to be spread by domestic dogs (28) and has been

identified as a means of mitigating CDV risk to tiger populations

in Asia (29).

The LSDV vaccination campaign of domestic cattle in and

around protected areas in Cambodia was ultimately a successful

initiative. Although we cannot conclude that the lack of detection of

LSDV in banteng and gaur following the vaccination campaign was

due to our efforts, it exemplified fruitful cross-sector collaboration

to envision, draft, and implement a real-time animal emergency

response and action plan. In addition, it increased awareness

about LSDV and other infectious disease threats at the wildlife-

livestock-human interface during the COVID-19 pandemic, and

the downstream effects human behavior has on vulnerable wildlife

populations in critical ecosystems. Perhaps most importantly, local

livestock farmers and villagers were appreciative of our efforts

to help protect their animals from LSDV. This opportunity for

community outreach and engagement encouraged improvement

of domestic animal health and fostered a relationship for future

disease recognition and reporting.

Despite the campaign’s successes, there were several limitations.

While no additional cases of LSDV were detected in wild

ruminants, cases could have gone undetected by line transect,

camera traps, or in areas where monitoring does not occur.

Although ring vaccination was attempted, undoubtably some cattle

within the protected areas were missed, leaving opportunity for

vectors to spread the virus. Of the 25,000 LSDV vaccine doses

distributed, doses were inevitably lost due to vaccination handling

challenges and storage logistics. Resources were limited and there

were not enough vaccines for comprehensive ring vaccination to

be completely effective in preventing transmission. Vaccination of

domestic cattle alone is not enough to protect endangered banteng

and gaur from the risk of extinction, however it is an important

component of a holistic approach to address wildlife health and

conservation issues.

Pathogen transmission at the wildlife-livestock interface is a

complex, intricate, and frequently evolving challenge requiring

intervention to prevent transboundary animal diseases from

expanding their geographic range and spilling over to additional

susceptible species. Spillover of livestock diseases to naïve

fragmented vulnerable wildlife can have devastating consequences

for endangered wildlife populations, biodiversity, and cascading

effects on the ecosystem. Protecting these species from extinction

requires a One Health approach and innovative integrated

solutions. Vaccination is only a fraction of the solution and will

not be effective without long-term commitment to conservation

from government, decreased demand for wildlife meat, habitat

protection, stronger law enforcement, and recognition of the role

of wildlife in socioecological systems and transboundary disease

response plans. The success of this multidisciplinary cross-sectional

approach to detect LSDV in a banteng, activate surveillance for

LSDV in critical wildlife populations, and implement a LSDV

vaccination campaign in domestic cattle epitomizes the possibilities

for unified One Health collaboration to protect endangered species

from disease and other anthropogenic health threats.
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African swine fever (ASF) is a lethal infectious disease that a�ects domestic and
wild pigs. This complex virus has already a�ected five continents and more
than 70 countries and is considered to be the main threat to the global swine
industry. The disease can potentially be transmitted directly through contact with
infectious animals, or indirectly by means of contaminated feed or environments.
Nevertheless, the knowledge regarding the transmission patterns of di�erent ASF
virus isolates at the wildlife-livestock interface is still limited. We have, therefore,
assessed the potential transmission of an attenuated ASF virus isolate between
infectious wild boar and directly exposed domestic pig. We registered 3,369
interspecific interactions between animals, which were brief and mostly initiated
by wild boar. The major patterns observed during the study were head-to-
head contact owing to sni�ng, thus suggesting a high probability of pathogen
transmission. However, only one of the five domestic pigs had a short period
of viremia and became serologically positive for ASF virus antibodies. It was
additionally discovered that the wild boar did not transmit the virulent virus
isolate to the domestic pigs, which suggests that the presence of attenuated ASF
virus isolates in a�ected areas may control the spreading of other more virulent
isolates. These outcomes may help make decisions related to large-scale targeted
management actions against ASF in field conditions.

KEYWORDS

African swine fever, transmission, wild boar, domestic pig, interspecific, interactions,

attenuated isolate, virulent isolate

1. Introduction

African swine fever (ASF) is a devasting hemorrhagic viral disease that affects the Suidae

family and is harmful to domestic and wild pigs of all ages and sexes (1). The disease is

caused by the African swine fever virus (ASFV), which is a large, enveloped DNA virus, and

belongs to the family Asfaviridae. ASFV infection may appear in susceptible populations

in a wide variety of clinical forms, from subclinical to severe hemorrhagic disease with a

high lethality often from 90 to 100% (2). In Europe, the control of the disease is based on

its rapid diagnosis and the implementation of strict sanitary measures since commercial

vaccines and effective therapies are not available. The appearance of new ASF outbreaks

in ASF-free countries leads to export restrictions on live animals and their products, thus

triggering, huge economic losses.
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ASFV, which belongs to the genotype II, reappeared in Georgia

in 2007. It subsequently affected Transcaucasian countries and

quickly spread to the Russian Federation, reaching European

Union countries in 2014. In Europe, ASF is currently present in

Lithuania, Poland, Latvia, Estonia, Moldova, Bulgaria, Hungary,

Romania, Slovakia, Serbia, Greece, Germany, North Macedonia,

Italy, and recently, Ukraine, Bosnia and Herzegovina and Croatia.

Effective outbreakmanagement in the Czech Republic and Belgium

followed, resulting in these countries being declared ASF-free in

2019 and 2020, respectively (3). Nevertheless, after an absence of

more than 3 years, ASF has re-emerged in the Czech Republic,

where the carcasses of infected wild boar have been found (4).

In August 2018, the ASF crisis expanded throughout Asia, where

the first outbreak of ASF was reported in the world’s largest pig

producing country, China (5). The virus has since spread rapidly

and has, to date, affected neighboring countries such as Mongolia,

Vietnam, Cambodia, Hong Kong, the Democratic People’s Republic

of Korea, Laos, Myanmar, Philippines, the Republic of Korea,

Timor-Leste, Indonesia, India, Malaysia, Thailand and Papua New

Guinea in Oceania (4). The most recent update from the World

Organization for Animal Health (WOAH) confirmed new cases of

ASF in the Western hemisphere for the first time in ∼40 years.

The ASF-positive pig samples were confirmed in the Dominican

Republic and Haiti as a part of a cooperative surveillance program

between the United States and the Dominican Republic (4).

The epidemiology of ASF is complex and varies according to the

environment, types of production system, the presence or absence

of wild pigs, competent tick vectors, and human behavior (1). The

circulation of the virus in the natural ecosystem has, in the last

decade, developed into a self-sustained epidemiological cycle with

the implication of the wild suids (6). The involvement of wild

boar (Sus scrofa) population in ASFV maintenance, spread, and

transmission is of particular concern on the European and Asian

continents owing to its extensive presence in these territories (5, 7).

All efforts directed toward ASF control should, therefore, consider

the important role played by wild boar in pathogen transmission.

The clinical course of the ASFV infection depends on multiple

variables, such as, the virulence of the virus and the individual

immunological characteristics of the host (8–12). The principal

routes of ASFV transmission are related to blood, excretions,

secretions, or the carcasses of infected wild boar (13). It has been

demonstrated that direct contact is an effective ASFV transmission

route between infected and susceptible suids (9, 14, 15). With

regard to the virulence of the virus, wild boar infected with virulent

ASFV isolates developed serious clinical signs similar to those

observed in domestic pigs, and died within seven to nine days

(9, 16, 17). Furthermore, other less virulent ASFV isolates, such as

Lv17/WB/Rie1 (genotype II) or NH/P68 (genotype I), have been

shown to produce mild to absent clinical signs with transitory

fever, and obtained good results as regards protective immunity

against virulent isolates (18–21). These attenuated isolates are

currently being evaluated in the UE-funded research project H2020

VACDIVA (Grant Agreement n◦ 862874) which focuses on the

development and assessment of vaccine candidates as a safe and

effective tool for wild boar and domestic pig populations. However,

the use of live attenuated vaccines (LAVs) based on naturally

attenuated virus isolates may, overall, entail a series of concerns

related to the shedding of the vaccine virus, reversion to virulence,

or the generation of new variants with wild-type viruses (22).

These safety concerns of LAVs should be reduced to a minimum,

and it is for this reason, that deletion mutants based on naturally

attenuated virus isolates are currently the most promising options

with which to control the spread of ASFV and reduce the risk

of the devasting consequences of this disease for swine producers

worldwide (23–25).

The issue with LAVs is their ability to occasionally transmit

the attenuated virus to susceptible animals. The potential shedding

of attenuated virus isolates such as Lv17/WB/Rie1 has already

been investigated in domestic pigs (26) and wild boar (27). The

results described in these studies suggest that the risk of oral

shedding, which is the natural route of infection, ismuch lower with

attenuated viruses than with highly virulent or moderate virulence

isolates (15, 26). However, animals infected with attenuated isolates

have demonstrated the capacity to transmit the virus to sentinel

animals (19, 21). For instance, the attenuated virus Lv17/WB/Rie1

was transmitted to sentinel wild boar within 2 weeks (21), while

NH/P68 was transmitted to sentinel pigs within 3 or 4 weeks after

the initial exposure (19). In both cases, animals previously infected

with these LAVs did not transmit the virulent challenge virus to

sentinel animals. This demonstrated that susceptible animals were

successfully protected by direct contact, which could have beneficial

effects for control strategies (13, 28).

In the present study, we investigated the transmission rate of

the attenuated ASFV isolate Lv17/WB/Rie1 between wild boar and

domestic pigs. A group of sentinel domestic pigs was, therefore,

exposed through direct contact with wild boar infected with the

attenuated ASFV isolate. All details of the interspecific interactions

between the two subspecies and their clinical consequences are

described herein.

2. Material and methods

2.1. Animals

The experiment was carried out using four 4–5-month-old

female and one male wild boar weighing 20–25 kg, and five

castrated 2-month-old Large White breed male pigs, weighing

15–20 kg. The wild boar were obtained from a commercial

farm in Sevilla, Spain, while the domestic pigs were from an

authorized breeding farm in Segovia, Spain. The experiment was

performed in biosafety level 3 (BSL-3) facilities at the VISAVET

Health Surveillance Centre at the University Complutense of

Madrid, Spain. Animal care, management and sampling procedures

were conducted according to national and European regulations

and the experimental protocol was previously approved by the

Ethics Committee of the Complutense University of Madrid

and the Community of Madrid (reference PROEX 159/19). The

protocol included a detailed description of efforts to prevent

and avoid the animals’ unnecessary suffering, including humane

endpoints and guidelines regarding euthanasia, following the

EC Directive 2010/63/UE. All procedures were designed and

performed by specially trained personnel and veterinarians (animal

experimentation categories B, C, and D) following the Directive
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TABLE 1 The allocation period of each wild boar with susceptible

domestic pigs during the study (days post-infection).

Wild boar ID Days post-infection (dpi)

WB 1 12–40

WB 2 40–74

WB 3 0–40

WB 4 40–74

WB 5 0–12

2003/65/EC and Spanish laws RD53/2013. Guidelines for ARRIVE

2.0 for the care and use of laboratory animals were also followed.

Upon arrival, the animals were individually ear-tagged and

acclimated for one week before the experiment began. Access to

food and water was provided ad libitum throughout the study.

These animals were not vaccinated against any pathogen and

tested negative for ASFV and the main porcine pathogens in the

region:Mycoplasma hyopneunoniae, Mycobacterium bovis, porcine

reproductive and respiratory syndrome (PRRS) virus, porcine

circovirus type 2.

2.2. ASFV isolates

The wild boar were infected using the attenuated non-

hemoadsorbing p72 genotype II ASFV Lv17/WB/Rie1 isolate. This

isolate has previously been tested on domestic pigs and wild

boar, showing promising results in terms of effectiveness against

the challenge with a highly virulent ASFV isolate, Armenia 2007

(20, 21, 29). The virus was grown for 7 days in porcine blood

monocytes (PBM) and was collected as described previously by

Barasona et al. (21). Viral titer was defined as the amount of virus

causing cytopathic effects in 50% of infected cultures (TCID50/mL),

estimated by employing immunoperoxidase staining (19).

The challenge virus employed was the virulent and

hemadsorbing p72 genotype II ASFV Armenia 2007 (Arm07)

isolate. The virus was propagated in PBM as previously described

by Gallardo et al. (19), and the viral titer was defined as the

amount of virus causing hemadsorption in 50% of infected

cultures (HAD50/mL).

Both isolates were provided by the European Union Reference

Laboratory (EURL) for ASF (CISA-INIA, Valdeolmos, Spain).

2.3. Wild boar infection

After the acclimatization period, the five wild boar were

orally infected with a 104 TCID50 dose of the attenuated ASFV

Lv17/WB/Rie1 isolate. This infection dose demonstrated to be

effective in previous studies where wild boar were orally inoculated

(21, 29). Eighteen days after prime inoculation, these wild boar

received a second dose of the ASFV Lv17/WB/Rie1 isolate with

the same dose and route of administration. The five susceptible

domestic pigs were housed jointly and exposed to direct contact

with the infected wild boar in order to evaluate the transmission

of the attenuated isolate. It was not possible to allocate more than

two wild boar with all the susceptible pigs at the same time owing

to space limitations in the pen. The order of the contact of the wild

boar was determined randomly (Table 1).

After the infection period of 42 days, all the wild boar were

intramuscularly inoculated with 10 HAD50 of the virulent ASFV

isolate, Arm07. The infection period, which could be understood

as the period between the prime inoculation and the challenge was

expressed in days post-infection (dpi) for the wild boar and days

post-exposure (dpe) for the domestic pigs. The infected wild boar

and susceptible domestic pigs were maintained together for 32 days

post-challenge (dpc), a total of 74 days.

2.4. Interspecific interactions between wild
boar and domestic pigs

The interactions between the infected wild boar and the

susceptible pigs sharing the same pen were monitored by

means of a video surveillance system (Hikvision iVMS-4200,

Hikvision R©, Hangzhou, China) throughout the study. Direct

contact occurred through a metal livestock fence that separated

the two compartments of the pen in order to prevent fights

between these subspecies (Figure 1). During the experimental

period, all details of interspecific interactions was specified using

video surveillance. We registered the animals that participated in

each interaction (subspecies and identification number), the type of

interaction, and its duration. The type of interaction was considered

at five levels: 1-simple approaches (<30 cm), 2-sniffing, 3-skin

contact, 4-mucocutaneous contact, and 5-grooming or bites. The

degrees of interaction levels 3, 4, and 5 (skin and mucocutaneous

contact, grooming or bites) were considered high-risk contacts. The

time of interaction was expressed in four time ranges: <30 s, 30 s

- 1min, 1min - 5min, more than 5min. We also registered the

number of animals involved in contact and which animal initiated

the contact.

2.5. Clinical monitoring

The animals were observed daily throughout the trial in order

to monitor their health status, by means of a video surveillance

system and direct inspections carried out by veterinarians. Clinical

signs, including rectal temperature, were expressed individually in

terms of a quantitative clinical score (CS) specific to ASFV infection

in domestic pigs (19, 30) and in wild boar (31). Fever was defined

as a rectal temperature ≥40◦C.

This CS considers nine parameters, which are rectal

temperature, behavior, body condition, skin alterations,

ocular/nasal discharge, swelling of joints, respiratory symptoms,

digestive symptoms, and neurological symptoms. All clinical

observations were recorded on a daily basis, with the exception of

temperature, which was taken during the sampling (once a week

during the infection period and twice a week during the challenge

period), in order to minimize animal handling and stress.

Clinical evaluations were also monitored so as to ensure the

animals’ welfare. The humane endpoint was pre-defined as animals
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FIGURE 1

Schematic illustration and photo of the pen taken by a camera from the video surveillance system. Susceptible domestic pigs (transparent circle; n =

5) coming into contact with the infected wild boar (black circle; n = 2) through a metal livestock fence that separates the compartments of the pen.

with a CS > 18, and animals with severe clinical signs (level 4)

of fever, behavior, body condition, respiratory and digestive signs

for more than two consecutive days were also included, following

the standards described by Cadenas-Fernández et al. (31). Any

animals undergoing unacceptable suffering without reaching the

pre-defined humane endpoint were also euthanized on the basis of

veterinarian criteria.

2.6. Sample collection, ASFV DNA, and
antibody detection

Paired EDTA blood and sera were obtained from all the animals

once a week during the infection period and twice a week during the

challenge period.

Additionally, oral fluid and feces were collected from the wild

boar in order to detect ASFV DNA. This was done by employing

quantitative PCR (qPCR). Feces were collected using cotton swabs

(Deltalab, Barcelona, Spain) and oral fluid was obtained using

sponge swabs (ZIZNBA, Guangdong, China).

Viral DNA was extracted from each sample using

the High Pure Template Preparation Mix Kit (Roche

Diagnostics GmbH, Mannheim, Germany) according to the

manufacturer’s instructions. The detection of ASFV DNA

from different types of samples (blood, oral fluid, feces)

was performed using the Universal Probe Library (UPL)

real-time quantitative PCR (qPCR) previously described by

Fernández-Pinero et al. (32). A positive result for the qPCR

was determined by identifying the threshold cycle value

(cycle of quantification: Cq) at which a reporter dye emission

appeared above the background within 40 cycles. Negative

control samples were collected on day 0, which was the day of

prime inoculation.

The sera samples were tested in order to detect antibodies.

This was done using a commercial ELISA test (Ingenasa-Ingezim

PPA Compac K3; Ingenasa, Madrid, Spain) and an indirect

immunoperoxidase test (IPT).

At the end of the observation period (74 dpi/dpe),

any surviving animals were anesthetized by means of an

intramuscular injection of a combination of tiletamine-

zolazepam (Zoletil
R©

100 mg/ml, Virbac, France) and

medetomidine (Medetor
R©
, Virbac, France) (33), and were

then euthanized by employing intravenous injection of T61
R©

(Intervet, Spain).

2.7. Statistical analysis

The records obtained from the video-surveillance monitoring

of the trial, the sanitary results of the clinical inspections and

laboratory analyses were unified in a dataset for a preliminary

exploration. Overall, descriptive statistics were used for the

evaluation of the interspecific interaction parameters and

comparison to pathogen transmission findings. The relationships

between the different categorical variables were assessed by

using the Chi-square test (χ2) with a significance level

of 95%. Continuous variables quantifying the number of

contacts per species and individuals were assessed using the

Kolmogorov-Smirnov test (KSt) to confirm the absence or

presence of statistical normality. The Student’s t-test and

the Mann–Whitney U-test were used to detect differences

between continuous variables according to KSt screening. The

statistical evaluation of continuous variables concerning the

occurrence of contacts and the degree of interaction was carried

out using the Spearman rank correlation test. The statistical
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FIGURE 2

Results of interspecific interactions between infected wild boar and susceptible pigs. (A) The type of interaction was evaluated on a five degree scale:
1-simple approaches (<30cm), 2-sni�ng, 3-skin contact, 4-mucocutaneous contact, and 5-grooming or bites, and the results were expressed in a
total number of interactions. (B) The time of interaction was expressed in four time ranges and the results were expressed as the total number of
interactions. (C) Daily activity profile of susceptible pigs and infected wild boar, expressed as the total number of interactions by an hour of the day.

analysis was caried out using SPSS Statistics Version 25 (IBM

Corporation, USA).

3. Results

3.1. Interspecific interactions between wild
boar and domestic pigs

Overall, we registered 3,369 interspecific interactions between

the infected wild boar and the susceptible pigs. The major pattern

observed during the study period was head-to-head contact and

sniffing (38% of total interactions). We registered 39% of high-

risk transmission contacts (degrees 3, 4, and 5) (Figure 2A).

Interestingly, 60% of these high-risk contacts were initiated by

the wild boar. With regard to the duration of interaction, the

percentage of the appearance of contact was inversely proportional

to the duration of contact (Spearman’s correlation test R = −95%;

p < 0.001). In this respect, short periods of contact of <30 s

predominated in most of the observations (59%). Only 2% of the

interactions lasted 5min or more, and were registered frequently

when the animals fell asleep on either side of the metal fence

(Figure 2B).

The daily activity register showed increased activity between

11:30 and 18:30 h with two peaks of interactions at 12 and

17 h (Figure 2C). This pattern was maintained as regards the

interactions initiated by the wild boar and those initiated by

the domestic pigs. The days with the highest daily activity were

registered after the introduction of new wild boar into the pen,

with an average number of registered interactions of 158 ± 45 in

comparison to 64± 24 registered on a usual day.

With regard to which species favored the initiation of the

interaction, 52% of the observations were initiated by the wild

boar and 31% by the pigs. For the remaining percentage, it was

not possible to identify which species initiated the interaction. In

this respect, it was possible to observe a statistical difference with

a major tendency for the wild boar to initiate interactions when

compared to the domestic pigs (Student’s t-test; t= 8.88; p< 0,001).

Furthermore, almost half of the observations (49%) showed that

the domestic pigs interacted in-group, while this was the case of

the wild boar in only 16% of the total observations (Chi-square

test; β = 860.6; p = 0.001). There are significant differences in

the contact rate observed at the individual level. Wild boar WB

1 participated significantly more in interspecific contacts when

compared with the other individuals (β = 19.9; p < 0.001). Pig P1

had significantly more interactions (both individual and in-group)

then pigs P2 (β = 5.41; p = 0.02) and P4 (β = 6.32; p = 0.01).

In addition, marginally significant differences were observed in the

comparison between pig P1 and the other individuals (β = 3.68;

p= 0.05).
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FIGURE 3

Mean of the DNA African swine fever virus (ASFV) load excreted by oral fluid (blue) and feces (green) of wild boar infected with Lv17/WB/Rie1 ASFV
isolate. The viral load was expressed in cycles of quantification values (Cq) obtained by employing real-time PCR. The period between the prime
inoculation and the challenge was expressed in days post-infection (dpi) for wild boar and days post-exposure (dpe) for domestic pigs, while the
period after the challenge was expressed in days post-challenge (dpc).

FIGURE 4

Clinical score (CS; dashed line) and viremia (continuous line) were determined by means of real-time PCR and expressed in cycles of quantification
(Cq) for infected wild boar (WB 1-WB 5) and susceptible pig (P 3) exposed by direct contact. Four of the five susceptible pigs (P1, P2, P4, P5) did not
have clinical signs or viremia. The period between the prime inoculation and the challenge was expressed in days post-infection (dpi) for wild boar
and days post-exposure (dpe) for domestic pigs, while the period after the challenge was expressed in days post-challenge (dpc).
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FIGURE 5

Titers of antibodies against African swine fever virus in wild boar infected with Lv17/WB/Rie1isolate (WB1, WB2, WB3, WB4, WB5) and domestic pigs
exposed through contact with the infected animals (P1, P2, P3, P4, P5). A positive antibody response was not observed in two of the five wild boar
infected. Titers were determined using the indirect immunoperoxidase test. The period between the prime inoculation and the challenge was
expressed in days post-infection (dpi) for wild boar and days post-exposure (dpe) for domestic pigs, while the period after the challenge was
expressed in days post-challenge (dpc).

3.2. Clinical and laboratory analysis

After coming into contact with the attenuated isolate, three

of the five wild boar (60%) were successfully infected and had a

positive antibody response, confirmed by ELISA and IPT, starting

at 12 dpi. During the infection period, the wild boar had two clear

peaks of viremia at 12 dpi (Cq = 33.66 ± 7.97) and 25 dpi (Cq

= 37.13 ± 2.86), following prime and boost infection (Figure 4).

In this period, three of the five wild boar had slight fever (40.00 ±

0.28◦C) and occasionally lethargy, accompanied by viremia (Cq =

37.75 ± 4.23). Viral DNA was detected intermittently in wild boar

excretions with a low viral load in oral fluid (Cq = 36.98 ± 3.89)

and feces (Cq= 39.34± 1.22) (Figure 3).

One of the infected wild boar (WB 5), which appeared to be

clinically healthy, but proved to be viremic (Cq = 27.11), did

not recover after a handling procedure and anesthesia and was

euthanized at 12 dpi. At the moment of death, this wild boar had

significant viremia (Cq = 15.45; Figure 4), fever (40.9◦C), and a

low titer of ASFV-specific antibodies, which was detected using

IPT (Figure 5). This animal was replaced with another in order to

always maintain two wild boar in contact with the susceptible pigs.

At 14 dpe, two of the five susceptible pigs underwent a slight

increase in body temperature (40.2◦C) and suffered from slight

depression. Viral DNA was detected in the blood (Cq = 37.38) of

one of them (P3), which was maintained only in the next sampling.

This pig also had a positive antibody response based on ELISA and

IPT, reaching a high titer of antibodies, similar to those obtained for

the infected wild boar (Figure 5).

Two of the infected and successfully protected wild boar,

which were allocated with susceptible domestic pigs, survived

the challenge carried out with the virulent ASFV isolate, Arm07.

We did not detect fever or any other clinical signs that could

be compatible with ASFV infection, and no ASFV DNA was

detected in their blood. All of the susceptible pigs survived the

challenge period and did not have any clinical signs of infection

or fever, and no ASFV DNA was detected in their blood. One of

the five susceptible pigs (P3) remained positive for the detection

of specific antibodies against ASFV after the challenge period.

4. Discussion

Understanding the transmission mechanisms and sources of

infection of ASFV has become a research priority in the current

Eurasian context, in which wild boar play a key role in the

epidemiology of the infection (7). In addition to this, with regard

to the urgent need to develop and evaluate of multiple attenuated

vaccine candidates in an attempt to prevent the advance of this

infection (24), exploring the transmission capacity of these isolates

is an important advance as regards deciphering gaps in research.

This is, to the best of our knowledge, the first study to assess
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the potential transmission of an attenuated ASFV between wild

boar and domestic pigs under experimental conditions. We have

specifically, evaluated the spread of the ASFV Lv17/WB/Rie1

isolate in susceptible domestic pigs exposed by contact through

a simple partition, simulating a livestock fence, with infected

wild boar. Overall, we have determined high contact rates among

the groups studied, suggesting a high probability of pathogen

transmission. However, two of the susceptible pigs showed signs of

infection, and only one had a short period of viremia and became

serologically positive for ASFV antibodies. The results confirmed

that the transmission capacity of this attenuated ASFV isolate is

relatively lower than that of other genotype II isolates previously

studied (14).

In this work, we have focused on carrying out a detailed

assessment of direct interactions between wild boar and domestic

pigs in order to understand potential cross-species pathogen

transmission. Extensivemonitoring, withmore than 890 h of video-

surveillance, has been performed to obtain detailed interactions

between animals. This monitoring effort made it possible not

only to discover interactions at a quantitative level but also to

provide additional qualitative information related to the intensity,

type and duration of these interactions. In general, most of the

contacts were brief, with periods of <30 s, during which there was

no aggressive behavior but rather curiosity. This result supports

other studies carried out in the field, in which mostly indirect

interactions between these subspecies were observed, and when

direct interactions existed, they were for short periods (34, 35).

Despite the brevity of these interactions, the relative risk of

transmission could be high owing to a high proportion of oral

and nasal mucosal contacts. In the case of highly or moderately

virulent isolates of ASFV, this would be sufficient to achieve

effective transmission (9, 16). However, in the case of the attenuated

isolate studied, this has been observed to a lesser extent. We have

also registered a low number of longer interactions (> 5min),

but these contacts corresponded to the occasions on which the

animals were resting on either side of the metal fence, which

was likely owing to space constraints inherent to an experiment

in controlled laboratory conditions. Interestingly, the wild boar

initiated contact through the fence more frequently than the pigs,

despite the lower proportion of wild boar kept simultaneously in

the pen throughout the experiment for animal welfare reasons.

In this respect, the wild boar were more predisposed to a single

contact as an individual, while the pigs tended to make contact

in a group. This could be explained by the natural social behavior

of pigs, based on the imitation of certain patterns observed in

other individuals (36). The daily pattern of interaction by hours

determined a higher risk between 11:30h and 18:30h, which is

consistent with field studies in temperate environments in seasons

with low thermal fluctuation, such as spring and autumn in

Mediterranean scenarios (37, 38).

These results should be considered with caution, because

they may be highly influenced by the experimental conditions

of our study, which could differ from real scenarios. In the

natural environment, interspecific interactions can be monitored

through the use of tracking technologies such as GPS-collars,

proximity loggers, or photo-trapping. As mentioned previously,

these field studies indicate that direct interactions between

livestock and wildlife occur rarely, and animals most often

interact indirectly during the common use of water sources and

supplementary feeding points (37–40). Although the data regarding

contacts obtained in this study may have been altered by the

experimental design, and there may be many factors affecting

these interaction patterns, our results suggest that this may be

a first approach with which to predict pathogen transmission

between wild boar and domestic swine, and its applicability to

reduce the consequences of these interspecific interactions. These

results should be verified and extended in further field studies

under controlled conditions and with a larger number of groups

and animals.

With regard to the individual differences observed, the male

wild boar (WB 1) had a higher number of interactions when

compared to the females, which is mainly explained by a higher

activity described in behavioral studies for this gender, along

with sexual interest as a sign of early puberty. Furthermore,

one of the susceptible domestic pigs (P1) showed a significantly

higher number of interactions than the other pigs. However,

this increase in interactions was not sufficient to cause infection

with the attenuated ASFV isolate, despite increased exposure to

infected wild boar. The results obtained in this study suggest a

very sporadic transmission of the ASFV Lv17/WB/Rie1 isolate,

which means that a higher transmission risk pathway would be

needed to initiate transmission with this isolate from the wild

boar to the domestic pig than would be observed with simple

oro-nasal contact. This observation confirms that this attenuated

isolate has the potential to be disseminated. However, the shedding

pattern is limited, as also confirmed by previous studies (21,

26, 27). In this respect, the transfer/consumption of blood from

an infected animal to a susceptible animal may be the cause of

transmission, as previously suggested in the case of isolates of

moderate to low virulence (26, 41). We can not rule out that

blood consumption (e.g., through a bite from a viremic wild boar)

occurred only in the case of the one pig (P3) that became infected

with this attenuated isolate. This single infected pig, together

with the other boars, was not able to spread the disease to the

rest of the sentinel pigs beyond day 14 dpe, thus suggesting a

null capacity to maintain carriers with transmission capacity. This

outcome coincides with those of two long-term studies, which

determined that animals infected with moderately virulent ASFV

did not transmit the virus to commingled sentinel pigs after clinical

recovery from ASF (42, 43).

Another important result of this study is the fact that the

wild boar were successfully protected with the administration

of the Lv17/WB/Rie1 isolate, did not transmit the virulent

virus isolate to the susceptible pigs for 32 days, and survived

the challenge with the virulent ASFV isolate, Arm07, without

ASF-compatible pathognomonic signs or associated viremia.

This observation could indicate that the infection of wild

boar or the presence of attenuated ASFV isolates in ASF-

affected areas reduces the spreading of the virulent isolates and

ASFV introduction into the domestic pig value chain. This

identifies a need for future research into the evolution/stability

of these low virulence ASFV isolates, molecular epidemiology,

and immunology in sympatric populations of endemic areas.

Knowledge concerning the role of gene deletion mutants
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in ASFV transmission among both wild and domestic

compartments is also lacking and further investigation is,

therefore, required.
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Introduction: The 2022–2023 highly pathogenic avian influenza (HPAI) H5N1 
outbreak in the United States (U.S.) is the largest and most costly animal health 
event in U.S. history. Approximately 70% of commercial farms affected during this 
outbreak have been turkey farms.

Methods: We conducted a case-control study to identify potential risk factors for 
introduction of HPAI virus onto commercial meat turkey operations. Data were 
collected from 66 case farms and 59 control farms in 12 states. Univariate and 
multivariable analyses were conducted to compare management and biosecurity 
factors on case and control farms.

Results: Factors associated with increased risk of infection included being in an 
existing control zone, having both brooders and growers, having toms, seeing 
wild waterfowl or shorebirds in the closest field, and using rendering for dead 
bird disposal. Protective factors included having a restroom facility, including 
portable, available to crews that visit the farm and workers having access and 
using a shower at least some of the time when entering a specified barn.

Discussion: Study results provide a better understanding of risk factors for HPAI 
infection and can be used to inform prevention and control measures for HPAI 
on U.S. turkey farms.

KEYWORDS

avian influenza, biosecurity, case control, H5N1, highly pathogenic avian influenza, risk 
factors, turkey

1 Introduction

Avian influenza viruses (AIV) are distributed worldwide (1, 2). Wild waterfowl are primary 
natural reservoirs and have an important role in the maintenance and dispersal of AIVs, 
including H5 and H7 subtypes, that have the potential to result in outbreaks in domestic poultry 
(3–5). Spillover of AIVs from wild birds to poultry may occur through direct (i.e., direct 
exposure to birds infected with AIV) or indirect (e.g., exposure to contaminated soil, water, 
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fomites, aerosols, or droplets) routes of transmission (6, 7). Outbreaks 
of AIVs in domestic poultry can result in high morbidity and mortality 
among poultry and serious economic impacts due to the loss of birds 
from death or depopulation, outbreak response costs, and trade 
restrictions (8).

On 20 December 2021, HPAI H5N1 was detected in a mixed 
species flock on an exhibition farm in Newfoundland, Canada, 
following a period of rapid, increased mortality in the flock, and 
retrospective testing identified virus in a wild black-backed gull from 
a nearby pond that had died in November 2021 (9). Phylogenetic 
analysis indicated that these A/Goose/Guangdong/1/1996 lineage 
(GsGD) viruses belonged to HPAI clade 2.3.4.4b and were likely 
spread to Newfoundland from Europe by migratory birds (9). In late 
December 2020 and January 2021, GsGD lineage clade 2.3.4.4b H5N1 
HPAI was detected in several wild bird species sampled in the Atlantic 
Flyway in North Carolina and South Carolina as part of the routine 
AIV surveillance program (10). The first U.S. commercial poultry 
flock was detected in Indiana in February of 2022, and detections of 
Eurasian H5 2.3.4.4b GsGD viruses have subsequently occurred in 
commercial and backyard poultry flocks, wild birds, and wild 
mammals across the United States (11, 12).

In 2022 alone, over 57 million commercial and backyard poultry 
on over 700 farms across 47 U.S. states were affected, resulting in over 
$659 million in federal expenditures for control efforts and indemnity 
payments. Commercial turkey farms comprised the highest percentage 
of affected commercial poultry farms, with approximately 70% of all 
affected commercial farms being turkey farms. Results of full genome 
sequencing indicated that independent wild bird introductions were 
the primary mechanism of introduction of virus into operations in 
this outbreak (Youk et al., in preparation). In comparison, the severity 
of the 2014–2015 U.S. HPAI H5N2 and H5N8 outbreak was heavily 
influenced by lateral transmission of virus between farms (13, 14). 
Several studies conducted during the 2014–2015 outbreak explored 
potential risk factors for transmission of virus within and between 
farms (15–17). The differences in spread mechanism, as well as the 
larger geographic scope of the 2022 outbreak, as compared to the 
2014–2015 outbreak, necessitated further examination into risk 
factors for introduction and biosecurity practices.

The goal of this study was to investigate potential risk factors for 
introduction of HPAI virus onto commercial turkey farms. To address 
this goal, the United  States Department of Agriculture (USDA) 
Animal and Plant Health Inspection Service (APHIS), with support 
from the USDA National Agricultural Statistics Service (NASS), as 
well as from State and national poultry organizations, conducted a 
case-control study among commercial meat turkey operations. The 
study objectives were to (1) identify risk factors for infection with 
HPAI, (2) identify biosecurity challenges on turkey farms, and (3) 
refine biosecurity recommendations to support prevention of 
infection on farms. This information will improve understanding of 
the risk factors associated with introduction of HPAI on turkey farms 
and will be  valuable for informing enhancements of on-farm 
preventive measures.

2 Materials and methods

2.1 Study design

A case-control study was designed to examine risk factors 
associated with HPAI infection on U.S. commercial turkey farms. 
Commercial turkey farms that raised meat turkeys between 1 January 
and 17 October 2022, and that raised more than 30,000 meat turkeys 
annually, were eligible to participate in the study. Commercial turkey 
breeder farms and backyard farms with turkeys were excluded from 
the study.

Case farms were defined as commercial meat turkey farms that 
met the USDA’s HPAI case definition during the study time frame 
(18). Farms were tested for HPAI during the outbreak in accordance 
with USDA HPAI response plans. For farms being tested, samples 
were screened for influenza A and H5/H7 subtypes by real-time 
reverse transcription polymerase chain reaction (RT-PCR) by 
members of the National Animal Health Laboratory Network 
(NAHLN). Samples testing non-negative by influenza A virus (IAV) 
PCR were forwarded to the National Veterinary Services Laboratories 
(NVSL, Ames, Iowa, United States) for confirmation. Testing at NVSL 
included an H5 clade 2.3.4.4 pathotyping assay and an assay targeting 
N1 for neuraminidase subtyping and whole genome sequencing was 
conducted directly from the samples. Influenza A viruses were 
sequenced directly from samples as previously described (10), RAxML 
was used to generate phylogenetic trees, and tables of single nucleotide 
polymorphisms (SNPs) were created using the vSNP pipeline.1 For 
purposes of the case-control study, the reference date was the date of 
onset of clinical signs, or if not available/applicable, the date of a 
presumptive diagnosis based on the USDA’s case definition (18) on 
the farm.

Control farms were defined as commercial meat turkey farms that 
did not meet the USDA’s case definition for HPAI during the study 
period. For each case farm, 2 to 5 control farms located in the same 
state were randomly selected. Enumerators were instructed to move 
to the next case after they had gotten 1 to 2 completed controls for a 
single case. Contact information for case and control farms was 
obtained from the USDA Veterinary Services Emergency Management 
Response System (EMRS), from Thomson Reuters® CLEAR software, 
from State databases where available, and from poultry company 
representatives. At the start of the study, the potential sampling pool 
consisted of 161 HPAI-affected commercial meat turkey farms in 13 
states (CA, IA, IN, KY, MI, MN, MO, NC, ND, PA, SD, UT, WI). A 
total of 153 case farms from all 13 states were contacted for 
participation. Eight case farms were excluded due to a lack of 
availability of contact information within the study timeline.

2.2 Data collection and sources

A 24-page questionnaire (Supplementary material) was 
administered to farm managers or supervisors on each participating 
farm by telephone interview by trained NASS enumerators or USDA–
APHIS epidemiologists, or by mail. The questions focused on farm 

1 https://github.com/USDA-VS/vSNP

Abbreviations: AIV, Avian influenza virus; CI, Confidence interval; HPAI, Highly 

pathogenic avian influenza; OR, Odds ratio; USDA, United States Department of 

Agriculture.
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characteristics, wild birds and wildlife, biosecurity, personnel, visitors, 
vehicles and equipment, and management practices for the 14 days 
prior to the reference date on a case farm and a comparable 14-day 
reference period on control farms. The length of the reference period 
was chosen based on the flock-level 14-day incubation period 
recognized by the World Organization for Animal Health for HPAI 
(19). Control farms were provided with a tentative 14-day reference 
period that was the same as the 14-day reference period for a case 
farm located in the same state. If a control farm did not have turkeys 
on the farm for the tentative 14-day period, they were asked to identify 
the closest 14-day period to the tentative reference period in 2022 
during which they had turkeys on the farm. The 14 days identified 
were then used as the 14-day reference period when answering 
questions. Some questions asked about practices for the entire farm, 
and some asked about practices for a “selected barn.” The selected barn 
on case farms was the first barn on the farm to be confirmed HPAI 
positive, and for control farms, respondents were asked to identify a 
single barn at random to be designated as the selected barn.

Data collection took place between 7 November 2022 and 27 
February 2023. Following data entry, survey responses were validated 
to identify logical inconsistencies in the data. Validation identified 
numeric extremes, improper categorical responses, and erroneous 
skip patterns, and relational checks were performed. Errors were 
evaluated by two analysts. Where deductions from other survey 
responses could not be made, appropriate solutions were implemented 
as agreed upon by the two analysts, and, for some errors, enumerators 
followed up with producers or cross-checked reported results 
using EMRS.

The zone status for each case and control farm during their 14-day 
reference period was determined using information from 
EMRS. Following detection of infection of HPAI on a farm, a 10 km 
radius control zone is established around the infected farm for 
purposes of outbreak response. Zones remain in place for a duration 
consistent with the HPAI outbreak response plan, typically 4 to 
5 weeks for this outbreak. Zone status (i.e., whether a farm was located 
inside or outside of an existing control zone) was included as a 
covariate in the multivariable analysis.

2.3 Statistical analyses

Data were analyzed to identify statistical associations between 
infected status (case vs. control) and farm or selected barn 
characteristics, such as management practices. The percentages of case 
and control farms having each characteristic were calculated. 
Univariate analyses were performed to identify variables potentially 
associated with the presence of HPAI at the farm/selected barn level.

For the univariate analyses, Fisher’s exact test was used for 
categorical variables and the Score test for continuous variables to 
assess the association of each variable with HPAI infection. Variables 
with p-values ≤ 0.20 and where the relationship was biologically 
plausible for risk of HPAI infection were considered for entry into 
candidate multivariable models.

The subsets of farms that had either lateral transmission/common 
source or wild bird introduction were evaluated via univariate 
analyses, while a multivariable model was only created for wild bird 
introduction due to the low number of cases associated with lateral 
transmission/common source exposure between farms.

To address item non-response, random, single imputation was 
performed on the variables that entered the multiple logistic regression 
model as candidate variables. Multivariable results are reported using 
the imputed data, whereas univariate results are reported using the 
non-imputed data. Hierarchical cluster analysis of predictor variables 
using PROC VARCLUS was used to help guide final model selection, 
and variance inflation factors (VIFs) were computed to help identify 
issues with multicollinearity, with VIFs exceeding 3 indicating further 
investigation was needed (20).

Multivariable logistic regression models were fit using PROC 
LOGISTIC in SAS version 9.4. Forward-, backward-, and step-wise 
selection procedures were carried out via PROC HPGENSELECT to 
select a final model from which to make inference, using the AICc 
criterion, which is a variant of Akaike’s information criterion with an 
adjustment for small sample sizes (21, 22). The final model results 
using imputation matched the results using the non-imputed data. 
Primary model outputs included estimated odds ratios (ORs) and 
their 95% confidence intervals, along with Type III F-test p-values to 
assess statistical significance of effects (23). Factors were considered 
statistically significant in final multivariable models if p < 0.05.

All statistical analyses were conducted using SAS version 9.4 (SAS 
Institute Inc., Cary, NC, United States).

3 Results

Questionnaires were completed for 67 case farms and 61 control 
farms across 12 states (CA, IA, IN, MI, MN, MO, NC, ND, PA, SD, 
UT, WI). One case and one control questionnaire were excluded 
because the farms had only breeder turkeys on-site during the 14-day 
reference period. One case farm completed both a case and a control 
questionnaire; the control questionnaire was excluded from this 
analysis. After excluding the farms without meat turkeys and adjusting 
for case-control status, there were completed questionnaires for 66 
case farms and 59 control farms across 12 states. The sample included 
30 company farms, 50 contract farms including lessees, and 44 
independent farms; 1 farm had a missing response for this question.

Case farms had a median of 37,356 birds (range: 8,000–300,000), 
and control farms had a median of 39,350 birds (range: 6,000–
200,000). The phylogenetic analyses provided evidence for 
independent introductions of virus from wild birds on 77% of case 
farms (n = 51) and suggested lateral spread or common source 
exposure on 23% of case farms (n = 15).

3.1 Univariable analysis

Selected results from the univariate analyses are shown in 
Tables 1–5. A complete list of univariable results is available in 
Supplementary material.

3.1.1 Premises characteristics
During the 14-day reference period, more case farms were located 

within an existing control zone compared to control farms (32% vs. 
12%, p = 0.01; Table 1). Having both brooder and grower production 
on the farm was associated with case status (52% vs. 27%; p < 0.01). 
Also, having toms as the market-type bird on the farm was associated 
with case status (86% vs. 67%; p = 0.02).
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3.1.2 Wild animal characteristics
In the univariate analysis, several variables were related to wild 

birds and nearby water bodies (Table  2). Cluster analysis showed 
several of these variables clustered together and were candidates for 
the multivariable analysis.

Wild waterfowl or shorebirds were seen in the closest field 
during the 14-day reference period on 30% of case farms, compared 
to 12% of control farms (p = 0.02). During the 14-day reference 
period, case farms also reported more commonly seeing wild 
waterfowl or shorebirds on water bodies found within 320 meters 
(350 yards) of the farm (35% vs. 15%; p = 0.01), seeing wild 
waterfowl or shorebirds on the closest body of water (45% vs. 24%; 
p = 0.01), and seeing waterfowl within 91.4 meters (100 yards) of the 
outside of the barns (52% vs. 28%; p < 0.01). Case farms also more 
commonly reported a wetland or swamp visible or within 320 
meters (350 yards) of the farm (Table 1; 26% vs. 14%; p = 0.12). 
Control farms were more likely to see wild mammals (such as 
raccoons, opossums, skunks, coyotes, or foxes) or evidence of them 
in or around the barns (35% vs. 21%, p = 0.14).

3.1.3 Biosecurity characteristics
Having a restroom facility (including portable) always or 

sometimes available to crews that visit the farm was more common on 

control farms compared to case farms (70% vs. 46%; p = 0.02; 13% of 
respondents did not answer this question; Table 3). Control farms 
were more likely to always use a visitor log (78% vs. 60%; p = 0.05).

Neither case nor control farms had many visitors overall, and 
there were no notable significant differences in the types of 
visitors coming to the farm. If visitors came onto the farm, they 
also had limited access to the turkey barns. There were not many 
differences reported in worker biosecurity practices. Control 
farms were more likely to have workers who used showers when 
entering the selected barn (26% vs. 11%; p = 0.04) and washed 
hands or used hand sanitizer before entering the selected barn 
(91% vs. 83%; p = 0.19).

During the 14-day reference period, the use of and sharing of 
vehicles, including company trucks or trailers, feed trucks, and bird 
delivery vehicles, or equipment, such as gates/panels and skid-steer 
loaders, was also not associated with case status. For case and control 
farms, vehicles and equipment were not shared frequently.

3.1.4 Dead bird disposal
Use of rendering for dead bird disposal was more common on 

case farms than on control farms (28% vs. 14%; p = 0.08; Table 4). On 
the other hand, incineration (17% vs. 6%; p = 0.09) and use of a landfill 
(7% vs. too few to report; p = 0.19) as dead bird disposal methods were 

TABLE 2 Univariate analyses of wild animal characteristics (P  ≤  0.20) considered for entry into the multivariable model.

CharacteristicA Number of case 
farms (%)

Number of  control  
farms(%)

Univariate p-value

Waterfowl/shorebirds seen on bodies of water within 

320 m (350 yards) of farmB
23 (34.8) 9 (15.3) 0.01

Waterfowl/shorebirds seen on closest body of waterB 30 (45.5) 14 (23.7) 0.01

Waterfowl/shorebirds seen in closest fieldB 20 (30.3) 7 (11.9) 0.02

Waterfowl seen within 91.4 m (100 yards) of the barnsC 33 (51.6) 16 (27.6) <0.01

Wild mammals near barnsD 13 (21.3) 19 (35.2) 0.14

Percentage of case farms and percentage of control farms by wild animal characteristics.  ADuring the 14-day reference period.
BAny birds present (tens, hundreds, thousands) vs. none/do not know.
CBirds often or sometimes seen within 91.4 m (100 yards) of the barn vs. never.
DYes vs. no. 

TABLE 1 Univariate analyses of premises characteristics (p  ≤  0.20) considered for entry into the multivariable model.

Characteristic Level Number of case 
farms (%)

Number of  control 
farms (%)

Univariate p-value

In an existing control zoneA 21 (31.8) 7 (11.9) 0.01

Stage of production Only brooder or only grower 32 (48.5) 43 (72.9) <0.01

Brooder and grower 34 (51.5) 16 (27.1)

Hens on the farm 14 (21.2) 28 (48.3) <0.01

Toms on the farm 57 (86.4) 39 (67.2) 0.02

Other poultry on farm 13 (19.7) 3 (5.2) 0.02

Farm type Independent 29 (43.9) 15 (25.9) 0.04

Other 37 (56.1) 43 (74.1)

Wetland or swamp within 320 m 

(350 yards) of farm
17 (25.8) 8 (13.8) 0.12

Percentage of case farms and percentage of control farms by premises characteristics.  ADuring the 14-day reference period.
Percentage of case farms and percentage of control farms by premises characteristics.
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more common on control farms than case farms. Case farms were 
more likely to have visits from vehicles used for rendering than control 
farms (32% vs. 19%; p = 0.14).

3.1.5 Variables of interest found to 
be non-significant

Several factors found to be risk factors in previous outbreaks were 
explored but not found to be significant in this study (Table 5). There 
was not a significant difference between case and control farms in the 
use of a wash station or spray area for vehicles, and no significant 
differences in wash station practices were reported. Barn ventilation 
type and percentage of time the curtains were open were also not related 
to case status. Approximately 97% of case and control farms had gravel 
or dirt roads compared to hard top/asphalt roads as the road surface on 
the farms that vehicles coming onto the operation drive on. Use of 
landscape fabric (weed barrier) on curtains or air inlets, a relatively new 
practice, was also not found to be associated with case status.

3.2 Multivariable analysis

The 20 variables that passed the univariate screening, having 
Fisher’s exact test p ≤ 0.20, and were biologically plausible included the 
following. All variables a-s were categorical; the last variable t, was 
discrete numeric.

 a. Farm being in a control zone.
 b. Having both brooder and grower production on the farm.
 c. Having market toms on the farm.
 d. Having any other poultry on the farm.
 e. Farm was independent (vs. being a company, contract, or other 

type of farm).
 f. Water treatments (such as chlorination) given in poultry drinking 

water continuously (vs. intermittently or not at all).
 g. Wetland or swamp was within 320 meters (350 yards) of the farm.
 h. Any wild waterfowl or shorebirds seen on water bodies within 320 

meters (350 yards) of the farm.
 i. Any wild waterfowl or shorebirds seen on the closest body of water 

to the farm.

 j. Any wild waterfowl or shorebirds seen on the closest crop field to 
the farm.

 k. Any wild waterfowl seen on the farm within approximately 91.4 
meters (100 yards) of the outside of the barns.

 l. Any wild mammals (e.g., raccoons, opossums, skunks, coyotes, or 
foxes) or evidence of their presence seen in or around poultry barns.

 m. Workers shower before entering the selected barn.
 n. Workers wash their hands or use hand sanitizer before entering the 

selected barn.
 o. Use of a visitor log to record visitor traffic onto the farm.
 p. Availability of a restroom facility (including portable) for crews that 

visit the farm.
 q. Use of rendering as a dead bird (daily mortality) disposal method.
 r. Use of incineration as a dead bird (daily mortality) disposal method.
 s. Use of landfill as a dead bird (daily mortality) disposal method.
 t. The general weekly number of vehicles (including employee vehicles) 

that entered the farm (coming near the barns or not).

To avoid collinearity, a single variable (j) from the cluster of g–k 
was selected and offered into the multivariable models to represent 
wild bird exposure, and rendering (q) was selected from the list of 
daily mortality disposal methods because it was a risk factor 
[incineration (r) and landfill (s) were protective, see 
Supplementary material].

In the final model, imputation was only used for 2 variables: 
worker biosecurity includes shower before entering the barn and 
render dead birds. These variables were missing 2 and 3 responses out 
of 125 (2%), respectively, and were divided between cases and controls.

Seven variables remained in the final multivariable model 
(Table 6). Farms within an existing control zone had increased odds 
of being a case [odds ratio (OR) = 3.68, 95% confidence interval 
(CI) = 1.06–12.74]. Other factors associated with increased odds of 
H5N1 HPAI infection included having both brooder and grower 
turkey production on the farm (OR = 7.35, CI = 2.51–21.54) and 
having toms as the sex market type on the farm (OR = 6.86, CI = 1.83–
25.79). Seeing wild waterfowl or shorebirds in the closest field was also 
associated with increased odds of infection (OR = 6.02, CI = 1.83–
19.78). The use of rendering for dead bird disposal during the 14-day 
reference period was associated with increased odds of infection 

TABLE 3 Univariate analyses of biosecurity practices (p  ≤  0.20) considered for entry into the multivariable model.

Biosecurity Practice Level Case farms  
(N/%)

Control farms 
(N/%)

Univariate p-value

Workers showeredA 7 (10.8) 15 (25.9) 0.04

Workers washed hands or used hand 

sanitizerA
54 (83.1) 53 (91.4) 0.19

Visitor log used Always 39 (60.0) 45 (77.6) 0.05

Sometimes/never 26 (40.0) 13 (22.4)

Restroom facility available to crews 

visiting farm

Always/sometimes 30 (45.5) 41 (69.5) 0.02

Never 26 (39.4) 12 (20.3)

Unknown (skipped 

question)
10 (15.2) 6 (10.2)

Percentage of case farms and percentage of control farms by biosecurity practices. 
AWorkers always, most of the time, or sometimes used the practice before entering the barn vs. never or not available.
This question was asked specifically for the selected barn and for the 14-day reference period.
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TABLE 5 Univariate analyses of selected factors of interest not found to be associated with HPAI H5N1 infection (p  >  0.20).

Characteristic Level Number of case 
farms (%)

Number of control 
farms (%)

Univariate  
p-value

Non-asphalt roads 62 (96.9) 56 (96.6) 1.00

Use of vehicle wash/spray stationA 40 (60.6) 40 (69.0) 0.35

Closest field actively worked (e.g., 

tilled)A

6 (9.8) 6 (13.3) 0.76

Wild birds observed around dead bird 

collection areaA
20 (32.8) 18 (31.6) 1.00

Ventilation typeB Curtain ventilated 29 (46.0) 22 (40.7) 0.90

Environmental control/tunnel 

ventilation

16 (25.4) 14 (25.9)

Side doors 3 (4.8) 4 (7.4)

Other 15 (23.8) 14 (25.9)

Percentage of time curtains open (for 

curtain ventilated)A,B

Less than 20% 7 (25.0) 3 (13.6) 0.48

20% or more 21 (75.0) 19 (86.4)

Use of landscape fabric on air inlets or 

along curtainsA,B

Not used
44 (71.0) 36 (66.7) 0.72

Used without disinfectant spray 8 (12.9) 10 (18.5)

Used with disinfectant 10 (16.1) 8 (14.8)

ADuring the 14-day reference period.
BThis question was asked specifically for the selected barn.

TABLE 6 Results of multivariable logistic regression analysis of factors associated with HPAI H5N1 infection on U.S. commercial meat turkey farms.

Characteristic % Case farms % Control farms Odds ratio (95% 
CI)

p-value

In an existing control zone 31.8 11.9 3.68 (1.06–12.74) 0.04

Both brooder and grower stages on farm 51.5 27.1 7.35 (2.51–21.54) <0.01

Sex: toms 86.4 67.8 6.86 (1.83–25.79) <0.01

Waterfowl/shorebirds seen in closest field 30.3 11.9 6.02 (1.83–19.78) <0.01

Worker biosecurity includes shower before 

entering barnA
10.6 27.1 0.29 (0.09–0.98) 0.05

Restroom facility available to crews visiting farm 45.5 69.5 0.32 (0.10–1.05)B 0.05

Render dead birds 30.3 13.6 8.26 (2.25–30.34) <0.01

AWorkers always, most of the time, or sometimes showered vs. never or shower not available. This question was asked specifically for the selected barn.
BOdds ratio is for comparison between always/sometimes available vs. never available.

TABLE 4 Univariate analyses of management practices and vehicle characteristics (p  ≤  0.20) considered for entry into the multivariable model.

Characteristic Level Number of case farms 
(% ) or median*

Number of control 
farms (%) or median*

Univariate 
 p-value

Bird drinking water treated (e.g., 

chlorination)

Continuously treated
60 (90.9) 46 (80.7) 0.10

Intermittently/not treated 6 (9.1) 11 (19.3)

Number vehicles entering the farm per 

week
5.0* 4.0* 0.10

Render dead birdsA 18 (28.1) 8 (13.8) 0.08

Incinerate dead birdsA 4 (6.3) 10 (17.2) 0.09

Landfill for dead bird disposalA ** 4 (6.9) 0.19

Vehicles for rendering Come to the farmB 20 (32.3) 11 (19.0) 0.14

Percentage of case farms and percentage of control farms by management practices and vehicle characteristics.  
ADuring the 14-day reference period.  
BIncludes to the perimeter of the farm, enter the farm but not near the barns, and come near the barns.
*Median.
**Too few to report. 
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(OR = 8.26, CI = 2.25–30.34). Factors found to have a protective effect 
included workers entering the selected barn using a shower during the 
14-day reference period at least some of the time (OR = 0.29, CI = 0.09–
0.98) and having a restroom facility available to crews who visit the 
farm (OR = 0.32, CI = 0.10–1.05).

Biologically plausible, first-order interactions were assessed but 
were not significant. A region variable (east, central, west) was offered 
for inclusion in the final model as a fixed effect to test for confounding 
by region, but no confounding was seen, so it was excluded from the 
final model.

A multivariate model based on data from the subset of farms 
linked to wild bird introductions was similar to the risk factors 
identified from the farm-level model described above, other than the 
control zone becoming non-significant (data not shown).

4 Discussion

The United States has experienced an unprecedented outbreak 
of HPAI H5N1 beginning in late 2021, with the first detections of 
Eurasian H5 2.3.4.4b GsGD in wild birds and followed by the first 
confirmed infected commercial poultry premises in early 2022. 
Subsequently, this outbreak has resulted in the loss of millions of 
commercial and backyard poultry and detections in many species 
of wild birds and wild mammals across the country, in addition to 
having severe financial consequences. With the ongoing global 
circulation of AIVs that have repeatedly caused large outbreaks, 
there remains a need to identify actions that may be  helpful to 
prevent infection on farms (4, 24, 25). The case-control study 
presented here investigated the risk factors associated with infection 
with HPAI virus between February and October 2022 on U.S. meat 
turkey farms.

Our results indicated that being inside a control zone increased 
the odds of a farm being infected with HPAI. Proximity of a farm to 
the nearest infected farm was a risk factor for HPAI infection in 
outbreaks in Europe and Japan (26–29); and the most significant risk 
factor for infection on table egg layer farms during the 2014–2015 
HPAI H5N2 Midwestern U.S. outbreak was the farm being located 
within an existing control zone (16). When analyzing the subset of 
data from farms likely infected by independent wild bird introductions, 
however, control zone did not remain in the final model. This finding 
may highlight the importance and effectiveness of control measures 
implemented inside of control zones, including rapid depopulation 
following detection. These measures may have minimized 
transmission by lateral spread, a spread mechanism implicated in a 
much smaller percentage of cases during 2022. Overall, our findings 
corroborate the importance of biosecurity and surveillance for farms 
located in close proximity to an infected farm to prevent infection and 
ensure rapid detection.

Other factors associated with HPAI infection were related to the 
stages of production on the farm and sex of birds. Case farms were 
more likely to raise toms and were more likely to have both brooder 
and grower stages on farm. Age of birds has been shown to impact 
susceptibility to virus (30, 31). Toms are typically grown several weeks 
longer than hens prior to movement to slaughter, and production 
practices, such as changes in ventilation, may differ during those extra 
weeks that toms are on farm. The increased age and additional time 
on farm, which includes further exposures to fomites such as 

personnel and vehicles, may account for the increased risk of case 
status for farms with toms. Similarly, farms with birds of differing ages, 
such as brooders and growers, may be uniquely susceptible. Although 
production stage and sex of birds raised on a particular farm may not 
be easily changed due to the structure of the poultry industry, this 
information regarding risk could be  used to inform surveillance 
activities and guide the implementation of increased biosecurity on 
farms raising toms and multiple stages of production.

Rendering as a method of dead bird disposal for normal daily 
mortality during the 14-day reference period was also a risk 
factor for infection. Various methods of dead bird disposal are 
used by poultry farms, including on-farm approaches, such as 
burial and composting, and off-farm approaches, such as 
rendering and landfill. Rendering requires the regular removal of 
dead bird carcasses from the farm and movement to a renderer, 
where carcasses are converted to useable by-products. Rendering 
has been reported as an important risk factor in previous AIV 
outbreaks (16, 17, 32–34). Movement of virus in carcasses and 
feathers from a farm to the renderer prior to detection and 
vehicle movements are possible modes of transmission. We found 
that rendering vehicles coming onto the farm vs. not coming to 
the farm at all was significant (p = 0.14) in the univariate analysis. 
We also asked several follow-up questions to respondents using 
rendering on farm to better understand the risk of this practice, 
including covering the carcass bin, means of transport, and how 
frequently carcasses are moved to the renderer; however, none of 
these variables were significant in the analysis. Interestingly, 
when data were analyzed by introduction route, rendering 
remained a risk factor for infection even when analyzing only 
farms infected as a result of independent wild bird introductions. 
Given this finding and the continued finding of rendering as a 
risk factor in multiple outbreaks, dead bird disposal practices 
should be investigated further. Future studies should consider 
adding more detailed questions to identify specific risk factors 
and protective factors for all methods of dead bird disposal, not 
just rendering. For example, if disposal is on-farm vs. off-farm, 
if methods are shared with other farms, how carcasses are moved 
from the barn to either a holding area or to disposal, whether 
carcass handling attracts wildlife or wild birds, frequency of 
movement to disposal, and any equipment or vehicles used in 
association with rendering and their disinfection.

Two biosecurity measures remained in the final model and 
were found to be protective: workers having access to and using 
a shower at least some of the time when entering the selected 
barn and having a restroom facility (including portable) available 
to crews that visit the farm. No follow-up questions were asked 
about this management practice, but the availability of a restroom 
may improve hand hygiene and reduce human movements on the 
farm, particularly movements in and around barns and 
surrounding areas. Although not retained in the final model, 
workers on control farms were also more likely to wash hands or 
use hand sanitizer before entering the barn. Contaminated 
fomites, such as hands and clothing, can contribute to viral 
spread (6, 29, 35). Worker shower use, hand washing, and the 
availability of a restroom are biosecurity practices that can help 
reduce the indirect transmission of virus into poultry barns. The 
importance of on-farm biosecurity has been previously 
highlighted, especially for personnel moving between poultry 
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farms and for those not only coming onto poultry farms but also 
entering poultry barns (16, 17, 29, 34, 35). Providing restroom 
facilities could improve hygiene measures and restrict human 
movements and barn entry to only those barns or areas where 
work is being performed. Implementing on-farm biosecurity 
measures for workers and visitors is an essential component of 
disease prevention, and these findings may be considered in the 
development of farm biosecurity plans.

Phylogenetic analyses indicated that independent wild bird 
introductions were the predominant route of introduction of 
virus onto turkey farms in the U.S. in 2022. This is in contrast to 
the 2014–2015 outbreak, which was predominated by lateral 
(farm-to-farm) transmission (5, 13). Most introductions are 
likely due to indirect contact with wild birds or undefined 
mechanisms, although direct contact cannot be  ruled out, 
particularly in instances where birds have access to the outdoors 
and there is a possibility of mingling with wild birds (6, 36–39). 
Case farms were more likely to report observations of wild birds 
in proximity to farms and nearby fields and waterbodies, and to 
report wild bird habitat such as wetlands or swamps within 320 
meters (350 yards) of the farm. Farm proximity to water and wild 
bird habitat, as well as presence of high densities of migratory 
wild waterfowl, have been identified as risk factors in previous 
outbreaks (37, 38, 40, 41). Concentrations of domestic poultry in 
combination with high densities of wild birds provides a potential 
interface for viral transmission and spill-over events; and 
necessitates the identification and implementation of protective 
biosecurity measures to limit introduction. When data from this 
case-control study were analyzed by sub-setting those farms 
likely infected by wild bird introductions, few changes were 
observed in the risk or protective factors for being a case farm. 
The similarities between the full and sub-set models are likely 
explained by the predominance of wild bird introductions in the 
full dataset. Although some factors, for example, farm location 
near bodies of water, cannot be  changed, measures can 
be undertaken to mitigate the possibility of associated direct or 
indirect exposures. We  asked some questions about measures 
taken to minimize wildlife and wild bird activity on-farm and 
entry into barns, but given the important role of wild birds in the 
dynamics of the U.S. HPAI H5N1 outbreak, additional work to 
explore on-farm protective measures is needed. Practices such as 
reducing water pooling, minimizing wildlife attractants and food 
sources, using trained dogs, implementing laser technology, and 
using decoys have been used to prevent direct and indirect 
contacts at the interface of wild birds and poultry. Additional 
studies to elucidate the utilization and effectiveness of these 
practices would be useful (42–44).

It is important to acknowledge the limitations of this study. 
Recall bias is a consideration for data collection via surveys. 
Respondents in the current study were asked to provide responses 
for activities and observations that had taken place an average of 
7 months prior, with the difference between the date of the 
interview and the beginning of the reference period as little as 
2 months and as long as 12 months prior. It is also possible that 
recall and observations may have been different for case farms vs. 
control farms, as case farms may have been more likely to reflect 
on the time period prior to detection of infection. Another 
limitation of survey methodology is bias associated with 

questions that may be considered sensitive, providing responses 
that may be considered more favorable or that follow biosecurity 
plans vs. being reflective of actual practices. While attempts were 
made to balance the numbers of completed case and control 
questionnaires geographically, it was not possible to perfectly 
match cases and controls by state due to non-response and, in 
some situations, a lack of sufficient control farms. Finally, the 
results of this study are representative of U.S. production 
practices and of the viral dynamics of the 2022 HPAI H5N1 
outbreak and, therefore, may not be  directly applicable to 
production systems in other countries or future outbreaks with 
different viruses.

Future work may help further improve our understanding of 
the complex epidemiology of avian influenza transmission at the 
interface of wild birds and domestic poultry. Two additional topics 
were included in the case-control questionnaire but were not 
reported here. One section of the questionnaire was related to 
biosecurity investments, including questions regarding ongoing 
biosecurity expenses and permanent and temporary improvements 
made since 2015 that impact farm biosecurity. These data will 
be analyzed and reported separately to identify priority areas for 
investment in biosecurity measures to reduce risk for HPAI. The 
questionnaire also included challenge-level questions asking for 
producers’ opinions on level of challenge of certain topics, including 
biosecurity-, personnel-, and equipment-related challenges. Finally, 
weather conditions and patterns related to AIV transmission have 
been examined previously and could have played a role in the 
outbreak in 2022 (45–47). Future work could expand upon the case-
control study presented here to incorporate historical weather data 
such as temperature, relative humidity, precipitation, and wind 
speed in the time preceding detection to investigate the role of 
weather on risk of HPAI infection.

5 Conclusion

This study compared management and biosecurity factors on case 
and control meat turkey farms in the U.S. during the HPAI H5N1 
outbreak in 2022. Knowledge of risk factors for infection has become 
increasingly important as this outbreak continues into 2023 and as 
additional domestic poultry flocks, wild birds, and wildlife species are 
detected. Study results identified the following key risk factors: 
location of farms within an existing control zone, multiple stages of 
production on farm, toms as the sex market type on farm, waterfowl/
shorebirds seen in the closest field, gaps in worker biosecurity 
measures such as lack of availability of a shower before entering the 
barn or a restroom facility for visiting crews, and the use of rendering 
for dead bird disposal. These risk factors were found to be associated 
with HPAI infection on farms and provide information that can 
be directly applied to support science-based updates to prevention and 
control recommendations to safeguard turkey farms in the 
United States.
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Due to a production error, there was a mistake in Table 3 as published. “Visitor log used”

and “Restroom facility available to crews visiting farm” should have been in different rows.

“Visitor log” should have had levels of “Always” and “Sometimes/never”.

“Restroom facility available to crews visiting farm” should have had levels

“Always/sometimes”, “Never”, “Unknown (skipped question).”

The corrected Table 3 appears below.

Due to a production error, the word “production” was misspelled as “productteion”.

A correction has been made to the section Conclusion, Paragraph Number: 1.

“This study compared management and biosecurity factors on case and control meat

turkey farms in the U.S. during the HPAI H5N1 outbreak in 2022. Knowledge of risk

factors for infection has become increasingly important as this outbreak continues into

2023 and as additional domestic poultry flocks, wild birds, and wildlife species are detected.

Study results identified the following key risk factors: location of farms within an existing

control zone, multiple stages of production on farm, toms as the sex market type on farm,

waterfowl/shorebirds seen in the closest field, gaps in worker biosecurity measures such as

lack of availability of a shower before entering the barn or a restroom facility for visiting

crews, and the use of rendering for dead bird disposal. These risk factors were found to

be associated with HPAI infection on farms and provide information that can be directly

applied to support science-based updates to prevention and control recommendations to

safeguard turkey farms in the United States.”

The publisher apologizes for these mistakes. The original article has been updated.
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TABLE 3 Univariate analyses of factors (p ≤ 0.20) considered for entry into the multivariable model.

Biosecurity practice Level Case farms (N/%) Control farms (N/%) Univariate p-value

Workers showeredA 7 (10.8) 15 (25.9) 0.04

Workers washed hands or used

hand sanitizerA
54 (83.1) 53 (91.4) 0.19

Visitor log used Always 39 (60.0) 45 (77.6) 0.05

Sometimes/never 26 (40.0) 13 (22.4)

Restroom facility available to crews

visiting farm

Always/sometimes 30 (45.5) 41 (69.5) 0.02

Never 26 (39.4) 12 (20.3)

Unknown (skipped

question)

10 (15.2) 6 (10.2)

Percentage of case farms and percentage of control farms by biosecurity practices.
AWorkers always, most of the time, or sometimes used the practice before entering the barn vs. never or not available.

This question was asked specifically for the selected barn and for the 14-day reference period.
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Modeling of infectious diseases at the livestock-wildlife interface is a unique 
subset of mathematical modeling with many innate challenges. To ascertain 
the characteristics of the models used in these scenarios, a scoping review of 
the scientific literature was conducted. Fifty-six studies qualified for inclusion. 
Only 14 diseases at this interface have benefited from the utility of mathematical 
modeling, despite a far greater number of shared diseases. The most represented 
species combinations were cattle and badgers (for bovine tuberculosis, 14), 
and pigs and wild boar [for African (8) and classical (3) swine fever, and foot-
and-mouth and disease (1)]. Assessing control strategies was the overwhelming 
primary research objective (27), with most studies examining control strategies 
applied to wildlife hosts and the effect on domestic hosts (10) or both wild and 
domestic hosts (5). In spatially-explicit models, while livestock species can often 
be represented through explicit and identifiable location data (such as farm, herd, 
or pasture locations), wildlife locations are often inferred using habitat suitability 
as a proxy. Though there are innate assumptions that may not be fully accurate 
when using habitat suitability to represent wildlife presence, especially for wildlife 
the parsimony principle plays a large role in modeling diseases at this interface, 
where parameters are difficult to document or require a high level of data for 
inference. Explaining observed transmission dynamics was another common 
model objective, though the relative contribution of involved species to epizootic 
propagation was only ascertained in a few models. More direct evidence of disease 
spill-over, as can be obtained through genomic approaches based on pathogen 
sequences, could be a useful complement to further inform such modeling. As 
computational and programmatic capabilities advance, the resolution of the 
models and data used in these models will likely be able to increase as well, with 
a potential goal being the linking of modern complex ecological models with the 
depth of dynamics responsible for pathogen transmission. Controlling diseases at 
this interface is a critical step toward improving both livestock and wildlife health, 
and mechanistic models are becoming increasingly used to explore the strategies 
needed to confront these diseases.
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Introduction

Modeling of infectious diseases at the domestic-wildlife 
interface is a unique niche within mathematical modeling. 
Requiring cross-disciplinary competence in infectious disease 
epidemiology, domestic animal health and livestock production, 
and wildlife ecology, these models seek to unravel the complex 
mechanisms behind both disease transmission between ecosystems 
and disease emergence in novel ecosystems. Developing models at 
this interface carries its own unique set of challenges. Indeed, 
entire articles have been written on the subject (1, 2). Simply 
estimating transmission between species is a burdensome task. 
There exists difficulty even in defining what constitutes an 
epidemiologically-relevant contact, as laboratory-based forced 
contact is different than that experienced under natural 
circumstances, and observing natural contacts to infer model 
parameters is a challenging ecological task (1). Further, spillover 
events are rarely observed but their frequency must be indirectly 
inferred, so as to inform the means of disease transmission in the 
non-reservoir population (2).

Transmission drivers for a wide range of pathogens have been 
well studied among human and domestic animal populations, for 
which specific epidemiological studies were set-up. In contrast, the 
transmission dynamics of infectious agents among wildlife species 
is more difficult to assess (3, 4). Wildlife characteristics ranging 
from descriptions of movement patterns and contact networks to 
simply quantifications of host population size are less certain (3, 
5–8). The difficulty of observing wildlife species further affects the 
ability to obtain accurate measurements of disease frequency—and 
even simply of host population distribution—due to biases among 
sampled and non-sampled subsets of wildlife populations (3, 9). 
These uncertainties inherently affect the ability to quantify the 
transmission potential of a disease among its host population, and 
these uncertainties must be recognized and accounted for when 
developing mechanistic models for infectious agents in the context 
of wildlife populations.

Modeling disease transmission at the interface between domestic 
and wildlife species, therefore, is a complex equation system involving 
multiple distinct host and pathogen factors. Within these 
mathematical models, the modeling frameworks used to represent the 
transmission dynamics in such context need to account for the 
specificities of both host populations. However, models also need to 
remain parsimonious in terms of parameterization, not to add 
unnecessary uncertainty into the system. Therefore, a balance between 
model complexity and host population representation needs to 
be  found to capture the transmission dynamics in regard to the 
available data. This review aims to examine the means of representation 
of livestock and wildlife species, drivers and mechanisms of 
transmission in the models, and the main challenges that are yet to 
be overcome in this field.

Materials and methods

The literature search was conducted via the PubMed and Web of 
Science databases on 28 February 2023 and performed in accordance 
with PRISMA guidelines (10). Constructed to capture all articles of 
mechanistic modeling that accounted for transmission between major 

livestock species and wildlife, the search—within keywords, title, and 
abstract—was comprised of the following query: (livestock OR cattle 
OR cow OR ruminant OR bovine OR swine OR pig OR porcine OR 
sheep OR ovine OR goat OR caprine) AND (wild* OR “wild boar” OR 
buffalo OR bison OR deer OR elk OR ibex OR badger) AND 
transmission AND (simulation OR math* OR stochastic OR estimation 
OR inference) AND model. The search was restricted to mammalian 
species, as the ecological processes behind the drivers of transmission 
of non-mammalian epizootic diseases of major concern, notably 
highly-pathogenic avian influenza, were considered too distinct and 
deserving of their own independent review. No date limitation was 
specified, and the English language was indirectly specified through 
search terminology.

A total of 709 articles were retrieved (PubMed 398, Web of 
Sciences 311) (Figure 1). Following removal of duplicates (149), 560 
articles were considered for preliminary title and abstract screening. 
All original research describing mechanistic models between 
mammalian wildlife and livestock were included.

Preliminary review resulted in the exclusion of 501 articles. These 
articles only considered a single species, did not include interaction 
between livestock and mammalian (i.e., non-avian) wildlife, were an 
exclusively within-host study (i.e., molecular, microbiological, 
immunological, or genomic model), were of phylogenetic or 
phylodynamic models, used purely statistical, economic or decision-
analysis models, were a review or editorial, or were experiments or 
field studies that did not include mechanistic modeling.

Of the 59 articles that qualified for full-text review, four articles 
were excluded following full-text assessment for not modeling 
transmission at the livestock-wildlife interface (11–14). All 10 
calibration articles were captured in the search query (15–24). One 
article not identified in the initial search but previously known to the 
authors was subsequently included (25), yielding 56 articles for data 
extraction. Author, date, domestic and wildlife species, disease, 
location, domestic and wildlife model frameworks, means of domestic 
and wildlife representation, source of model calibration, main driver 
of transmission between species, interaction process between species, 
direction of transmission, primary research objective and main 
hurdles challenges or limitations were extracted.

Model frameworks were classified either by the author classification 
or, if not specified, the classification that best approximated the 
described model. Individual-based models (IBMs)—synonymous with 
agent-based models but chosen for its nomenclature preference in 
ecology—were those where populations are simulated through the 
complex interactions of individuals with distinct properties (26, 27). 
Whether individual animals or herds, in these spatially-explicit models 
each individual unit interacts with its environment. Conversely, 
population-based models—commonly referred to as compartmental 
models—reflected the dynamics at a population scale without 
accounting for individual heterogeneity. Geographic automata were a 
generalization of the cellular automata structure, relying on the same 
principles of local grid-based neighbor interactions, but no longer 
constraining animal populations to a uniformly-spaced lattice (28, 29). 
Metapopulation models were defined as those models that connect 
multiple subpopulations, where in the simplest form infectives in one 
patch can simply transmit disease to susceptibles in either their or 
another patch (30). Lastly, models were classified as network models 
when the framework relied on individual or herd connectivity through 
explicit networks. Of note, no standard methodology for describing 
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individual-based epidemic models exists, which has led to irregularities 
and inconsistencies among model descriptions (31). Though protocols 
have been proposed for describing model structures in a standardized 
way, they are not specific to disease modeling nor are they consistently 
followed (31, 32).

Results

Epidemiological characteristics

Publication dates ranged from 2001 to 2023 
(Supplementary Table S1). Cattle were the predominant domestic 
species represented—being included in 32 models—followed by 
pigs (14), sheep (9), nonspecific livestock (5), and goats (4) 
(Figure 2). Combinations of livestock species (cattle, goats, pigs and 
sheep or cattle, goats, and sheep, or cattle and sheep, or goats and 
sheep) were present in four models. Among explicitly modeled 
wildlife, wild boar (16), badgers (13), nonspecific wildlife (9), deer 
(6), and buffalo (3) were most commonly represented with one 

model including both wild boar and deer (Figure 2). Additional 
wildlife was represented only once each: bharal, bighorn sheep, 
bison, feral cats, feral pigs, impala, possums, Saiga antelopes, stray 
dogs, wildebeest, and zebra.

Viral, bacterial, and parasitic diseases were represented among 
the models (Figure 3). Bovine tuberculosis (bTB) was the most 
frequently modeled disease (19) followed by African swine fever 
(ASF) (8), foot-and-mouth disease (FMD) (7), brucellosis (3), 
classical swine fever (CSF) (3), trypanosomiasis (3), and 
nematodiasis (2) (Supplementary Table S1). Babesiosis, 
echinococcosis, louping ill, neosporosis, toxoplasmosis, 
trichostrongylosis, and paratuberculosis were each represented a 
single time (Supplementary Table S1). Of the locations explicitly 
modeled, the United Kingdom (UK) and United States of America 
(USA) were represented the most frequently (13 and 10, 
respectively), and a total of 19 unique countries or regions across 
Africa, Europe, North America, and Oceania were represented 
among the studies (Supplementary Table S1). One set of studies 
occurred on a fictitious island for the purposes of the ASF modeling 
Challenge (3) (33), and nine models were not of a specific location.

FIGURE 1

PRISMA flow diagram for article selection.
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Model objectives, frameworks, and 
representation of hosts

The majority of primary objectives were to assess control 
strategies in a multihost population (26), estimate transmission 
risk to livestock from wildlife (9), or explain observed 
transmission dynamics while considering the effects of multiple 
hosts (8), though estimating transmission parameters (4), 
determining consequences of hypothetical outbreak scenarios (4), 

nowcasting of multihost epidemics (3), and comparing the impact 
of model assumptions on transmission in a multihost environment 
(1) were also represented (Supplementary Table S2). Models that 
assessed control strategies were mostly concerned with the 
outcomes of control strategies on livestock, whether the strategy 
was applied to wild hosts (10) (16, 20, 22, 34–40) or wild and 
domestic hosts (5) (23, 41–44). These studies were heavily focused 
on bTB (11) in the UK (7), ascertaining the outcomes of control 
strategies applied to badgers on either cattle (4) or cattle and 
badgers (5). Other studies examined the outcomes on domestic 
hosts of interventions applied to domestic hosts while accounting 
for transmission from wildlife, as for babesiosis, louping-ill, 
nematodiasis, and CSF (45–48).

Five model frameworks were used among domestic or wildlife 
species in the included articles: individual-based models (IBMs), 
population-based models (PBMs), cellular or geographic automata 
(CA), metapopulation, and network models. Individual-based 
models were the most popular framework for domestic hosts (25), 
whereas population-based models were the most prominent 
framework for wildlife species (25). The majority of models used the 
same frameworks for both the domestic and wildlife populations, 
though five articles used different model frameworks for each species. 
Here, network models for domestic species were used in combination 
with a wildlife metapopulation model (49) or PBM (50), or domestic 
IBMs were used with a wildlife metapopulation model (51) or wildlife 
PBMs (39, 52).

Among individual-based frameworks, a variety of approaches 
were taken to represent hosts, with point locations of farms, herds 
or production sites being the most common epidemiological unit 
for both domestic species (9) and raster cells being the most used 
method for wildlife (17). Indeed, representing domestic species by 
point locations and wildlife through a raster was the most 
common model combination seen in the included articles (7). 
Among wildlife, raster cells were predominantly based on habitat 
(10), though home ranges (43), host density (21, 53), and 
contiguous social groups (23, 41, 42, 44) were also used to define 
them. The models in ten articles represented species through 
mobile agents across a simulated landscape, with five of them 
using individual mobile agents for both domestic and wildlife 
models. In these models, mobile agents were programmed to roam 
over home-range polygons (54), a habitat raster (17, 45), or a 
lattice of cells without habitat characteristics (20, 55). 
Alternatively, five studies provided movement attributes to only 
one host, with four studies representing domestic hosts through 
raster cells or polygons while wildlife were represented via mobile 
agents (22, 34, 35, 40).

Population-based frameworks were used for a variety of diseases, 
including ASF, brucellosis, bTB, CSF, FMD, louping ill, and multiple 
parasitic diseases (echinococcosis, nematodiasis, neosporosis, 
toxoplasmosis, trichostrongylosis, and trypanosomiasis). These 
models represented domestic and wildlife species through 
parameters quantifying host abundance, though population density 
(16, 47, 56, 57), host presence (58), and recruitment rate (59) were 
also used.

Three studies used metapopulation approaches to represent 
wildlife, two of which were designed explicitly for the ASF Modeling 
Challenge (49, 60). Here, wildlife was represented through a habitat 
raster (49), home range polygon (51), or host-presence patches (60), 

FIGURE 2

Frequency of represented species in the included models. “Other” 
category includes singularly-represented species consisting of 
bharal, bighorn sheep, bison, feral cats, feral pigs, impala, possums, 
Saiga antelopes, stray dogs, wildebeest, and zebra.

FIGURE 3

Frequency of represented diseases in the included models. “Other” 
category includes singularly-represented diseases of babesiosis, 
echinococcosis, louping ill, neosporosis, toxoplasmosis, 
trichostrongylosis, and paratuberculosis. Abbreviations: African swine 
fever (ASF), bovine tuberculosis (bTB), classical swine fever (CSF), foot 
and mouth disease (FMD).
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while domestic species were represented through network models, 
metapopulation models, or IBMs using farms as location-specific 
network nodes (49, 60) or polygons of herd locations (51), 
respectively.

Cellular automata models—or their complexification to 
geographic automata models—were used to model FMD in 
Australia and the USA (19, 29, 61). A density distribution over a 
cellular lattice (19, 29) or a raster of herds (61) was used to 
represent domestic species, while wildlife species were represented 
via seasonal habitat or land cover density over a cellular lattice (19, 
29) or habitat raster (61).

Network models were used to simulate ASF (49), bTB (50, 62) and 
brucellosis (63) transmission. Network nodes were used to represent 
farms, pastures, or herd types of domestic hosts and home ranges or 
statistic reservoirs of wildlife hosts.

Drivers of disease transmission, 
representations of host interaction 
processes, and model calibration

Disease transmission was predominately driven through the 
overlap of livestock and wildlife habitat, home range, or shared pasture 
(18) (Supplementary Table S3). In some cases, modeled transmission 
was driven through wildlife escaping their home range and contacting 
livestock (64) or from wildlife explicitly seeking food and water 
sources (17). When explicit overlap was not considered, the proximity 
of livestock to wildlife areas or cases was used, as seen in models of 
ASF and CSF (24, 48, 60, 65, 66). Livestock proximity to forests (15) 
or livestock adjacency to hunting areas (35) was also used to drive 
transmission. Population-based models, frequently of parasitic 
disease, relied on host abundance or density to drive transmission 
between species (Supplementary Table S2). Wildlife dispersal in 
response to applied control strategies was also seen to drive 
transmission between species, as modeled in Byrom et al. (34) and 
Lintott et al. (67).

The models in this review examined transmission in all directions, 
with unidirectional transmission from wildlife to livestock (26) or 
bidirectional transmission between wildlife and livestock (25) being 
most frequent (Supplementary Table S3). Two models examined 
unidirectional disease transmission from livestock to wildlife (22, 51), 
and three models looked at transmission of disease between both 
wildlife and livestock to humans (36, 37, 63).

Different functional representations of the interaction 
processes between the different host populations were seen 
throughout the models in the included studies. Transmission rates, 
corresponding to the average number of new infections produced 
by one infectious unit per unit of time, are widely used in the 
literature for all modeling paradigms. This key parameter in 
epidemiology governs the force of infection, which might reflect 
either direct transmission between host or indirect transmission 
through vectors or environment. The transmission rate can also 
be defined as the product of the contact rate and the transmission 
probability whenever a contact occurs with an infectious unit. A 
few studies disentangled these two parameters to evaluate the 
relative impact of external factors on the different mechanisms of 
transmission (15, 29, 53, 61). When transmission rates were not 
used to represent host interaction, if the data was available, 

transmission or contact probability, or contact rate were also used 
to represent the host interaction process.

Of the 56 included studies, 37 models were calibrated via 
published literature. Only 10 of the models were calibrated to a real 
epidemic, and seven of those were specific to bTB (16, 18, 50, 55, 58, 
62, 68). The other two real epidemics modeled were ASF in the 
Republic of Korea (24) and CSF in Japan (48, 65). Three more articles 
did model ASF, but as part of the ASF challenge and with synthetic 
data (49, 60, 66). Four studies included a field component that was 
used in model calibration (25, 34, 57, 69).

Main hurdles

While each model had its own limitations unique to the specific 
scenario for which it was designed, four main classes of hurdles were 
identified: Lack of empirical parameter estimates, limited wildlife 
location data, defining what constitutes livestock-wildlife contact, and 
balancing model complexity with utility (Supplementary Table S3). By 
far, a lack of empirical parameter estimates was the primary limitation 
in 31 studies. The lack of empirical parameter estimates needed for 
model calibration could be further divided between parameters for 
disease transmission (17), wildlife behavior (8), livestock-wildlife 
contact (2), wildlife prevalence (2), interspecies control strategy effects 
(1), and host management (1). Even when an explicit interhost 
transmission study was conducted, its occurrence under controlled 
laboratory conditions limits extrapolation of these parameters to 
natural conditions (25). Limited data on wildlife locations was the 
primary limitation in 14 models. Here, a lack of wildlife density and/
or distribution data (11), lack of environmental reservoir locations (2), 
or uncertainties regarding wildlife habitat use as a function of 
preference versus availability (1) were identified. Indeed, even with 
fine-grain wildlife habitat data, understanding if such habitat is 
preferred or simply available limits the generalizability of a model (45).

Beyond a lack of parameters for quantifying livestock-wildlife 
contact, even defining what constitutes an epidemiological relevant 
contact was the primary hurdle of 3 models (29, 64, 69). Balancing 
model complexity with utility was the main hurdle in 4 models. 
Among multihost models of vector-borne disease, incorporating 
explicit vector population dynamics was the primary limitation even 
when parameterization data was available, due to its effects on model 
complexity and generalizability (36, 37, 68). Conversely, one of the 
ASF challenge models—where all data was synthetic—was more 
limited by the trade-off between model complexity and computational 
time required for real-time modeling than any explicit wildlife 
parameter gaps (60).

Discussion

Modeling disease transmission between wild and domestic species 
is a complex task that has been achieved through a multitude of 
methods but for only a few disease scenarios. Indeed, of the 118 
diseases at the wildlife-livestock interface represented in the literature 
body, only 14 have been explored through mathematical modeling 
(70). From selecting model frameworks and host representations to 
determining the drivers of transmission that are to be included in the 
models, distinct populations—often with drastically differing 
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population dynamics—must be accurately represented. These choices 
of methodology are a reflection of the skill set of the researcher team, 
the research question being addressed by the model and the availability 
of data. Domestic species were defined through explicit herd locations, 
and further delineated by additional parameters of herd density, 
defined pasture area, habitat and abundance. In contrast, wildlife 
species were often modeled through variables of habitat potential, 
density distribution, or population abundance. Only in a few models 
of badgers were the exact burrow locations known, but even then only 
the underground dens were identified and surrounding home ranges 
still had to be  inferred (23, 41, 42). In choosing a paradigm to 
represent a system one must consider the trade-offs between 
complexity, comprehensibility, and underlying assumptions. Though 
a model should be a realistic representation, deciding on the degree of 
realism required—and keeping in mind that models are only synthetic 
representations of a phenomenon—is part of the art of model 
selection. The parsimony principle should always be kept in mind, 
especially in situations involving wildlife where parameters are 
difficult to document, require a high level of data for inference, or are 
highly variable, due to the influence of the interaction of 
multiple factors.

Habitability is often used as a proxy to represent wild host 
populations, as was the case in 11 models (15, 19, 22, 35, 40, 45, 49, 
61, 65, 66, 71). Defining such suitability can involve the 
incorporation of landcover maps, abundance data from hunting 
records, expert opinion, and previously-published species 
distribution models. In the context of models examined in this 
review, species distribution is a means to the end for representing 
disease transmission through multiple populations, and 
simplifications of a species’ true distribution—especially wildlife—
are evident in all livestock-wildlife disease transmission models. 
Combined with data limitations among wildlife species, this 
invariably results in wildlife disease transmission models that 
contain more uncertainties than those of domestic animal species 
(4). Indeed, monitoring infectious diseases in wild populations is 
far more demanding in terms of resources and time required than 
for livestock. Though there are innate assumptions that may not 
be fully accurate when using habitat suitability to represent wildlife 
presence, for the given modeling objectives these assumptions are 
acceptable. While sensitivity analyses within the selected articles 
focused on model parameters (e.g., transmission detection and 
contact rates, mortality, and initial infection location) and not the 
representation of the distribution of wildlife, Birch et al. (50) did 
assess the sensitivity of their model to the number of environmental 
reservoirs—identifying that that parameter was more constrained 
than that of the environment-to-livestock transmission rate.

By far the most-represented transmission driver was that of 
overlapping habitat. Whether livestock were modeled as discrete farms 
or mobile herds, most disease transmission was driven by locations 
that intersected with wildlife habitats or home ranges. Agricultural 
intensification, wildlife habitat fragmentation and encroachment on 
wild animal habitats are known global drivers of disease emergence, 
and these drivers are reflected in these models (72, 73). Local drivers, 
such as water and food-seeking behaviors of wildlife, pasture sharing 
between livestock and native wildlife, and outdoor husbandry, were 
also reflected among the models (73). Control strategies themselves 
can also be implicit in driving transmission, as culling can have an 
opposite-as-intended effect increasing both disease prevalence and 
number of infectious individuals (74, 75). This was reflected in models 

of bTB transmission as when Smith et al. (43) used a perturbation 
parameter to account for the increase in transmission from culling, or 
studied by Lintott et  al. (67) to quantify the impact of dispersal 
following disease control.

Included studies that focused on control strategy assessments 
invariably quantified the number of infected herds, as explicitly stated 
in Pineda-Krch et al. (53), Ramsey et al. (40), and Smith et al. (41, 43), 
but certain methodologies precluded the ability to determine the 
relative contribution of species to overall spread. For instance, when 
foot-and-mouth disease was investigated among feral pigs and 
livestock, a single-layer cellular automata model was used (19). 
Therefore, multiple species had to be mutated into a composite herd 
that varied based on a species-specific infectivity parameter (depending 
on the type and number of each specie). Though effective at discerning 
the overall epizootic spatio-temporal pattern, such a method did not 
allow for the disentangling of individual species’ contribution. Of the 
models that tried to explain observed transmission dynamics, the 
relative contribution of involved species to epizootic propagation was 
only ascertained in a few models (18, 24, 50, 58). Indeed, mechanistic 
models that are based on specific spatio-temporal case data and 
uncertain population distributions (particularly for wildlife), and for 
which inter-species transmission events are not directly observable, 
may be very challenging to estimate relative contributions. More direct 
evidence of disease spill-over, as can be obtained through genomic 
approaches based on pathogen sequences, could be  a useful 
complement to further inform such models (76).

The challenges of multispecies modeling have been extensively 
reviewed in the literature. Whether focused on the human-wildlife 
(2) or the domestic-wildlife (3, 6) interface, or more broadly 
examining modeling of multihost systems (1, 77), all reviews espouse 
that though hurdles have been overcome, many more challenges 
remain in need of address. Huyvaert et al. (3) identified that these 
challenges fall into three broad categories relating to host and 
pathogen distribution and movement, transmission pathways and 
rates, and the effects of disease and mitigation on host populations. 
Five years later, these hurdles continue to be represented in the 14 
included studies published since 2018. Investments in ecological 
research with project planning input from ecological modelers, 
infectious disease specialists (including epidemiologists, 
veterinarians, and virologists) and wildlife managers—among many 
additional critical fields at this interface—may help to overcome these 
challenges, through enabling the studies needed to elucidate the 
parameters needed for modeling this interface.

The need for additional modeling at the livestock-wildlife 
interface is supported by the ever-increasing interactions between 
wildlife and livestock. Livestock production systems constitute the 
largest use of land in the world, and increasing global food demand 
invariably results in the expansion of these systems (73). The 
consequent deforestation that makes room for these enterprises results 
in the juxtaposition of livestock with wildlife, increasing the areas of 
interaction between the two (72, 73). Climate change has had 
profound effects at both global and local scales. Large-scale shifts in 
vector distributions have resulted in outbreaks of diseases that were 
formerly confined to tropical regions, as seen with bluetongue virus 
(73, 78). Locally, water scarcity in arid and semi-arid regions has 
resulted in mixed congregations around available water sources for 
pastoral livestock and wildlife (73).

In the majority of rural communities, backyard farming and 
small-scale animal production systems constitute the primary 
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livelihoods and food sources (79). These low-biosecurity operations 
permit regular contact between livestock and wildlife, and have often 
been central to outbreaks of diseases shared at this interface—
including ASF, CSF, FMD, brucellosis, and rabies (73, 80). Improved 
animal welfare in high-income countries has also resulted in increases 
in the number of outdoor and open-air production systems, which 
also puts livestock at higher risk of wildlife contacts (73). The 
livestock-wildlife interface acts as an important area of infectious 
disease propagation, and mathematical models are able to investigate 
and quantify the involved dynamics, helping to improve our 
understanding of these drivers of transmission and contribute to the 
conception of holistic control strategies.
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Philip Breslin6, Simon J. More5 and Mart C. M. de Jong1

1Quantitative Veterinary Epidemiology Group, Wageningen University and Research Centre,
Wageningen, Netherlands, 2Biometris, Wageningen University and Research Centre, Wageningen,
Netherlands, 3One-Health and Welfare Scientific Support Unit, Department of Agriculture, Food and the
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University College Dublin, Dublin, Ireland, 5Centre for Veterinary Epidemiology and Risk Analysis, School
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Bovine tuberculosis (bTB), caused by Mycobacterium bovis, is one of the most
challenging and persistent health issues in many countries worldwide. In several
countries, bTB control is complicated due to the presence of wildlife reservoirs
of infection, i.e. European badger (Meles meles) in Ireland and the UK, which can
transmit infection to cattle. However, a quantitative understanding of the role of
cattle and badgers in bTB transmission is elusive, especially where there is spatial
variation in relative density between badgers and cattle. Moreover, as these two
species have infrequent direct contact, environmental transmission is likely to play
a role, but the quantitative importance of the environment has not been assessed.
Therefore, the objective of this study is to better understand bTB transmission
between cattle and badgers via the environment in a spatially explicit context
and to identify high-risk areas. We developed an environmental transmission
model that incorporates both within-herd/territory transmission and between-
species transmission, with the latter facilitated by badger territories overlapping
with herd areas. Model parameters such as transmission rate parameters and
the decay rate parameter of M. bovis were estimated by maximum likelihood
estimation using infection data from badgers and cattle collected during a 4-
year badger vaccination trial. Our estimation showed that the environment can
play an important role in the transmission of bTB, with a half-life of M. bovis in
the environment of around 177 days. Based on the estimated transmission rate
parameters, we calculate the basic reproduction ratio (R) within a herd, which
reveals how relative badger density dictates transmission. In addition, we simulated
transmission in each small local area to generate a first between-herd R map that
identifies high-risk areas.
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bovine tuberculosis, environmental transmission, domestic wildlife interface, R map,
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Frontiers in Veterinary Science 01 frontiersin.org70

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2023.1233173
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2023.1233173&domain=pdf&date_stamp=2023-09-22
mailto:you.chang@wur.nl
https://doi.org/10.3389/fvets.2023.1233173
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fvets.2023.1233173/full
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Chang et al. 10.3389/fvets.2023.1233173

1. Introduction

Bovine tuberculosis (bTB) is one of the most complicated,

persistent, and expensive health issues globally. While its primary

impact is on bovines, it can infect many other mammals, including

humans and wildlife animals (1). bTB is very persistent in livestock

globally due to the involvement of several wildlife species in bTB

transmission. Notable examples include badgers in the UK and

Ireland, brushtail possums in New Zealand, wild boars in Spain

(2), red deer in Austria (3), and African buffalo in South Africa

(4). Although pasteurization of milk can reduce human infection,

Mycobacterium bovis is estimated to cause ∼10% of total human

TB cases in developing countries (5, 6). The impact of bTB extends

beyond public health with substantial economic consequences,

costing approximately US$3 billion globally (7). In the Republic of

Ireland (bTB) alone, more than 15,000 cattle have been removed

annually over the last decade. In 2020, the total programme

expenditure cost was e97 million and is rising year-on-year (8).

The Irish national bTB eradication programme is underpinned

by a test-and-removal strategy, leading to the slaughter of all cattle

that are positive to the single intradermal comparative tuberculin

test (SICTT), performed at least annually in each Irish herd (9).

This strategy has been successful in eradicating bTB in some

countries, such as Australia and some northern European countries

(10). In Ireland, however, progress has stalled in the national

eradication programme (11, 12), at least in part due to the presence

of other reservoirs of infection, including badgers (Meles meles;

13). Badger vaccination has proven effective at reducing badger

susceptibility, both in pen and field studies (13–15), and a badger

vaccination programme is now being progressively incorporated

into a national programme (16, 17).

A number of different approaches have been used in recent

studies to investigate the role of badgers in bTB transmission

and persistence. In Republic of Ireland (ROI), badger culling

trials resulted in a significant decrease in cattle incidence in areas

of badger culling compared to reference areas (13, 18, 19). In

Britain, the Randomized Badger Cull Trial (RBCT) found evidence

for decreased risk of bTB breakdown in proactive cull areas;

however, post-hoc analysis suggested that a transitory increased

risk to neighboring areas could occur (20). Using a case–control

design, badger relative abundance in the vicinity of cattle herds

was identified as an important risk factor for bTB herd breakdown

risk in Britain (21) and Ireland (22). In addition, studies of road-

killed badgers found strong evidence that badgers and cattle are

colonized by the same M. bovis strain in the same area (23, 24).

Most recently, genomic epidemiology has been used to understand

transmission direction between species, generally suggesting that

within-species transmission is more common than between-species

transmission in study areas (25–28). The relative importance of

cattle and badgers appears to be context specific (26, 28–30).

Although these studies provide important insight that badger bTB

is associated with cattle bTB, a quantitative understanding of how

relative badger density impacts bTB transmission in this cattle and

badger episystem is still lacking.

The main transmission routes of bTB are believed to be

droplets, aerosols, and fecal to oral transmission (31). These three

transmission mechanisms are intrinsically similar, involving an

environmental vehicle such as droplets, aerosols, feces, urine,

etc. M. bovis-laden droplets and aerosols may also settle onto

pastures and contribute to the subsequent environment for oral

transmission. The distinction between these transmission routes

lies in the duration between the shedding moment and the

time point of inhaling or ingesting M. bovis. Buddle et al.

(32) have proposed a role for environmental transmission as an

explanation for the variable efficacy observed in an overview of

vaccine trials for the control of tuberculosis in cattle, wildlife, and

humans. Mycobacterium tuberculosis complex (MTBC) has been

demonstrated to be present at the wildlife–environment–livestock

interface in Spain (33) and Italy (34), andmore specifically,M. bovis

has been detected in badger feces in the UK (35) and experimentally

infected cattle (36). In recent global positioning system (GPS)

studies, badgers barely have direct contact with cattle, suggesting

that environmental transmission may indeed play an important

role in bTB transmission (37, 38). However, to this point, the

quantitative importance of bTB transmission via the environment

has barely been considered (39).

Therefore, this study aims to gain a better understanding of

the quantitative role of badgers and cattle in TB transmission via

environmental transmission and quantify the impact of relative

badger density on bTB transmission in a spatial context. With this

information, we can identify high-risk areas for transmission where

bTB might sustain locally and assess whether badger vaccination

along with the test-and-removal strategy is sufficient to control

transmission in different areas.

2. Materials and methods

In this study, we aim to understand the local transmission of

bTB in a cattle and badger system. To this end, we develop an

environmental transmission model that incorporates both within-

herd/territory transmission and between-species transmission.

In Section 2.1, we present the structure of an environmental

transmission model for the cattle and badger system. The model

parameterisation, which is partially drawn from existing literature,

is described in Section 2.2, and the estimation of transmission and

decay rate parameters from time-series infection data is presented

in Section 2.3. The infection data used in the estimation are

explained in Section 2.4. With the estimated parameters, we use

the next-generation matrix (NGM) method to calculate the basic

reproduction ratio for the within-herd transmission and investigate

the impact of the relative badger density on the within-herd

R (Section 2.5.1). Furthermore, we use simulation to generate

between-herd R maps (Section 2.5.2).

2.1. Model description

We developed a stochastic compartmental model with

environmental transmission for a cattle and badger system. In this

system, a herd of cattle and a social group of badgers refer to the

animals of interest, whereas a farm and a badger territory each refer

to a spatial unit. A farm is a spatial location for a herd, with all

cattle in the herd registered to the same herd identifier. In Ireland,

a farm can consist of several fragments of land that can be spatially

dispersed, and we assume that cattle spend time on each fragment
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proportionally to its area. A badger territory is an area where a

social group of badgers primarily resides, which usually contains

a main sett and several outlier setts. The model incorporates a

geographic overlay of these two spatial units, where the between-

species transmission and the spatial spread are assumed to occur.

2.1.1. A completely shared area with one farm and
one badger sett territory

To explain this environmental transmission model, we first

look at a conceptual spatial structure in a small local area where

one farm and one badger territory are completely overlapping

(Figure 1). In this local area, individual badgers from one social

group and individual cattle from one herd share the same

environment (light blue circle in Figure 1). Cattle, unvaccinated

badgers, and vaccinated badgers are the three types of animals in

the model, abbreviated as c, ub, and vb in subscripts. Vaccinated

and unvaccinated badgers can exist in the same area because of the

ongoing vaccination programme, and they are assumed to differ

in terms of susceptibility but not infectivity (15). All individual

animals are classified into three compartments: susceptible (S),

latent (O), and infectious (I). Susceptible individuals can get

infected by the same species or another species at a certain

transmission rate after being exposed to M. bovis. When infection

becomes established, animals can become infectious, although the

length of the latent period is controversial. Infectious animals can

shed M. bovis into the environment of their spatial units. We

assume that M. bovis in the environment (denoted as Ec, Eb) are

distributed evenly in the farm and the badger territory, which is the

same area in this example (light blue circle in Figure 1). Since the

vaccination is assumed not to reduce badgers’ infectivity (15), the

amount of M. bovis shed by infectious badgers is represented by

compartment Eb, regardless of whether the infectious badgers are

vaccinated or unvaccinated.

The transmission rate from cattle to cattle is βc,cSc
Ec
Nc
. The βc,c

represents the cattle transmission rate parameter per contact with

one unit of Ec per day. Here, we use cattle number Nc to represent

the area size, hence for each susceptible bovine, the probability that

the contact with Ec is made is equal to Ec
Nc
. The same rules apply

to all the other transmission rates. For example, the transmission

rate from badger to cattle is βb,cSc
Eb
Nc

in which the probability that

the contact with Eb is made for each susceptible badger is
Eb
Nc

. We

use one denominator in both cattle and badgers to have a unified

representation of the area in this two-host system. In transmission

rate parameter βb,ub and βb,vb, we do not distinguish whether the

infection source badger is vaccinated or unvaccinated (the first b of

the subscript) because the vaccination is assumed not to reduce the

infectivity, and environmental contamination from the vaccinated

or unvaccinated badgers is not distinguished in Eb.

Infected animals (O compartment) can develop further into

infectious state (I compartment) at a rate of λcIc and λbIb.

Infectious animals are removed at a rate of αcIc and αbIb, caused

by cattle test-and-removal and by bTB-induced badger death,

respectively. We assume the background death rate parameters are

equal to the birth rate of animals (αc, αb) and that all newborn

animals are susceptible.

Infectious animals can shed M. bovis into the environment,

where it subsequently decays. The shedding and decay of M. bovis

are modeled deterministically as follows:

dEc(i)

dt
= ϕIc(i) − µEc(i) (1)

dEb(j)

dt
= ϕIub(j) + ϕIvb(j) − µEb(j) (2)

where i, j denote the index for farm and badger territories,

respectively. We assume that the decay of M. bovis has the same

decay rate parameter µ despite the different infection source

and strains (µEc for cattle and µEb for badgers). The shedding

rate parameter ϕ is scaled as a function of the decay rate

parameter ( µ2

−1+e−µ+µ
) (40). The reason for this scaling is that the

shedding rate parameter ϕ and the transmission rate parameter

β are structurally not jointly identifiable from infection data

(41). Therefore, we choose to fix the shedding rate parameters

and estimate the different transmission rate parameters from

infection data (more details in Eqs. 5, 6). With the standardization

(ϕ =
µ2

−1+e−µ+µ
), the transmission rate parameters represent

the transmission rate from one typical infectious individual to

a susceptible individual during one interval starting in a clean

environment (40).

2.1.2. Many farms and many badger territories
that partially overlap

We then consider the spatial structure of badger territories

and farms in the full model. Badger territories can overlap with

several farms; hence, badgers act as vectors that facilitate between-

herd transmission. Similarly, herds can overlap with several badger

territories and facilitate transmission between different badger

social groups (Figure 2). To account for the spatial structure in

the model, the exposure from the other species is weighted by

the ratio of (the total area of overlap between farms and badger

territories) and (the total area of farms or badger territories). The

denominator in the transmission rate for badgers is also adjusted

with the weighted cattle number as a representation of the badger

territory area. The ordinary differential equation version of the

transmission is presented in Eqs. 3, 4.

dOc(i)

dt
= βc,cSc(i)

Ec(i)

Nc(i)
+ βb,cSc(i)

∑

j=1,..k Eb(j)
A(ij)

AT(j)

Nc(i)
− λcOc(i)(3)

dOb(j)

dt
= VC



βb,vbSvb(j)

Eb(j)
∑

i=1..m Nc(i)
A(ij)
AF(i)

+βc,vbSvb(j)

∑

i=1,..m Ec(i)
A(ij)
AF(i)

∑

i=1..m Nc(i)
A(ij)
AF(i)





+(1− VC)



βv,ubSub(j)

Eb(j)
∑

i=1..m Nc(i)
A(ij)
AF(i)

+βc,ubSub(j)

∑

i=1,..m Ec(i)
A(ij)
AF(i)

∑

i=1..m Nc(i)
A(ij)
AF(i)



− λbOb(j) (4)

Farms and badger territories are the two spatial units in the

model where i, j denote the index for farm and badger territories,

respectively. A(ij) denotes the total area of overlap between farm
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FIGURE 1

A conceptual diagram of within-herd/territory transmission in a completely shared area with one farm and one badger sett territory.

i and territory j.
A(ij)
AF(i)

represents the proportion of farm i that

overlaps with territory j. Similarly,
A(ij)

AT(j)
is the proportion of

territory j that overlaps with farm i.

Cattle on farm i can get infected by M. bovis on the

farm excreted by cattle (Ec(i)) at rate βc,cSc(i)
Ec(i)
Nc(i)

or excreted

by badgers whose territories overlap with the farm i at rate

βb,cSc(i)

∑

j=1..k Eb(j)
A(ij)
ATi

Nc(i)
. Multiple badger territories (j = 1..k) can

overlap with farm i, so the contribution from these territories (j =

1..k) are summed. For each territory j, only the part of the territory

that is located inside farm i can pose a threat on infecting cattle;

hence, each Eb(j) is adjusted to Eb(j)
A(ij)

ATi
.

Similarly, badgers can get infected by badgers in their

own territory j or by cattle in farms that overlap with j. As

mentioned in Section 2.1.1, we use a unified representation of

the area, namely the number of cattle in that area. Therefore,

the area of badger territory is represented by the weighted

number of cattle as
∑

i=1..m Nc(i)
A(ij)
AF(i)

, as territory j overlaps

with different farms (i = 1..m). A proportion of the

badgers are vaccinated, denoted as VC (vaccination coverage).

Vaccinated badgers are assumed to have reduced susceptibility

but the same infectivity as the unvaccinated badgers. Therefore,

transmission from infectious badgers to vaccinated badgers

is modeled as (VC)βb,vbSvb(j)
Eb(j)

∑

i=1..m Nc(i)

A(ij)
AF(i)

and transmission

from infectious badgers to unvaccinated badgers as (1 −

VC)βb,ubSub(j)
Eb(j)

∑

i=1..m Nc(i)

A(ij)
AF(i)

. For cattle-to-badger transmission,

only part of farm i is located inside the badger territory j, so

Ec(j) is adjusted with Ec(j)
A(ij)

AFi
. Therefore, the cattle-to-badger

transmission rate is denoted as (VC)βc,vbSvb(j)

∑

i=1,..m Ec(i)
A(ij)
AF(i)

∑

i=1..m Nc(i)

A(ij)
AF(i)

for

vaccinated badgers and (1 − VC)βc,ubSub(j)

∑

i=1, ..m Ec(i)
A(ij)
AF(i)

∑

i=1..m Nc(i)

A(ij)
AF(i)

for

unvaccinated badgers.
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FIGURE 2

An example of the spatial structure of farms and badger territories. The blue map represents badger territories, and the red irregular shapes delineate
farm boundaries.

2.2. Model parameterisation

There are 14 parameters in this model. Six model parameters

were estimated from the literature (Table 1). The details on the

explanation and references for those parameters can be found

in Supplementary Table 1. In addition, the transmission rate and

decay rate parameters ofM. bovis in the environment are estimated

by fitting time-series infection data into a dose–response function

(Section 2.3).

2.3. Statistical analysis

We estimate transmission rate and decay rate parameters by

fitting time-series infection data into the model. The core of this

method is to relate exposure to hazards and the hazards to the

infection probability (40). We first reconstruct the exposure in

this two-host environmental transmission model (Section 2.3.1)

and then fit the cattle and badger infection data and exposure to

the statistical model to estimate transmission rate and decay rate

parameters (Section 2.3.2).

2.3.1. Reconstruction of exposure
From Eq. 1, we derive the environmental contamination (E(t))

as a function of time and the number of infectious individuals (Eq.

5). The exposure to the environmental contamination during one

time interval is the integral of E(t) as
∫ 1
0 E (t|It ,E0) (Eq. 4).

E (t|It ,E0) =
(1− −tµ)µ

−1+ −µ + µ
It +

−tµE0 (5)

∫ 1

0
E (t|It ,E0) = It +

1− −µ

µ
E0 (6)

Here, E0 denotes the environmental contamination of at the

start of an interval and It denotes the number of infectious

individuals (cattle or badgers) during this interval. These equations

TABLE 1 Model parameters.

Parameter Description Value

βc,c Transmission rate parameter from

cattle to cattle

Estimated

βb,c Transmission rate parameter from

badges to cattle

Estimated

βb,ub
Nb
Nc

Transmission rate parameter from

badger to unvaccinated badger

Estimated

βc,ub
Nb
Nc

Transmission rate parameter from

cattle to unvaccinated badger

Estimated

βb,vb
Nb
Nc

Transmission rate parameter from

badger to vaccinated badger

Estimated

βc,vb
Nb
Nc

Transmission rate parameter from

cattle to vaccinated badger

Estimated

ϕ The shedding rate parameter ofM.

bovis

Standardized

µ M. bovis decay rate parameter Estimated

1
γc

Infectious period for cattle 101 days

1
γb

Infectious period for badgers 365 days

1
λc

Latent period for cattle 1.8 days

1
λb

Latent period for badgers 90 days

αc The cattle background death rate 9.13e-4 day−1

αb The badger natural death rate 7.52e-4 day−1

were used to construct Ec and Eb and exposure by integrating each

farm and territory.

2.3.2. Likelihood function
The number of new cases over each observation time

interval (τ , τ +1) follows a binomial distribution with a binomial

total susceptible individual number at each time interval. The
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probability used in the binomial distribution is the probability of

getting infected. From Eqs. 3, 4, the probability of getting infected

can be derived for cattle and badgers, respectively, as follows:

Pc = 1− e−(βc,c

∫ τ+1

τ
Ec(i)(t|Ic(i)τ ,Ec(i)(τ ))dt

Nc(i)

+βb,c

∑

j=1..k (
∫ τ+1

τ
(Eb(j)(t|Ib(j)τ ,Eb(j)(τ ))

∗ A(ij)

AT(j)
)dt)

Nc(i)
(7)

Pub = 1− e−(βb,ub

∫ τ+1

τ
Eb(j)(t|Ib(j)τ ,Eb(j) (τ ))dt

∑

i=1..m Nc(i)
A(ij)
AF(i)

+βc,ub

∑

i=1..m (
∫ τ+1

τ
(Ec(i)(t|Ic(i)τ ,Ec(i)(τ ))

∗ A(ij)
AF(i)

)dt)

∑

i=1..m Nc(i)
A(ij)
AF(i)

) (8)

Pvb = 1− e−(βb,vb

∫ τ+1

τ
Eb(j)(t|Ib(j)τ ,Eb(j) (τ ))dt

∑

i=1..m Nc(i)
A(ij)
AF(i)

+βc,vb

∑

i=1..m (
∫ τ+1

τ
(Ec(i)(t|Ic(i)τ ,Ec(i)(τ ))

∗ A(ij)
AF(i)

)dt)

∑

i=1..m Nc(i)
A(ij)
AF(i)

) (9)

where Ic(i)τ , Iub(j)τ , and Ivb(j)τ represent the Ic at farm I, Iub, and

Ivb at territory j at the beginning of (τ , τ+). Ic(i)τ , Iub(j)τ , and

Ivb(j)τ are integers and change discretely in jumps of 1. Ec(i)(τ )

and Eb(j)(τ ) represent Ec(i) and Eb(j) at time τ . Ec(i)(τ ) and Eb(j)(τ )

change continuously.

The likelihood as a function of transmission rate parameters

and decay rate parameters is given by:

L (θ) =
∏

x

(P)casesx (1− P)(Sx−casesx) (10)

where P represents either Pc, Pub, or Pvb from Eqs. 7–9.

2.4. Data

The infection data and geographic data for cattle and badgers

are extracted to quantify parameters as described in Section 2.3.

The new cases in each observation interval are used to calculate

the probability of infection in each interval in Eqs. 7–9 and the

prevalence at the beginning of each observation time interval in

each spatial unit is used to reconstruct the exposure as described

in Section 2.3.

2.4.1. Badger data
The badger vaccination trial ran from 2009 to 2013 in the

Kilkenny area (42). A 750 km2 study area was divided into three

zones (A, B, and C) from north to south. Badger setts were

identified and their locations recorded. Badgers were captured

using cages or restraints. Blood samples were collected at each

capture and tested using enzyme-linked immunosorbent assay

(ELISA; (43)). Captured badgers were assigned to the sett closest to

where they were trapped, with most captures taking place directly

outside sett entrances. All the captured badgers in Zone A and 50%

of the captured badgers in Zone B received a placebo. Half of the

captured badgers in Zone B and all the captured badgers in Zone C

received oral BCG vaccine (Danish strain 1331, at dose 108 cfu).

Details of the badger infection dataset from the vaccination

trial and the location of badger territories were described elsewhere

(15, 44). In total, there were 1759 trapping records. Each record

contains the information from the trapping of a single badger:

badger ID, sett ID, infection status, date of examination, vaccine

status, date of vaccination, vaccine code, etc. From all the trapping

records, we extracted 440 pairs of trapping records from badgers

that were captured more than once. Each pair of capture records

consists of two examination results, namely the serology status at

the beginning and the end of the interval, with the infectious status

being negative at the beginning. Each pair of capture records has

an outcome of 0 or 1 infection, which can be used to calculate the

probability of infection during an interval, namely Pub and Pvb in

Eqs. 7–9.

In addition, the number of infectious badgers in each territory

j at the time x (Ib(j)x) is needed on the right side of Eqs. 7–9.

We calculated Ib(j)x by multiplying the badger bTB prevalence

by the number of badgers per territory. The number of badgers

per territory was calculated using the minimum number alive.

Badger prevalence was calculated from 1759 trapping results. The

spatial and temporal resolution in the model is at territory and

day levels, while the data are limited compared to the resolution

in this model. Therefore, we fitted badger bTB prevalence at the

territory level at different time points with several generalized

additive models (GAMs) and then used the best-fitting GAM

to predict the badger bTB prevalence for each day in each

territory (see details about the GAMs in Supplementary Table 3). In

addition, a sensitivity analysis was conducted to assess the impact of

uncertainty in badger prevalence on the parameter estimation (see

Supplementary Table 4).

2.4.2. Cattle data
Cattle data were extracted from the Animal Health Computer

System (AHCS) dataset and the Land Parcel Identification System

(LPIS) of the Irish Government’s Department of Agriculture, Food

and the Marine (DAFM). The AHCS dataset comprises bTB test

records on more than 98% of herds, including single intradermal

comparative tuberculin test (SICTT), interferon-gamma array,

ELISA test, and slaughterhouse inspection results. Herds are tested

by the SICTT at least once a year. In this study, the sensitivity of

tests was assumed to be 100%. Positive cattle are removed within

2–4 weeks of testing by staff from DAFM. In the AHCS dataset,

each record consists of the number of cattle tested, the date of the

test, the type of the test, the number of positive cattle, the number

of inconclusive cattle, etc. When there are inconclusive tests in

the herd, field veterinarians re-test the cattle or the herd within 3

months. From 2009 to 2013, there were 6787 test records from 1335

herds in this badger vaccination trial area. In all these events, 696

records from 390 herds were positive. In each data line, the number

of new cases in a herd during an interval is the Pc in Eq. (7). The

number of infected animals at the start of the interval time x (Ic(i)τ )

is used to construct the exposure (right side of Eq. 7).

The LPIS dataset delineates the land parcels making up each

farm. Many Irish farms consist of several land fragments (45–47).
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For historic and topological reasons, the extent of fragmentation

varies within Ireland. In the region of this study, approximately

20% of farms are single-fragment farms. The remaining 80% of

farms have an average of five fragments, with a mean distance

between same-farm fragments of 3.3 km. The movement within a

herd but amongst different fragments was not recorded. Therefore,

we assume that the time cattle spend on each fragment is

proportional to the area of the fragment.

2.5. Basic reproduction ratio

2.5.1. Within-herd R
The next-generation matrix (NGM) is a commonly used

method to derive the basic reproduction ratio for a compartmental

model (48). With the estimated transmission and decay rate

parameters, we can calculate the basic reproduction ratio

for this cattle badger system in a theoretical local area as:
[

Rc,c,Rb,c
Rc,b

Nb
Nc
,Rb,b

Nb
Nc

]

, where

Rc,c =
βc,cµ

(−1+ e−µ + µ)

λc

(αc + λc)

1

αc + γc

Rb,c =
βc,cµ

(−1+ e−µ + µ)

λc

(αc + λc)

1

αb + γb

Rc,b = VC∗

(

βc,vbµ
(

−1+ e−µ + µ
)

λb

(αb + λb)

1

αc + γc

)

+ (1− VC)∗
βc,ubµ

(

−1+ e−µ + µ
)

λb

(αb + λb)

1

αc + γc

Rb,b = VC∗ βb,vbµ
(

−1+ e−µ + µ
)

λb

(αb + λb)

1

αb + γb

+ (1− VC)∗
βb,ubµ

(−1+ e−µ + µ)

λb

(αb + λb)

1

αb + γb
.

Nb
Nc

represents the relative badger density compared to cattle in

a local area. We used this term rather than the term relative

abundance because in our model, Nc is a proxy of the area under

consideration, with the implicit assumption that cattle density

is spatially uniform. Thus, the relative badger density cannot

be reduced by simply increasing the number of cattle, as such

an increase would mean an enlargement of the land area. VC

represents the vaccination coverage, and (1 – VC) represents the

proportion of unvaccinated badgers. We use VC = 0% and 100%

to calculate the partial reproduction ratio in unvaccinated and

fully vaccinated areas. The largest eigenvalue of this matrix is the

basic reproduction ratio within this local area, which is derived

as follows:

R =
1

2

(

Rc,c + Rb,b
Nb

Nc

)

+
1

2

√

(Rc,c + Rb,b
Nb

Nc
)
2

− 4(Rc,cRb,b
Nb

Nc
− Rc,bRb,c

Nb

Nc
) (11)

R represents the average number of new infections per case within

this isolated local area, such as a farm with a badger territory lying

completely inside the farm.

However, in reality, badgers’ territories connect multiple local

areas. Badgers act as vectors in the sense that they get infected by

one herd and transmit infection to cattle in other herds. When an

infectious bovine is introduced to a herd or an infectious badger

comes into contact with a herd, there is a risk that infection will be

spread to neighboring herds by badgers. To control bTB spread, we

need to evaluate both within- and between-herd transmission.

2.5.2. Between-herd R
The average number of neighboring herds infected by a single

newly infected farm is denoted by the between-herd R. To calculate

the between-herd R, a stochastic metapopulation model for each

herd and its neighboring herds was developed with the same

model structure as described in Figure 1 using the SimInf package

in R (49). All the infection and vital dynamic processes are

modeled stochastically using the Gillespie Algorithm, while M.

bovis dynamic shedding and decay in the environment are modeled

deterministically in Eqs. 1, 2. The spatial structure was accounted

for according to Eqs. 3–4. In the Kilkenny area, there are a total of

1335 herds. For each herd, we simulated the transmission between

the herd itself, the connected badger territories, and the herds that

are directly connected (i.e. those that share a connected badger

territory with the initial herd). In total, 1335 different spatial

configurations were simulated, each with 200 repetitions.

Parameter estimations obtained in the analyses in Sections

2.2 and 2.3 were used in this simulation. In the initial state, one

infectious bovine is introduced to a herd. Badgers are considered

fully susceptible, and there is no contamination in the environment.

The resulting distribution for the number of infected neighboring

herds represents the between-herd R distribution. The average

number of infected herds is the between-herd R.

3. Results

3.1. Parameter estimations

The decay rate parameter is estimated as 0.0039 day−1 with

CI (0.0036, 0.0041), which means the half-life of M. bovis is 178

days, ranging from 169 to 192 days. Transmission rate parameters

are estimated with a unit of per day for one infectious individual

(Table 2). In addition, our parameter estimation is robust across

the varying assumptions used to calculate badger prevalence

(Supplementary Table 4).

We transform βcc to a yearly rate per infected individual

( βccµ

(−1+e−µ+µ)

∗
365) for comparison with other transmission models

that use direct contact assumptions. One infectious bovine can

infect on average 1.97 cattle per year in a fully susceptible herd with

CI (1.82, 1.97). This estimation is slightly lower than estimations in

New Zealand, the Netherlands, and Argentina, ranging from 2.2 to

5.2 per year (50–53).

The transmission rate parameter for badgers (βb,vb, βc,vb, βb,ub,

and βc,vb) need to be interpreted with a multiplication of the local

relative badger density (see NGM in Section 2.5), hence they cannot

be directly compared with transmission rate parameters for cattle

(βc,c, βb,c). For example, in an area with Nb
Nc

= 0.01, an infectious
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TABLE 2 Parameter estimation.

Parameter Estimation (per
day per E unit)

CI Transformed value (per
individual per year)

CI

βc,c 1.01e-5 (9.7e-6, 1.07e-5) 1.89 (1.82, 1.97)

βb,c 3.977e-6 (3.78e-6, 4.19e-6) 0.756 (0.71, 0.78)

βb,vb
Nb
Nc

5.14e-5 Nb
Nc

(3.34e-5, 7.28e-5) Nb
Nc

9.63 Nb
Nc

(6.26, 13.64) Nb
Nc

βc,vb
Nb
Nc

4.43e-4 Nb
Nc

(2.64e-4, 6.62e-4) Nb
Nc

82.95 Nb
Nc

(49.62, 124.07) Nb
Nc

βb,ub
Nb
Nc

9.19e-5 Nb
Nc

(6.44e-5, 1.23e-4) Nb
Nc

17.22 Nb
Nc

(12.09, 23.21) Nb
Nc

βc,ub
Nb
Nc

5.07e-4 Nb
Nc

(2.98e-4, 7.62e-4) Nb
Nc

95.13 Nb
Nc

(55.83, 142.87) Nb
Nc

bovine can infect on average 0.95 unvaccinated badgers per year

with CI (0.56, 1.42).

3.2. Within-herd R

In an isolated farm that does not connect to other farms, the

within-herd R can be derived based on the methods presented

in Section 2.5.1. When badgers are unvaccinated, the NGM for

this farm is

[

0.49, 0.59

22.11
Nb
Nc
, 14.04

Nb
Nc

]

, where
Nb
Nc

represents the relative

badger density in the farm.When badgers are vaccinated, the NGM

is

[

0.49, 0.59

20.02Nb
Nc
, 8.22Nb

Nc

]

. When an infectious bovine is introduced

on this isolated farm, it will infect 0.49 cattle on average during

its infectious period. In comparison, when an infectious badger

is introduced, it will infect, on average, 0.59 cattle. The shorter

infectious period of cattle than badgers leads to a smaller Rcc than

Rbc. However, a relaxation of the test-and-removal strategy will lead

to a longer cattle infectious period and thus increase Rcc.

The number of infected badgers in this system depends on

the relative badger density (
Nb
Nc
). In addition, the impact of badger

vaccination on within-herd R depends on the
Nb
Nc
. For example, in

a herd with 100 cattle and three unvaccinated badgers, the within-

herd R for this local area is 1.08. If all badgers are vaccinated in

this local area, the within-herd R is 0.97 (Figure 3). For example,

to control R <1 within an isolated area that accommodates

100 cattle, the relative badger density should be less than 2.5

unvaccinated badgers or 3.2 vaccinated badgers. As the relative

badger density and the system R are highly correlated (with a

correlation coefficient of 0.999), we fit them into a linear regression.

In estimated linear relationships, R increases by 0.134 when the
Nb
Nc

increases by 0.01 in an unvaccinated area. With all the badgers

being vaccinated, this increase in R per 0.01
Nb
Nc

is reduced to 0.084.

3.3. Between-herd R

In real life, herds are not isolated but connected with each other

by badger territories. Even if each isolated area has an R below 1,

bTB might still spread from one local area to another. Therefore,

we used simulations to calculate the average number of herds that

get infected if an infectious bovine is introduced or tested positive

in an index herd.

In between-herd R maps (Figure 4), herds in yellow are

expected to spread bTB to fewer than 1 neighboring herd, while

herds in orange and red are expected to spread to more than 1

neighboring herd. Red areas are mostly clustered on the north and

east sides of the study area due to the higher density of badgers.

Some sporadic red dots lie in the yellow area because of the farm

fragmentation, where high R herds have some land parcels in

the low R herd clusters. By comparing the two maps, vaccination

reduces the average between-herd R from 1.21 to 0.85. It is worth

noting that the average between-herd R is being used to allow a

quantitative comparison between maps but does not infer the bTB

persistence in a whole area. Despite a 10% decrease in herds with R

>1, there are still 30% of herds that can transmit bTB to more than

1 herd with the badger vaccination (Figure 4).

4. Discussion

The quantification of bTB transmission between wildlife

and cattle is critical for efforts to eradicate bTB. In Ireland

and the UK, recent studies have provided evidence that

badgers are involved in maintaining bTB transmission; however,

a quantitative understanding of how relative badger density

influences transmission in this cattle and badger episystem has

so far been lacking. To address this gap, this study quantifies the

role of badgers, cattle, and the environment in bTB transmission

and disentangles how relative badger density may contribute to

the spatial heterogeneity in bTB transmission. To achieve this

objective, we developed a novel environmental transmission model

that incorporates both within-herd/badger territory transmission

and between-species transmission. This approach is guided by the

overlap of badger territories with cattle herds.

In this two-host transmission system, the partial reproduction

ratio Rbc is higher than Rcc. This is because badgers likely remain

infectious for a longer period than cattle, given the test and removal

policy in cattle in place. Therefore, any relaxation of the test-and-

removal policy can lead to higher Rcc. The partial reproduction

ratios Rc,(u/v)b
Nb
Nc

and Rb,(u/v)b
Nb
Nc

depend on the local relative

badger density (Nb
Nc
). As a result, we quantified the relationship

between local relative badger density and the R for the system.

In unvaccinated areas, within-herd R increases by 0.134 for every

0.01 increase in the Nb
Nc
. This increase is reduced to 0.084 per 0.01

increase in Nb
Nc

when badgers are vaccinated.
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FIGURE 3

Within-herd R in an isolated herd with di�erent relative badger densities (Nb/Nc). The pink line represents the within-herd R without badger
vaccination, and the blue line represents the within-herd R with badger vaccination. The black dashed line represents the threshold R = 1.

Our transmission model adopts a single transmission route,

incorporating an environmental compartment. We simplified

droplet, aerosol, fecal to oral transmissions to one environmental

transmission route as they are intrinsically similar. The primary

distinction lies in the duration between the shedding moment

and the time point of inhaling or ingesting M. bovis. Shortly

after being shed into the environment, M. bovis cells may

pose an infection risk to other animals. This infection risk

decreases over time because viable M. bovis decays over time

in the environment. We unified these three transmission routes

into one and assumed an exponential decay of M. bovis

with a specified decay rate. This unification simplifies the

model structure while still capturing the significance of historic

infections. In addition, badger-to-badger transmission via biting

may represent a secondary route of infection, which has not

been considered in this study. Previous studies have shown that

transmission via biting can cause a more rapid and progressive

infection with generalized pathology (54). The simplification

of transmission routes might lead to an underestimation of

badger-to-badger transmission and an overestimation of cattle-to-

badger transmission. However, it is not our goal to distinguish

badger infection via biting or the other three mechanisms, as

the data to distinguish the contribution of different mechanisms

are lacking.

Previous studies on the within-herd transmission of bTB have

exploited either frequency- or density-dependent models (50, 52,

55). A study in US dairy herds found that a frequency-dependent

model can predict risk significantly better than a density-dependent

model (55). Additionally, Conlan et al. (56) measured the strength

of the density dependence of transmission and found a non-

linear dependence with herd size. Therefore, our model adopts

a frequency-dependent model and uses the number of cattle

as a proxy for the area in transmission rates (Eqs. 3, 4). This

approximation is valid in areas where badger territories and

farms dominate a significant portion of the region frequented

by badgers, as in this study area. However, when a significant

portion of the region consists of woodlands, rivers, and urban

areas, it becomes crucial to modify this proxy. This adjustment

is necessary to avoid underestimating the denominator in the

badger-to-badger transmission rate, which could otherwise result

in an overestimation of the badger-to-badger transmission rate

parameter. In addition to using cattle numbers as a proxy for area,

one can consider alternative denominators such as the number of

badgers or the sum of cattle and badgers. Our assessment showed

that models with Nc or Nc + Nb as the denominator in the

transmission rates (in Eqs. 3, 4) provided similar results in fitting

the data (see Supplementary Table 5).

The significance of the environment in the transmission of

M. bovis is emphasized in our model, which estimates a half-life

of 6 months. Our estimation of the half-life of M. bovis in the

environment is five times higher in comparison to other modeling

studies (39), although still within the range of experimental studies

(31, 57). We also conducted a sensitivity analysis of the decay

rate using the estimates from (39). A shorter survival time of

M. bovis can lead to an increase in transmission rate parameters,

but the outcome of this study with respect to NGM, R, and the

threshold for relative badger density remain largely unaffected (see

Supplementary Table 6).
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FIGURE 4

Between-herd R maps and R distribution. (A) The between-herd R map without any badger vaccination and (B) the between-herd R map with 100%
vaccination coverage. Yellow herds represent between-herd R below 1, while orange and red herds represent between-herd R >1. (C) The
distribution of between-herd R with and without badger vaccination. Each bar represents the percentage of herds falling within a specific
between-herd R range. For example, the first bar indicates that 70% of herds have between-herd R < 1 in the vaccination scenario and 60% in the
un-vaccination scenario.

The parameters defining the duration of intermediate stages

of the disease (latent periods) were derived from the literature

(see Supplementary Table 1). We did not estimate them from

infection data because previous modeling studies have not been

able to distinguish models with differing assumptions regarding

these intermediate stages (SORI or SOR model) based on model

fit (56). The most debated parameter is the latent period for

cattle. Conventionally, it is believed that M. bovis can cause a

long latent period similar to human TB. However, an animal

challenge study showed that acute infection may occur (58). In

addition, a recent review also suggests thatM. bovis can frequently

cause acute infection in cattle (59). Therefore, we also assume a

short latent period for cattle. In this model, assuming a different

latent period for cattle or badgers would impact the transmission

rate parameter estimates. However, such a variation would not

influence the values for R and NGM since the modifications to

these β and λ would counterbalance each other within the R

formula as described in Section 2.5.1. In addition, the sensitivity

of tests for cattle and badgers is assumed to be perfect in this

model. Infected but undetected animals shed M. bovis, which

causes an underestimation of environmental contamination. On

the other hand, these hidden infections cause an underestimation

of the new cases. Both the left and right sides of Eqs. 7–

9 were underestimated, whose effects are likely to be canceled

out and therefore have a limited impact on the transmission

rate parameter.

In this model, cattle and badgers are assumed to spend their

time homogenously distributed within their spatial units. This is

a simplification of reality, as some parcels of farms might not be

used for grazing, or not all of the time, and badgers may spend

more time near setts than elsewhere in their territories. However,

as cattle and badger numbers and infection data are available at the

farm and territory level, we used this as the spatial resolution for our

model. Within-farm and within-territory heterogeneity might lead

to an underestimation of the actual densities at the location of an

infected animal, which in turn leads to an underestimation of the

within-herd R by the model. However, heterogeneity in densities

may also lead to less overlap in areas used by cattle and badgers,

which would have the opposite effect. In addition, the assumption

that animals are restricted to their spatial units, might attribute

movement-mediated transmission to between-species transmission

in the model. This can result in an overestimation of the between-

species transmission. Future studies could relax this assumption

and capture the effect of cattle movements using detailed cattle

movement data.

In conclusion, this model disentangles the quantitative

relationship between relative badger density and local transmission

risks. Estimating transmission rate parameters improves our
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understanding of badgers as a vector in this two-host system. In

addition, the model produces the first between-herd R map for

bTB considering badger, cattle, and environment. These R maps

identify high-risk areas as clusters of farms with between-herd R>1

and demonstrate how relative badger density determines the local

transmission risk. Our results suggest that badger vaccination can

maximally reduce the average between-herd R in Kilkenny to 0.85;

however, despite this, 30% of herds will still have an R value >1

and so, if infected, have a high potential risk of transmitting bTB to

their neighbors. Whether these 30% of herds with a high between-

herd R can sustain the bTB spread in a large area, such as the whole

Kilkenny area, is unknown and requires further research.
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Introduction: African swine fever (ASF) is a notifiable disease of swine that impacts
global pork trade and food security. In several countries across the globe, the
disease persists in wild boar (WB) populations sympatric to domestic pig (DP)
operations, with continued detections in both sectors. While there is evidence
of spillover and spillback between the sectors, the frequency of occurrence and
relative importance of di�erent risk factors for transmission at thewildlife-livestock
interface remain unclear.

Methods: To address this gap, we leveraged ASF surveillance data fromWB andDP
across Eastern Poland from 2014–2019 in an analysis that quantified the relative
importance of di�erent risk factors for explaining variation in each of the ASF
surveillance data from WB and DP.

Results: ASF prevalence exhibited di�erent seasonal trends across the sectors:
apparent prevalence was much higher in summer (84% of detections) in DP, but
more consistent throughout the year in WB (highest in winter with 45%, lowest in
summer at 15%). Only 21.8% of DP-positive surveillance data included surveillance
in WB nearby (within 5 km of the grid cell within the last 4 weeks), while 41.9% of
WB-positive surveillance samples included any DP surveillance samples nearby.
Thus, the surveillance design a�orded twice as much opportunity to find DP-
positive samples in the recent vicinity of WB-positive samples compared to the
opposite, yet the rate of positive WB samples in the recent vicinity of a positive DP
sample was 48 times as likely than the rate of positive DP samples in the recent
vicinity of a positiveWB sample. Ourmachine learning analyses found that positive
samples in WB were predicted by WB-related risk factors, but not to DP-related
risk factors. In contrast, WB risk factors were important for predicting detections
in DP on a few spatial and temporal scales of data aggregation.

Discussion: Our results highlight that spillover from WB to DP might be more
frequent than the reverse, but that the structure of current surveillance systems
challenge quantification of spillover frequency and risk factors. Our results
emphasize the importance of, and provide guidance for, improving cross-sector
surveillance designs.

KEYWORDS

African swine fever, wild boar, domestic pigs, surveillance, wildlife-livestock

1. Introduction

Understanding the risks of pathogen transmission across the wildlife-livestock

interface is key to mitigating threats to human health (1), food security (2), and

endangered wildlife (3). Pathogen transmission from wildlife to domestic hosts

or the reverse results from a combination of epidemiological, ecological and
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behavioral drivers of pathogen pressure in the reservoir host,

pathogen exposure in the receiving host, and structural barriers

to contact at the interface between them (4, 5). Force of infection

at the interface will depend on the pathogen prevalence in the

donor host population, contact rate between the reservoir and

recipient host, and probability of infection given contact (6).

On the donor host side, pathogen pressure is generated by the

interaction of host ecology (population distribution, connectivity,

and density, host movements and contact structure) and pathogen

ecology (routes of transmission, survival in the environment)

which determine prevalence, persistence and spread (4, 7). If

wildlife and domestic host populations have similar susceptibility

and transmission ability to a particular pathogen, transmission

between the two can be bidirectional (8–10), yet with distinct

disease dynamics in each population due to differences in ecological

context. Surveillance systems that include data from each host

population jointly are important for understanding transmission

risk at the wildlife-livestock interface (7, 11).

African swine fever (ASF) is a highly transmissible viral disease

of swine that impacts global trade of swine and pork products. In

Eurasia, ASF occurs in wildlife (wild boar; WB) and domestic pigs

(DP) (8). In domestic pig populations, circulation is maintained

through direct transmission between pigs within farms (12) as well

as indirect transmission through fomites (e.g., contaminated feed,

material, equipment) (13) or soft tick vectors in areas where the

vectors exist (14). Proximity to infected farms and local density

of DP are risk factors of farm ASF incidence in the Italian

island of Sardinia (15, 16), Nigeria (17), Romania (18), Russia

(19, 20), and globally (21). Between-farm transmission, involving

transport of infected animals (direct transmission), equipment,

feed and other fomites (indirect transmission), is closely related

to trade and contact networks (22). For example, density of

regional road networks is the most important risk factor for

ASF occurrence in DP in Russia (19). Introduction of stringent

regulations regarding domestic pigmovements in the infected areas

of the European Union (European Commission Implementing

Regulation 2023/594) has reduced the risk associated with transport

of live animals in relation to transmission through fomites.

In WB, ASF circulation is thought to occur through

host-to-host contacts (direct transmission) and contaminated

environments and infectious carcasses (indirect transmission).

Patterns in ASF surveillance data in WB and modeling of ASF in

WB suggests that the disease can persist endemically in the WB

in some conditions (23–27). WB population density and habitat

quality appear to drive patterns of ASF occurrence (26–30). High

WB abundance enhances direct transmission (26), while carcass-

based transmission is thought to be a key mechanism allowing

low-level and long-term ASF persistence in WB populations,

particularly at low densities (26, 29, 31). Studies in several different

countries estimated an effective or basic reproduction number of

∼1.5 between groups of WB from ASF surveillance data (11, 32–

34) supporting the notion of endemic transmission levels in WB.

However, these studies did not consider the potential role of DP in

the estimates of effective reproductive numbers.

While DP and WB populations could each maintain ASF

independently, bidirectional cross-cycle transmission is thought

to occur (35). A primary mechanism of emergence of ASF in

WB in new areas likely occurs through inappropriate disposal

of infectious domestic pig carcasses or pork products in WB

habitat followed by transmission among WB (12, 36). Once ASF

occurs in WB populations, it is thought that the most likely

routes of transmission from WB to DP is through contaminated

feed or environments, and through direct contact depending on

husbandry practices (12). Several studies have pointed to WB

as an important risk factor for outbreaks in DP (13, 37), both

in low-biosecurity backyard farms (18, 38) and high-biosecurity

commercial farms (39). But, two important gaps remain: (1)

determining if repeated transmission from DP to WB is important

for explaining the patterns of detection in WB populations and,

if so, how much transmission is important for persistence in

WB (26, 40), and (2) whether transmission from WB to DP

occurs and, if so, at what frequency. For example, Lange et al.

(40) found little evidence of spatio-temporal clustering of WB

detections suggesting lack of autonomous persistence in WB

populations while Podgórski et al. (27) found substantial evidence

for spatio-temporal clustering of detections in WB suggesting

endemic transmission within WB populations. Pepin et al. (26)

found autonomous persistence was likely in WB but depended on

WB density and the frequency of carcass-based transmission, but

this study did not include the potential for transmission from DP

throughout the study area.

Few studies have examined surveillance data from WB

alongside DP (e.g., 20, 32, 39) making it difficult to understand

the occurrence and drivers of transmission dynamics among these

host populations. While transmission from WB has been often

implicated in ASF outbreaks in DP (18, 39), transmission from

DP to WB has been rarely studied (20). Here, we integrate

ASF surveillance data from WB and DP populations to better

understand potential transmission between these host contexts.

Our main objectives were to characterize risk factors of ASF

occurrence in WB and DP populations and determine the relative

frequency of transmission in each direction: WB-to-DP vs. DP-

to-WB. We addressed these objectives by considering risk for WB

and DP separately using covariates from the other population. We

expected to observe greater transmission risk from WB to DP

than the reverse based on the numerous reports of transmission

risk from WB to DP, widespread occurrence of detections in

WB, and free-roaming lifestyle of WB. Our analysis highlights

important considerations for surveillance design at the wildlife-

livestock interface.

2. Materials and methods

2.1. Surveillance data

ASF surveillance in Poland is regulated by international and

national legislation [e.g., European Commission Implementing

Regulation (EU) 2021/605 of April 7, 2021]. Intensity of

surveillance and control measures follows a zoning system of

restricted areas: zone III (ASF in DP and WB), zone II (ASF

in WB), zone I (ASF high risk area, bordering zone II or III).

Obligatory testing of all hunted (active surveillance), found dead,

and road-killed (passive surveillance) WB is implemented in zones

I (PCR test), II and III (PCR and ELISA/IPT tests), where our

study area is contained (41). DP are tested in zones I, II and III
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TABLE 1 Number of data points within 2 × 2km grid cells for di�erent temporal aggregations.

Aggregation Any
sample

≥ 1WB
sample

≥ 1 DP
sample

≥ 1WB & 1
DP sample

≥ 1WB
positive

≥ 1 DP
positive

≥ 1WB & 1
DP positive

2× 2 km grid cell

by serial week

516,105 127,835 403,813 16,121 5,457 279 12

2× 2 km grid cell

by year and season

152,405 91,873 94,975 34,642 3,979 191 23

2× 2 km grid cell

across all time

21,136 20,552 15,727 15,153 2,881 182 55

FIGURE 1

Maps of data included in the analysis. The inset map of Europe illustrates the location in Poland of the surveillance data using a red circle. (A) Includes
all grid cells within 20 km (Euclidian distance) of a grid cell that was positive at some point during 2014–2019 (the entire time frame of our
surveillance data). Small gray circles indicate a grid cell that was sampled at least once but never found to be positive. Light blue circles are locations
of at least one positive WB sample during the 6 years. Orange squares are locations of at least one positive domestic pig. Black triangles are grid cells
where at least one positive WB and one positive domestic pig was found at some point during the 6 years, not necessarily during the same time. (B)
Shows the sampling design for grid cells that had sampling of both WB and DP at di�erent time scales. The three colors distinguish the time frames
within which at least one sample from each of WB and DP was collected: ever (gray, 106,247 unique grid cells), same season (black, 86,336), same
week (blue, 7590 unique grid cells). The distribution of WB and DP samples collected in the same week (blue) is similar to that over broader temporal
scales (gray and black).

(PCR) when moved from the holding to abattoir (all animals)

and randomly within the holding (number of animals sampled

scaled by holding size according to “Procedure for collecting

and sending samples for laboratory diagnostics for African swine

fever,” Chief Veterinary Officer, Poland, April 2020).Samples

collected by veterinary services and hunters were analyzed by the

National Reference Laboratory for ASF diagnostics at the National

Veterinary Research Institute in Puławy, Poland. All positive results

were confirmed by the European Reference Laboratory for ASF

in Valdeolmos, Spain. We used surveillance data collected in

2014–2019 which totaled 1,244,117 test results of DP (including

2,184 ASF-positive results from 261 focal outbreaks, i.e., pig

holdings) and 196,800 test results of WB (including 9,213 ASF-

positive results, i.e., individual cases). Geographic coordinates were

available for all domestic pig samples and positive WB samples.

Negative WB samples were available aggregated at the level of

commune, the smallest administrative unit in Poland. To make

this subset of data compatible with the rest, we created a number

of locations equal to negative WB tests in a given commune and

assigned them randomly-generated geographic coordinates.
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TABLE 2 Covariates used in the analyses.

Variable Description and mechanism Processing References for
source data

Area developed Description: surface of the developed area in

each grid cell Mechanism: drives contact

rates between WB and DP

Total surface area of all built-up and

developed areas within the cell (km2)

Topographic Objects

Database (BDOT10k), Head

Office of Geodesy and

Cartography (https://bit.ly/

3Ji1Mdh)

Human population density Description: density of human population in

each grid cell Mechanism: contamination

between WB and DP through humans as

a vector

Each grid cell was assigned with a density of

human population (ind/ km2) from the

commune (mean size of 126.2 km2) the cell

was in

Statistics Poland (https://stat.

gov.pl/en/)

WB habitat suitability Description: quality of available habitats

(QAH) based on global land cover

vegetation (GLOBCOVER) Mechanism:

higher quality habitats will sustain higher

WB numbers and drive transmission

Average value of QAH was assigned to each

grid cell. Input database categorized QAH

into 7 levels at 300× 300m resolution.

(28)

Extensive farming of DP

(more land to increase yield –

e.g., holdings at lower density

and biosecurity over more

land)

Description: density of pigs bred in an

extensive system. Mechanism: extensive pig

farming facilitates transmission between WB

and DP

Pig density (ind./km2) assigned to each grid

cell from the FAO database available at the 5

minutes of arc (49.3 km2)

Food and Agriculture

Organization (FAO) Gridded

Livestock of the World;

Global pigs distribution in

2015 (43, 44)

Hunter harvest Description: number of WB harvested in

each year and each grid cell. Mechanism:

high WB numbers and hunting activity

drive transmission

Each grid cell was assigned a hunting bag

from the hunting ground the cell was in

(mean size of a hunting ground was 6128

km2).

Forest Data Bank (https://bit.

ly/3WDVlnJ)

Season Description: Season that the sample was

collected. Mechanism: transmission is higher

at particular times of the year.

A level 1–4 was assigned to each data point.

1) December–February (weeks 49–53, 1–9)

2) March–May (weeks 10–22)

3) June–August (weeks 23–35)

4) September–November (weeks 36–48)

See Processing step

Sample size Description: Number of surveillance samples

submitted. Mechanism: Affects detection

probability.

The count of surveillance samples submitted

by grid and week for the response variable

Derived from surveillance

data

Prevalence in neighborhood

DP

Description: Recent prevalence in DP in

neighboring grid cells. Mechanism:

Proximity to infectious individuals

drives infection.

The number of PCR+ samples from DP

within the last 4 weeks within 5 km of the

grid cell divided by the total number of

samples in the same time/space scale.

Derived from surveillance

data

Prevalence in neighborhood

WB

Description: Recent prevalence in WB in

neighboring grid cells. Mechanism:

Proximity to infectious individuals

drives infection.

The number of PCR+ samples fromWB

within the last 4 weeks within 5 km of the

grid cell divided by the total number of

samples in the same time/space scale.

Derived from surveillance

data

Closest positive in DP Description: Closest distance of recent

positive detections in DP. Mechanism:

Proximity to infectious individuals

drives infection.

Minimum distance between a focal grid cell

and the location of a PCR+ domestic pig

sample within the last 4 weeks.

Derived from surveillance

data

Closest positive in WB Description: Closest distance of recent

positive detections in WB. Mechanism:

Proximity to infectious individuals

drives infection.

Minimum distance between a focal grid cell

and the location of a PCR+WB sample

within the last 4 weeks.

Derived from surveillance

data

All variables were continuous except for season which was categorical variable with 4 levels.

2.2. Data processing

Surveillance data (number of positives by PCR and number

of samples collected) were aggregated at a weekly scale on a

2 km by 2 km grid cell resolution across all of Poland. Only grid

cells that were ever positive themselves during the time frame

of surveillance (2014–2019) or within 20 km of a positive were

included in the analysis to control for biased weighting of landscape

covariates that were never in the vicinity of disease. We also

excluded an isolated western cluster in Lubuskie Voivodeship

because it was small and contained and not thought to be involved

in driving the dynamics in the eastern side of Poland (42). This

resulted in 516,105 grid-cell-by-week combinations of data. DP

samples were collected in 403,813 grid-cell-by-week data points,

while WB samples were collected in 127,835 grid grid-cell-by-

week data points (Table 1). There were 21,136 unique grid cells

with at least 1 surveillance sample of any kind, and 15,153

of these unique grid cells had at least 1 surveillance sample
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collected from each of DP and WB during the 6 years of data

(Table 1, Figure 1).

The independent variables used in the analyses, rationale for

including them, and data sources are presented in Table 2. The

response variable (binary) was the presence of positive samples

within grid cell k in week t – a 0 if none of the samples in grid

cell k in week t were positive and a 1 if at least one sample

in grid cell k at week t was positive. We analyzed the data at

different temporal scales of aggregation (week, season, or over all

time) because timescales of disease persistence in carcasses remain

poorly understood and we wanted to examine how the effects of

covariates depended on the temporal aggregation of the response

data. For the weekly aggregation, we created 4 response variables

that we analyzed separately: all samples fromWB (WB full model),

all samples from DP (DP full model), samples from WB that

occurred within 5 km of a PCR+ sample in DP in the last 4 weeks

(WB submodel), and samples from DP that occurred within 5 km

of a PCR+ sample in WB in the last 4 weeks (DP submodel).

The last two responses allowed us to test for potential factors

driving transmission between host populations (WB submodel,

DP submodel) without noise from data points that were too far

away to be linked to transmission. We chose 5 km distance because

between-sounder contact and transmission is most likely within

this distance (45, 46). For the season aggregation, we summed

surveillance data for 4 separate seasons as specified in Table 2.

Finally, we analyzed the data by summing over all time, thus only

effects of spatial covariates were tested.

2.3. Analyses

All analyses were conducted inMatlab R2021b (TheMathworks

Inc, Natick, Massachusetts) using the Statistics and Machine

Learning Toolbox. We modeled the data using boosted regression

trees with a least-squares boosting loss function. We chose this

approach because we expected complex interrelationships among

independent variables in their effects on the response data and

non-linear relationships. We optimized hyperparameters for each

regression ensemble model using Bayesian optimization and 10-

fold cross-validation aimed at minimizing the mean squared error

implemented in fitrensemble using the Optimize Hyperparameters

option. We co-optimized the following hyperparameters using the

following specified prior ranges: number of learning cycles [50,

2000] (except DP week full model was [50, 1000] for computational

feasibility), learning rate [0.0001, 0.1] (except DP week full model

was [0.001, 0.1] for computational feasibility), minimum leaf size

[50, 100], maximum number of splits [1, 60] (Table 3). The small

range on maximum number of splits and high minimum value

on minimum leaf size was chosen to reduce overfitting. The

optimization was run for 5000 iterations on each data set except

for the DP full model that was run for only 1000 iterations

(because the dataset was very large and preliminary runs showed

early convergence).

We then fit the final models with the optimal hyperparameters

to estimate variable importance and make inferences about

the effects of independent variables on the responses for

each model.
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3. Results

3.1. Spatial and temporal trends in cases

Of the 15,153 unique grid cells that had at least one surveillance

sample from each of WB and DP during the 6 years of surveillance,

2,881 cells had at least one positive WB sample, while only 182 cells

had at least one positive DP sample (Table 1). Only 55 grid cells

found at least one positive WB and DP sample in the same grid

cell during the 6 years of surveillance. Of the 16,121 surveillance

data points that involved collection of at least 1WB and 1 DP

sample in the same grid cell on a given week, 5,457 grid cell-

by-week data points had at least one WB positive sample, while

only 279 had at least one positive sample for DP. There were only

12 grid-cell-by-week data points and 23 grid-cell-by-season data

points that had at least 1 positive sample for each of WB and DP

samples (Table 1, Figure 1). Thus, given the wide spatial extent of

WB positive samples (2,881 unique grid cells), and numerous data

points where at least one WB and one DP sample were collected

in the same grid cell in the same week (16,121), most WB positive

samples did not temporally overlap with the unique grid cells where

positive DP samples were found. Only 6.6% (12/182) occurred in

the same grid cell in the same week, 12.6% (23/182) occurred in the

same grid cell in the same season, and 30% (55/182) occurred in the

same grid cell ever (across 6 years).

Of the 279 grid-cell-by-week data points that had at least one

DP positive sample, there were only 61 (21.8%) with at least one

surveillance sample from WB within 5 km of the grid cell within

the last 4 weeks, and only 15 of those instances (25% ofWB samples,

5.4% of the DP-positive grid-cell-by-weeks) had at least one positive

WB sample. There were 217 DP-positive grid cells that had at least 1

DP surveillance sample in the vicinity (77.8%), but only 10 of those

had a DP-positive sample (10/217 = 4.6% of DP-positive samples

with DP surveillance samples or 3.6% of the total DP-positive grid-

cell-by-weeks). Thus, the large majority of DP positive surveillance

data did not include surveillance in WB nearby, despite including

DP surveillance nearby, but when surveillance did occur nearby it

was more likely that the WB samples were positive relative to the

DP samples.

In contrast, of the 5,457 grid-cell-by-week data points that had

at least one WB positive sample, 2,287 (41.9%) had at least one

surveillance sample from DP within 5 km of the grid cell within the

last 4 weeks, but only 12 (0.52% of DP samples, 0.22% of the WB-

positive grid-cell-by-weeks) had at least one positive surveillance

sample from DP. Thus, the surveillance design afforded twice as

much opportunity to findDP-positive samples in the recent vicinity

of WB-positive samples compared to the opposite (compare 41.9 to

21.8%), yet the reverse occurred – the rate of positive WB samples

in the recent vicinity of a positive DP sample was 48 times as likely

than the rate of positive DP samples in the recent vicinity of a

positive WB sample (divide 25% for WB-positive samples collected

in the recent vicinity of a DP positive by 0.52% of the DP-positive

samples collected in the recent vicinity of a WB-positive sample).

Cases in WB were detected throughout the year at similarly

high levels with the highest detection rates occurring in winter

(45%; 4150/9198) and spring (25%; 2351/9198) relative to summer

(14.9%; 1366/9198) and fall (14.5%; 1331/9198) (Figures 2A, C). In

contrast, cases in DP showed a distinct seasonality with most cases

(84.2%; 1832/2174) occurring in summer despite a similar number

of samples being collected during each season with the most being

collected in the fall (Figures 2B, D).

3.2. Correlation with potential risk factors

The distribution of cases in WB tracked the distribution of

independent variable values closely (Figures 3A–D, H, J) except

there were: (1) a small number of very high values for DP extensive

and hunter harvest whereWB cases were not found (Figures 3E, F),

(2) visible trends of more cases at closer distances of recent cases

in WB and higher neighborhood prevalence in WB (Figures 3G,

I), and (3) visible trends of higher prevalence at larger sample size

(Figure 3K). The distribution of cases in DP showed similar trends

relative to independent variables except that cases clustered toward

the closer distances of cases in both WB and DP (Figure 4).

3.3. Risk factors involving DP were not
important for predicting ASF detection in
WB

In the WB week submodel, which limited the data only to WB

samples that occurred within 5 km of a PCR+ sample in DP in the

last 4 weeks, the number of WB harvested and closest distance to

the nearest WB-positive detection were the most important risk

factors, followed by sample size (Figure 5A). However, when all the

WB samples were considered in the model, the only important risk

factor of WB positivity was the neighborhood prevalence in WB

(Figure 5C). When aggregating the data at seasonal scale both the

neighborhood prevalence in WB and distance to the nearest WB

sample were important risk factors (Figure 5E), whereas when all

data was pooled, only distance to the nearest WB sample was an

important risk factor (Figure 5G).

3.4. Risk factors involving WB were
important for predicting ASF detection in
DP

In the DP week submodel, which limited the data only to DP

samples that occurred within 5 km of a PCR+ sample in WB in

the last 4 weeks, the number of WB harvested (a proxy for WB

density) was the most important risk factor, followed by distance

to the closest DP-positive sample, recent neighborhood prevalence

in WB, sample size, and season (Figure 5B). However, in the full

model for DP, the most important variable was neighborhood

prevalence of DP, followed by neighborhood prevalence of WB

(Figure 5D), although the best full model did not fit the data very

well (AUC = 0.61). When aggregating the data to the season

scale neighborhood prevalence in WB was the strongest risk factor,

followed by neighborhood prevalence in DP and sample size

(Figure 5F), whereas when the data were aggregated across all time,

only proximity to DP-positive samples was an important risk factor

(Figure 5H).
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FIGURE 2

ASF surveillance data over time.

4. Discussion

Our analysis revealed surprisingly few surveillance data

containing samples for both WB and DP (12.6% for WB

and 4.0% DP data) on spatial and temporal scales that are

most relevant to transmission (e.g., within 4 km2 and the

same week). This emphasizes that active surveillance of WB

around DP premises might be needed in addition to passive

surveillance to understand transmission routes and frequency

between WB and DP host populations from ASF surveillance

data. We addressed the surveillance design issues by examining

effects of risk factors across a variety of spatial and temporal

scales. At all scales, positive samples in WB were predicted by

WB-related risk factors (e.g., recent proximity to WB-positive

samples, hunter-harvest samples - a proxy for WB density, WB

sample size), but not to DP-related risk factors. In contrast,

WB risk factors were important for predicting detections in DP

on a few spatial and temporal scales. These trends occurred

even though the sampling design afforded more opportunity to

detect DP as a risk factor of ASF detection in WB relative

to the ability to detect WB as a risk factor of ASF detection

in DP.

In several studies, the presence of ASF-infected WB in

close vicinity to DP holdings has been cited as a main risk

factor for ASF outbreaks in DP (47). Our results are consistent

with these findings. However, we also addressed the gap (48,

49) of whether DP pose a risk of transmission to WB. Our

results in eastern Poland suggested that the WB were almost 50

times more likely to pose a transmission risk to DP than the

other way around. Experimental infection data show that WB

and DP are equally susceptible to ASF virus when inoculated

through similar routes (50) thus these differences are likely

due to ecological or behavioral factors at the wildlife-livestock

interface (51). For example, WB are social and disruptions of/in

social structure affects movement behavior (52). It is possible

that in areas with wide circulation of virulent strains of ASF

or high hunting pressure WB change their movement behavior

and seek interaction with other swine, even DP (51), or escape

disturbance (53, 54). This could lead to higher rate of transmission

among WB and from WB to DP. Also, studies that investigated

interaction frequency between WB and DP have documented

a wide range of interaction rates depending on the husbandry

practices, biosecurity levels, and ecological context (49, 51, 55).

Some of these studies documented high rates of direct contact

while others mainly indirect contacts. It is also likely that indirect

contact routes pose different transmission risks between WB to

DP relative to the reverse. Accounting for variation within these

contextual factors in analyses of ASF surveillance data would be

valuable for quantifying the frequency of WB-DP transmission by

different routes.

Similar to previous work we found that seasonal peaks of

ASF detections in WB and DP were not synchronized (winter-

spring for WB vs. summer for DP) (15, 56), but quantitative

information on how much transmission varies seasonally is

currently missing. Our results in eastern Poland suggest that

85% of transmission among DP occurred in summer, while only

15% of transmission in WB occurred in each of summer and

fall. The low rates of detection in DP in fall and winter but
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FIGURE 3

Distribution of WB samples and positive tests by PCR within the range of each independent variable.

FIGURE 4

Distribution of DP samples and positive tests by PCR within the range of each independent variable.
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FIGURE 5

Relative variable importance for each model. Absolute goodness-of-fit for each model was measured by AUC and is shown in the upper left of each
panel.

high rates of detection in WB in winter further supports our

finding of a low rate of transmission from DP to WB. In contrast,

detections in DP were highest in summer, which follows the highest

season of detections in WB and supports the higher frequency

of transmission from WB to DP. It has been hypothesized that

summer peaks in DP are driven by indirect transmission from the

surrounding environment (through movements of contaminated

feed, bedding, equipment during intensive field work) (39) while

winter-spring peaks in WB are driven by seasonal factors, such

as longer carcass persistence and birth pulses that introduce

susceptible individuals.

The sampling design made it difficult to estimate the relative

frequency of transmission from WB to DP and the reverse.

One gap is that locations of negative WB samples are imprecise

- georeferenced to the commune instead of GPS coordinates

of collection. GPS coordinates for negative WB samples would

allow for more precise estimates of the distance between DP and

WB samples. It is important to understand the spatial sampling

design for all samples for quantifying risk. Secondly, for DP

premises with ASF outbreaks, it was uncommon for WB samples

to be collected within 5 km, making it challenging to assess the

potential role of WB in seeding DP outbreaks. Epidemiological

investigations that coordinate veterinary and wildlife agencies in

surveillance sampling around DP premises will help to better

understand potential transmission routes between WB and DP.

Relatedly, a mechanism for capturing husbandry practices or

biosecurity actions around premises would provide additional

information for inferring transmission routes. These gaps in

surveillance design are not due to a lack of WB presence near

DP. For example, there were > 16,121 grid-cell-by-week data

points and 34,642 grid-cell-by-season data points that had at

least one DP and one WB sample. Thus, it appears there is

opportunity to conduct targeted surveillance in WB and DP

populations around positive cases. Another valuable approach

could be to conduct targeted risk-based surveillance where higher

numbers of DP and WB samples would be collected on and

around premises where outbreaks have a higher likelihood of

occurring based on historical data or other risk assessments

conducted at a fine spatial resolution (e.g., premises-level and

within 5 km of premises). These surveillance approaches could

be paired with other important metadata (i.e., husbandry and

biosecurity practices).

A challenging gap to address is the poor understanding of long-

range movements in both DP and WB populations. Our analysis

does not address long-range connectivity in either WB, DP, or their

interface. Most WB movement and contact is thought to be close

(45) but there may be some longer distance WB movements (57)

or other mechanisms (fomites, contaminated meat products) that

spread ASF over longer distances in WB (42). However, DP may

be moved over longer distances more regularly. Data describing
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these movements are important for quantifying the role of WB in

outbreaks in DP and potential for the reverse.
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African swine fever (ASF) causes significant morbidity and mortality in both 
domestic and wild suids (Sus scrofa), and disease outbreaks convey profound 
economic costs to impacted industries due to death loss, the cost of culling 
exposed/infected animals as the primary disease control measure, and trade 
restrictions. The co-occurrence of domestic and wild suids significantly 
complicates ASF management given the potential for wild populations to serve 
as persistent sources for spillover. We  describe the unique threat of African 
swine fever virus (ASFV) introduction to the United States from epidemiological 
and ecological perspectives with a specific focus on disease management 
at the wild-domestic swine interface. The introduction of ASF into domestic 
herds would require a response focused on containment, culling, and contact 
tracing. However, detection of ASF among invasive wild pigs would require a 
far more complex and intensive response given the challenges of detection, 
containment, and ultimately elimination among wild populations. We describe 
the state of the science available to inform preparations for an ASF response 
among invasive wild pigs, describe knowledge gaps and the associated studies 
needed to fill those gaps, and call for an integrated approach for preparedness 
that incorporates the best available science and acknowledges sociological 
attributes and the policy context needed for an integrated disease response.
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Introduction

African swine fever (ASF) causes significant morbidity and 
mortality in swine (Sus scrofa domesticus) and can cause profound 
economic costs for the pork industry due to death loss, the cost of 
disease control, and trade restrictions imposed on ASF positive 
regions (1). Additionally, this disease impacts animal welfare, rural 
development, and food security across local, national, and 
international markets (2). Managing this hemorrhagic virus in 
domestic swine exclusively is challenging and complex; however, wild 
boar (S. scrofa) and invasive or feral suids are also susceptible to 
African swine fever virus (ASFV) and are now recognized to play an 
important role in the spread and maintenance of ASFV throughout 
affected regions (3, 4). The potential for ASFV transmission across the 
wild-domestic interface necessitates a holistic approach for disease 
management to prevent wild or feral populations from posing a 
persistent threat of disease spillover, particularly for countries with the 
risk of large economic consequences if the disease is not 
controlled (5, 6).

African swine fever virus is a large double stranded DNA virus in 
the family Asfarviridae (7, 8) that exclusively impacts members of 
Suidae (9). ASFV is transmitted through direct and indirect contact 
and can be  vectored through competent soft-bodied ticks of the 
Ornithodoros genus (10). Numerous strains of ASFV can be found 
across the globe with clinical presentation ranging from mild to 
severe, although most of the strains currently circulating in epizootic 
regions cause moderate to severe disease. Infected swine typically 
develop a high fever, inappetence, and lethargy with most (~95%) 
animals succumbing within a week of infection (10). ASFV is endemic 
across most of the African continent, Eastern Europe, China, and 
much of southeast Asia (11); however, in recent years other parts of 
Europe have experienced ASFV outbreaks including Belgium in 2018 
(12) (although Belgium has since eradicated the virus) (13); Germany 
in 2020 (14); Italy in 2022 (15); and Sweden in 2023 (16). Additionally, 
ASFV was identified in the Western Hemisphere for the first time in 
nearly 40 years with an ongoing outbreak on the island of Hispaniola 
(representing the counties Dominican Republic and Haiti) since 2021 
(17). Aside from the acute lethality and the numerous source 
populations for ASFV distributed across the globe, there are several 
other attributes of ASFV that make it a particularly challenging 
pathogen to contain and control.

ASFV poses a significant threat to global food security and 
nutrition as 113 million tons of pork were consumed in 2022 (18). In 
addition to the production losses and morbidity/mortality caused by 
the virus, outbreaks of ASFV have significantly altered global export 
markets for pork products and have negatively impacted the swine 
industry in affected countries (19). The economic impacts of an ASFV 
introduction to the U.S. would be significant considering 27.5% of 
U.S. pork production was exported in 2022, representing a US$7.7 
billion economy (20). An ASFV detection in either domestic or wild 
swine populations could trigger a halt to export activities, and the time 
needed to recover some or all exports is unknown and would 
be  largely dependent upon the scale of the outbreak. Preliminary 
estimates suggest losses to the U.S. pork industry could be US$15 
billion and US$50 billion for 2- and 10-year scenarios, respectively 
(21). Given the unique risk wild suids pose as a source for ASFV 
spillover to domestic herds, we describe the challenges for the control 
and management of this pathogen among invasive wild pigs from 

epidemiological and ecological perspectives and identify knowledge 
gaps that could complicate an effective outbreak response.

Challenges of disease control among 
domestic populations

Pathogens at the livestock-wildlife interface are unique in that the 
spillover-spillback dynamics create their own epidemiological 
scenario that are often not well understood (22). The response plan to 
contain and control ASFV among domestic pigs in the U.S. establishes 
biosecurity procedures that swine producers are expected to follow 
during an ASFV event to prevent transmission. Additionally, 
individual states may also impose additional biosecurity requirements. 
As a primary means for control, the response plan establishes a 5-km 
control area and a minimum of a 5-km surveillance zone around 
ASFV affected domestic swine premises (i.e., domestic pig production 
operations) as well as around infected wild pigs or wild pig carcasses 
(23, 24). Within this response zone, pathogen control and surveillance 
activities would be targeted and prioritized. Regardless of whether 
only domestic swine or only wild pigs are affected, all domestic swine 
premises within the control area would be  subject to quarantine, 
movement restrictions, permitted movement requirements, and 
surveillance due to the potential risk of exposure and transmission. 
Domestic swine premises located in the surveillance zone—the 
movement-free area (hereafter, free area) surrounding the control 
area—would not be  under quarantine/movement restrictions but 
would be  subject to enhanced surveillance and biosecurity  
requirements.

Depending on the geographic region of the outbreak, the 
movement restrictions to domestic swine for premises located in a 
control area, even if the outbreak is restricted to wild pigs, could have 
significant implications for animal welfare. Specifically, the 
commercial swine industry is highly vertically integrated, requiring 
regular movements among different production stages (25), with most 
animals moving from farrowing to finishing to slaughter in the same 
cohort (26). Production facilities are designed for specific stocking 
densities for animals of a certain body size and interruptions in the 
supply cannot be  readily absorbed (27). Thus, should movement 
restrictions for domestic swine be imposed due to an ASFV outbreak 
in wild pigs, producers may be unable to move animals to slaughter, 
which may necessitate euthanasia and carcass disposal at the 
production facility or risk animals experiencing welfare concerns due 
to their growing too large to live comfortably in the available 
production space. Thus, an outbreak of ASFV that soley occurs in wild 
pigs can still result in significant economic impacts to the domestic 
swine industry.

The primary means to control an ASFV outbreak involving 
domestic or wild swine will be culling of infected, exposed, or at-risk 
animals (28). Culling can be  logistically intensive and costly, 
depending on the size of an outbreak. In the event that an outbreak 
involving domestic swine cannot be  controlled using culling, 
vaccination will potentially be an important strategy to control a large 
outbreak of ASF in countries that wish to maintain export markets.

Development of an efficacious vaccine against ASF has been 
challenging. The virus is very large (170–190 kb), complex, and 
encodes many proteins that evade the host immune response, all of 
which have complicated vaccine development (29). Additionally, the 

95

https://doi.org/10.3389/fvets.2024.1348123
https://www.frontiersin.org


Brown et al. 10.3389/fvets.2024.1348123

Frontiers in Veterinary Science 03 frontiersin.org

key determinants of host protection have been difficult to elucidate 
(30). Improvements in vaccine development are encouraging, 
although hurdles remain for the development of a fully licensed 
DIVA (differentiation of infected from vaccinated animals) 
compatible vaccine that is available for broadscale use in the 
U.S. (31). Recently a live-attenuated, DIVA compatible vaccine 
(ASFV-G-ΔI177L) has been shown to be safe and highly efficacious 
(32–34). This candidate vaccine is currently being used in Vietnam 
and the Philippines to control ASF. While this candidate vaccine 
shows promise, how it will perform during an outbreak to control 
ASF transmission in the presence of wild suids serving as a source 
for repeated spillover remains unknown. Thus, in the absence of a 
commercially available, effective vaccine approved for emergency 
use in the U.S., virus eradication is the only current strategy for 
ASFV management.

Another significant challenge for control of ASFV is virus 
resilience (35, 36). ASFV has been shown to be uniquely resistant to 
environmental conditions, remaining viable in pork throughout 
common curing processes and is stable across a broad range of pH 
levels and temperatures (37). Additionally, the virus is disseminated 
throughout the body of the host over the course of infection; thus, all 
secretions, excretions, and tissues contain virus (38). Swill feeding, the 
practice of feeding food scraps and other waste to swine, is common 
among smallholder pig operations worldwide and provides an 
important pathway for ASFV transmission. In fact, contaminated swill 
has been implicated as an important route of transmission in 
numerous ASFV outbreaks, globally (39). Garbage feeding is regulated 
in the U.S. through the Swine Health Protection Act, requiring 
producers that engage in the practice to obtain a license and adhere to 
appropriate cooking and handling of garbage feed for swine [(40); 
(Public Law 96–468)]. Additionally, the Swine Health Protection Act, 
allows states within the U.S. to further regulate garbage feeding with 
23 states fully prohibiting the practice. The capacity for ASFV to 
be readily transmitted through pork-based products, especially food 
waste, and resilience to typical curing processes could contribute to 
the risk of anthropogenic viral movement. In addition to contaminated 
products containing infectious virus, carcass-based ASFV 
transmission amongst wild boar and between wild boar and domestic 
swine (41) also serves as a route of transmission. Disposing of ASFV-
infected carcasses is very challenging (42); however, it appears to 
be important for controlling an outbreak (43).

Challenges of disease control among wild 
populations

Wild pigs (also commonly referred to as feral swine) are an 
invasive species that are non-native to North America (44). 
Widespread and abundant populations of invasive wild pigs, 
particularly through Texas and the southeastern region of the U.S., 
could increase the complexity of achieving disease control or 
elimination in the event of an ASF outbreak. However, achieving 
control and elimination of ASF in wild pigs is a particularly important 
objective to limit potential economic consequences. The European 
experience has demonstrated that once ASF is established in free-
living suids (i.e., wild boar in this context), control becomes 
increasingly difficult (41) and even a small outbreak in wild pigs is 
expected to incur large economic impacts (45).

Effective surveillance is critical for early detection and subsequent 
control of a foreign animal disease (FAD) introduction. Delays in 
detection can result in significant increases in outbreak size, severity, 
duration, and the likelihood that ASFV persists in wild pigs (46). For 
example, ASFV was likely circulating in wild boar in Asia well before 
it was detected (47). These factors have prompted proactive ASF 
surveillance in wild pigs in the U.S. to shorten time-to-detection (48).

Unique risk posed by ASF 
establishment in wild pigs

In the U.S., wild pigs are characterized as any free-living suid 
regardless of whether the ancestral origins of an individual pig are that 
of domestic swine or Eurasian wild boar; however, genetic analysis has 
demonstrated that the vast majority of animals removed from invasive 
populations are hybrids of domestic and wild lineages (49, 50). The 
invasive potential of wild pigs is well established as they are a highly 
adaptable, generalist species with uniquely high reproductive rates 
given their body size (51)—all attributes that contribute to wild pigs 
being characterized as among the worst invasive species in the world 
(52). Wild pigs are broadly distributed with self-sustaining populations 
established across many U.S. states and territories [Figure 1; (53)]. 
Further, environmental and climatic models indicate that much of the 
U.S. is suitable habitat and, thus, susceptible to wild pig invasion (54). 
The broad distribution of invasive wild pigs would increase the 
complexity of achieving disease control or elimination in the event of 
a ASF outbreak—reflective of the European experience in which ASF 
has become established among native wild boar—with abundant 
populations of a free ranging suids serving as a source for ASFV and 
representing a persistent spillover threat. Although ecologically 
similar, management of native wild boar as compared to invasive wild 
pigs have some innate differences in that a stated management 
objective of elimination may be socially acceptable for invasive species 
(55). Accordingly, to protect domestic herds from ASFV introduction 
and/or establishment, an integrated plan is needed that considers the 
importance of managing ASF among wild populations.

Managing wild populations for control of a foreign animal disease 
(FAD) such as ASF is fundamentally different than other wildlife 
disease control programs in North America, which have focused on 
managing risks associated with chronic endemic diseases (e.g., 
brucellosis, bovine tuberculosis, rabies, or chronic wasting disease). 
Containing and controlling an ASF outbreak at the landscape scale 
first requires identifying the presence of ASFV, through active or 
passive surveillance of wild pigs, as early detection is essential for 
rapid disease control. However, disease detection can be particularly 
difficult among wild populations (47). Implementing wildlife 
surveillance at a national scale is highly complex and the resulting data 
can pose challenges for inferring epidemiological parameters (e.g., 
prevalence) (56). To help mitigate these issues, an adaptive risk-based 
surveillance approach has been adopted for FAD surveillance in wild 
pigs in the U.S. (48). As a component of ongoing population control 
efforts conducted throughout the extent of the invaded range, samples 
for ASFV surveillance are being collected from apparently healthy 
wild pigs that are lethally removed by USDA APHIS Wildlife Services 
and from federally inspected slaughterhouses prior to commercial sale 
of pork from wild pigs into national and international markets (57). 
This targeted approach is responsive to changes in perceived risk over 
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time, as surveillance effort is reallocated annually to reflect a dynamic 
risk landscape and prioritize those areas deemed to be at the greatest 
risk of ASFV introduction.

Many of the globally circulating ASFV strains are highly virulent 
and result in high lethality rates within a week of infection. Therefore, 
it is likely that there would be epidemiological impacts to infected wild 
pigs, such as altering movement patterns and social behaviors (58), 
during both the latency and infectious periods (59, 60). Detecting sick 
wildlife or their carcasses is extremely difficult due to stoicism (61) 
and decomposition rates (62), respectively, thus elevating the 
importance of proactive surveillance. If ASFV were to be detected 
among wild pigs, expanded surveillance would be  conducted to 
determine the geographic extent of the outbreak (23). Properly 
balancing what is appropriate, necessary, and feasible within the 
context of an initial response requires a robust understanding of ASFV 
epidemiology, wild pig ecology, and logistical constraints of an 
operational response.

In response to a potential ASF detection among wild pigs, policy 
developed as a component of FAD preparedness specifies the 
delineation of a control area comprised of an infected zone (inner 
most zone that immediately surrounds infected wild pigs) and a buffer 
zone (zone that immediately surrounds an infected zone). The 
surveillance zone (zone outside and along the border of a control area) 

is part of the free area (i.e., areas not included in any control area) (24). 
These control areas would be defined based on radii surrounding the 
area where the positive animal(s) was detected. The control area would 
be adaptive, such that it would be expanded by the same distance to 
encompass additional detections of infected animals. As general 
guidance, the established response plan recommends a minimum 
3 km radius for the infected zone, 2 km for the buffer zone, and 5 km 
for the surveillance zone, for a total radius of 10 km from the detection 
location. Radii defining the control area were determined based on 
observations of wild pig movement distances (63), wild pig contact 
distances (64, 65), and domestic swine disease response policies. 
However, as evidenced from animal movement studies conducted 
across a breadth of invaded ecosystems (63–65), it is likely that the 
most effective radii differ based on local population attributes and 
ecological factors (66).

Upon pathogen introduction, the spatial spread of infectious 
disease in any host population is driven by contact rates among hosts 
and the pathway of pathogen exposure. To predict ASF dynamics 
among wild pigs, it is necessary to consider the social structure of the 
species and movement patterns as the underlying mechanism that 
would dictate rates of disease spread (67, 68). Wild swine are highly 
social with populations organized into matrilineal family groups 
called sounders (69, 70). Sounders generally consist of one to several 

FIGURE 1

Spatial extent of wild pigs in the United States in 2022.
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adult females and their offspring, with adult males moving among 
sounders (71). Understanding of the hierarchical structure of local 
populations and the concomitant contact rates within versus between 
social groups is, thus, crucial for accurately predicting spatial 
transmission dynamics of ASFV. Contact rates between sounders is 
influenced by the home range characteristics and movement patterns 
of wild pigs. Wild pig movement patterns exhibit two distinct 
movement processes: (1) short-term, day-to-day movements 
characterized by a local home range centroid and (2) infrequent long-
distance directional movements, well beyond established home 
ranges, that can occur when resource conditions change or social 
structure is disrupted, particularly when populations are at low 
densities (66, 72). Home range attributes and daily movement rates are 
influenced by population densities and resource availability, which 
complicates scaling predicted rates of disease spread across the 
diversity of ecosystems invaded by wild pigs in the U.S. For example, 
wild pigs require water for thermoregulation, and previous work has 
shown that wild pigs establish larger home ranges in more arid 
environments. Thus, a model for predicting local movement behavior 
and home range centroid shifts over fine temporal scales (i.e., weekly) 
from factors such as habitat, ecoregion, time of the year, and local 
density is needed to predict spatial spread of ASFV over a time scale 
that is relevant to response efforts.

In addition to the natural movements of wild pigs that drive 
epidemiological dynamics within and between social groups in 
hierarchically structured populations, genetic analyses have repeatedly 
demonstrated high frequency of human-mediated translocation for 
this species, with the potential for translocation to amplify rates of 
disease spread (50, 73, 74). For example, Tabak et  al. (74) and 
Hernandez et  al. (73) leveraged population genetic analyses to 
delineate genetically cohesive populations and map the movement of 
wild pigs among those populations in California and Florida, 
respectively. Tabak et  al. (74) identified informative sociological 
factors associated with both domestic pig production and recreational 
hunting that were informative in predicting rates of wild pig 
translocation into and out of California counties. Hernandez et al. (73) 
determined that holding facilities—intermediate facilities in which 
live-trapped wild pigs are temporarily held before animals are moved 
to slaughter—serve as foci in  local patterns of translocation, 
presumably with animals either escaping or being released from these 
facilities. Smyser et al. (50), working across the invaded range within 
the contiguous U.S., identified numerous anecdotes in which emergent 
populations were attributable to long-distance translocations from 
established invasive population as opposed to the escape or release of 
domestic pigs. The concern with high rates of human-mediated 
translocation, regardless of whether the movement is within state 
boundaries (73, 74) or over much greater distances (50), is that this 
process could greatly accelerate the rate of disease spread beyond what 
could be  expected from epidemiological processes informed by 
natural movement patterns and contact rates alone.

As a tool to integrate ecosystem-and population-specific 
knowledge of movement patterns and contact rates into an ASF 
response, a spatial disease transmission model was developed based 
on the epidemiological characteristics of genotype II virus circulating 
in Europe (66). This epidemiological model was used to evaluate the 
potential impacts of control area size under different ecological 
conditions and management intensities. The radial distance 
delineating the control area was optimized to minimize outbreak 

duration and distance of spatial spread given reasonable management 
constraints (e.g., control intensity, local movement and contact 
ecology, and time of the introduction relative to initial detection). 
Several different optimal radii were identified depending on local wild 
pig movement patterns and contact rates, suggesting that 
understanding how these parameters vary among invaded ecosystems 
is needed to define the appropriate size of the control area given 
landscape-and population-specific attributes. Under most conditions, 
radii of >14 km were needed to rapidly contain an outbreak when 
initial detection occurred 4 months after introduction, but smaller 
radii were effective under early detection (<8 weeks after introduction) 
when high culling intensities (>15% weekly) could be implemented. 
Disease elimination was generally possible within 22 weeks across the 
conditions examined, but high control intensities (>10% weekly) were 
needed to achieve elimination within a year when wild pig movement 
and contact rates were high.

Modeling efforts highlighted uncertainties in parameters that 
could improve confidence in predictions of the epidemic duration and 
spatial spread under different response strategies (66). In particular, 
feasible rates of removal can vary dramatically depending on local 
conditions such as ecosystem attributes (e.g., vegetation density or 
terrain ruggedness), road access, and landownership with potential 
restrictions for accessing private property. These factors would affect 
both removal rates and carcass recovery rates. Little information exists 
to understand realistic removal rates for intense, continuous control 
within a large control area across different habitats. Relatedly, removal 
rates may decline as density is reduced as animals may become more 
difficult to locate at low densities or could increase their daily 
movement rates (i.e., home range size). Field studies to understand the 
relationship between density and removal rates could help to reduce 
uncertainty in elimination time. Also, as it is likely that elimination of 
ASF would occur before complete elimination of wild pigs in the 
control area as wild pig abundance falls below a level that can sustain 
ongoing transmission. Understanding which field-based measures 
provide the earliest evidence of ASF elimination is needed for efficient 
determination that an outbreak among wild pigs has been controlled.

In addition to understanding the epidemiological and ecological 
underpinnings of ASF, human activities are recognized as playing an 
important role in disease dynamics (75). As such, public outreach and 
stakeholder engagement are fundamental to any successful 
management response (76, 77). Drawing from previous experiences 
of disease outbreaks in wildlife such as with highly pathogenic avian 
influenza and chronic wasting disease, it is imperative to identify 
stakeholders and communicate risk prior to an outbreak event (78, 
79). Garnering awareness and sociopolitical support in advance of a 
crisis, allows for a smoother and more rapid transition from 
preparedness, prior to detection, to a management response following 
detection. Clear, sustained communication is paramount through all 
stages of an outbreak, whether eradication is achievable or the 
response objective is minimizing economic or ecological costs as the 
disease transitions to endemic status (76).

Knowledge gaps and management 
needs

The task for those working on ASF preparedness is to integrate the 
best available knowledge in the formulation of a response plan that 
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will ensure disease containment and, ultimately, elimination. However, 
much of the available knowledge pertaining to wild pigs has been 
collected from routine population control and damage management 
efforts, which are distinct from intense, continuous removal efforts 
that would be mobilized in the event of a disease outbreak response. 
Because mobilizing a simulated FAD response is logistically 
challenging and very expensive, uncertainty persists in logistical, 
ecological, and epidemiological aspects of an ASF response.

Various logistical challenges could delay or prolong the 
elimination of ASF once established among wild pig populations. 
Landscapes invaded by wild pigs vary in the extent and accessibility 
of road networks. Road infrastructure differentially influences the 
feasibility of various control techniques. For example, whole sounder 
removal efforts implemented with the deployment of large traps is 
more dependent on road networks in that it is difficult to haul large 
traps into remote habitats, whereas aerial gunning is far less dependent 
on road infrastructure. Landownership could represent another 
logistical constraint in that private properties with potentially infected 
wild pigs may not be accessible for control activities due to limitations 
regarding owner permission. Modeling efforts, as described above, 
could help quantify the epidemiological consequences of 
heterogeneous land access, at least during the initial stages of a 
response while permission to access private land would be sought as 
a component of the integrated and unified response effort. Thus, the 
operational response to ASF detection will need to be  adaptive, 
tailored for the landscape in which the introduction occurs based on 
logistical constraints and resources available for control.

An ASF outbreak, with expected high mortality rates and an 
ensuing management response, in which wild pigs would be removed 
from the infected zone through intensive culling efforts, would 
represent an ecological perturbation with uncertainty in the behavioral 
response of wild pigs. One knowledge gap in the described response 
plan is how wild pig movement patterns may change in response to 
rapidly decreasing abundance within the infected zone and/or 
increased human activity and culling pressure. Boundaries of the 
delineated control areas and surveillance zones [infected (0–3 km) and 
buffer (3–5 km) representing the control area, and 5 km for the 
surveillance zone] are only conceptual for free-living wild pigs unless 
physical structures are built for containment. Thus, research is needed 
to quantify the behavioral response of wild pigs to the combination of 
intense control and potential disease die-offs to elucidate the 
frequency and distance of animal movements within the control areas. 
For example, disruptions to social groups due to disease-loss or 
control efforts could stimulate long-distance dispersal, thus breaching 
the infected zone (72, 80). Similarly, animals could disperse from the 
infected zone, fleeing the increased human activity associated with 
carcass recovery and pressure exerted during control efforts (81, 82). 
Conversely, wild pigs from surrounding habitats may enter the control 
area as a result of lower population densities and potentially increased 
availability of resources, which could increase the burden of culling 
efforts or rates of disease transmission with increased contact. 
Integrating understanding of the movement response into a disease 
spread modeling is needed to inform whether fencing or other similar 
barriers are crucial for disease elimination in wild pigs.

Identifying and removing carcasses of wild pigs that have 
succumbed to ASF is another important component of disease control 
(83) and distinct from routine population control activities that have 
been used to inform ASF response scenarios. Carcass ground 
searches—response personnel walking transects through the control 

area—is labor-intensive and diverts mobilized personnel from other 
potential response activities. Accordingly, additional tools are needed 
(e.g., drones, carcass detection dogs) that can be used to efficiently 
locate carcasses over potentially large control areas. Further, the 
efficacy (i.e., detection rates) and resources required to implement 
carcass discovery, regardless of whether those efforts are represented 
by ground searches or the use of alternative tools, would be expected 
to vary among ecosystems (in response to vegetation characteristics 
and topography) and with wild pig densities. Thus, field studies are 
needed to quantify resources needed and detection rates of carcasses 
distributed across diverse landscapes in a manner that simulates an 
ASF outbreak. However, the frequency in which wild pigs contact 
carcasses (thus posing a transmission risk) throughout the decay 
process [e.g., (84)] and understanding how contact rates vary across 
environmental conditions and wildlife communities are elusive. Field 
studies to resolve these processes help identify effective response 
strategies for a disease system in which carcasses contribute to 
transmission. Results of these field studies can then be used to improve 
disease spread modeling scenarios and evaluate whether the resources 
invested in carcass removal positively contribute to disease 
containment and elimination or whether those response resources 
would be better allocated to other activities (e.g., population control 
or fencing).

In addition to those wild pigs that may be succumbing to ASF, 
population control efforts represent a second source of carcasses that 
will require management, as some animals removed through culling 
efforts may be infected with ASF. Established methods for carcass 
disposal in response to mass culling are largely based on production 
animal settings where animals are concentrated at a single location 
(e.g., from a single production barn). In the context of an ASFV 
response among wild pigs, the animals culled as a part of control 
efforts will be  distributed throughout the control area (e.g., 5 km 
radius surrounding all positive detections). Further, some removal 
techniques, such as aerial gunning, do not involve direct contact with 
the animals and would require additional effort for carcass recovery. 
Thus, additional consideration will need to be  given to carcass 
management of those animals removed from the control area 
through culling.

As an ASF response progresses, the stated goal is to contain and 
ultimately eliminate the disease from the affected population, yet 
substantiating disease freedom poses a distinct challenge. Further, 
substantiating the absence of disease after an outbreak has been 
controlled is vitally important for reestablishing export markets and 
resolving impacts to markets affected by an outbreak. Typical 
approaches for substantiating disease freedom rely on sampling 
sufficient numbers of animals to provide high levels of confidence 
(e.g., 95% certainty) that the disease, if present, is below a given 
prevalence (e.g., 1% infection rate). This is complicated by spatial 
dynamics of wild pig populations that are likely to have heterogeneous 
densities across space and may demonstrate increased and perhaps 
unpredictable movement patterns after large reductions in abundance. 
These challenges for substantiating disease freedom in wild 
populations, using approaches typically applied in domestic animals, 
will require the development of novel statistical methods that can 
integrate multiple lines of evidence to determine when an ASF 
outbreak has been controlled.

In the U.S., regulation of wild pig-related activities primarily falls 
under the jurisdiction of the states rather than the federal government. 
State legislatures and agencies have taken a variety of policy and 
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management approaches to wild pig populations that range from 
population elimination to mitigating damage while maintaining 
recreational hunting opportunity (85, 86), and this has resulted in a 
diversity of state regulatory approaches (87). States differ, for example, 
in the extent to which they allow activities such as wild pig hunting, 
possession, transport, and release of the animals (88). Additionally, 
the types of regulatory authorities with responsibility for wild pigs also 
vary by state and may depend in part on how the animals are classified 
(i.e., “game” or “nuisance species”) (86) and in some states, there may 
even be multiple agencies with limited scopes of authority over wild 
pigs. This variability among states has resulted in a complex and 
sometimes difficult-to-decipher regulatory landscape that will impact 
what agency takes the lead on controlling an ASF outbreak as well as 
what is permitted when conducting control operations. Thus, defining 
the regulatory environment on a state-by-state basis is an important, 
but easily overlooked aspect, of preparedness as a response that spans 
state borders is plausible while coordination and efficient 
communication will be essential for the success of the response effort.

Policy as a tool for management/
disease protection

Given that the ASFV can be readily transmitted from direct and 
indirect contact and available vaccines remain in early stages of 
development, quarantine and movement restrictions for exposed and 
infected domestic swine and their products is incumbent for successful 
ASF management (89, 90). The global ASF epidemic has demonstrated 
that the involvement of wild suids greatly increases the epidemiological 
complexity of the outbreak (91). The presence of wild pigs in the 
U.S. adds an additional layer of regulatory complexity largely due to 
jurisdictional responsibility that is distributed among various local 
and federal agencies. The rules governing what can and cannot 
be done with wild pigs varies on a state-to-state basis as does the entity 
with jurisdiction over regulatory enforcement. For example, 
approximately half of U.S. states have “no tolerance” policies when it 
comes to the transport of wild pigs, prohibiting any and all manner of 
transport, while most of the remaining states allow transport to 
approved locations and/or under specified conditions (86). As this 
relates to ASF-related risk, one may reasonably infer that states with 
more permissive wild pig transport laws and related policies (e.g., 
allowance of wild pig hunting preserves and slaughter facilities) and 
larger wild pig populations would have a relatively greater risk of ASF 
spatial spread through human-mediated movement of the animals. 
Among such states, Texas stands out for both the size of its wild pig 
population and the extent of its wild pig transportation and use 
networks, as described below.

Nested case study: Texas wild pig 
movement

Texas has the largest number of wild pigs of any U.S. state, with an 
estimated population of at least 2.5 million (51). The state also has a 
deeply entrenched wild pig hunting culture and mature industries 
(e.g., meat processing and related transportation infrastructure or 
services associated with recreational hunting or live-capture for 
slaughter) that profit off the species’ abundance (92, 93). Although 

Texas funds wild pig population control efforts to mitigate damages 
suffered by agricultural producers and landowners (94), state policies 
also accommodate certain wild pig-related interests. For example, 
Texas allows recreational hunting of wild pigs year-round, including 
at fenced hunting preserves, and it permits limited and regulated 
holding and transport of live wild pigs (4 Tex. Admin. Code § 55.9). 
This is in addition to the unknown but possibly large volume of illegal 
transport of wild pigs by individuals who wish to release them into 
uninvaded areas or to augment existing populations for recreational 
hunting (95).

If ASF were to emerge in Texas, the state-sanctioned pathways for 
holding and transporting wild pigs (referred to herein as “wild pig 
market chains”) would present a risk of ASF spread on account of, 
among other things, the possibility of escapes and improper carcass 
disposal. To gain a better understanding of wild pig market chains in 
Texas, including their regulation, eleven individuals from relevant 
federal and Texas agencies were interviewed, including the Texas 
Animal Health Commission (TAHC), the USDA-Food Safety and 
Inspection Service (FSIS), USDA-APHIS-Veterinary Services (VS), 
and the Texas Department of State Health Services (DSHS). 
Additionally, federal and state statutes and regulations that bear upon 
wild pigs in Texas were analyzed, and relevant news reports and 
published literature was reviewed.

In Texas, the TAHC is primarily responsible for regulating wild 
pig market chains. Its regulations permit individuals who capture wild 
pigs to transport them directly to approved holding facilities, 
authorized hunting preserves, and recognized slaughter facilities—i.e., 
facilities that operate under federal or state meat inspection laws and 
regulations (4 Tex. Admin. Code § 55.9(b)). Holding facilities are 
numerous and widespread in Texas—as of July 11, 2023, there were 62 
publicly listed holding facilities in 55 cities—and they serve as linkages 
in wild pig market chains. These holding facilities purchase live wild 
pigs from individuals, and the facilities are permitted to hold animals 
for up to 7 days before transporting them directly to another holding 
station, to a recognized slaughter facility, or licensed hunting preserve 
(also referred to as captive hunt facilities or shooting preserves). 
Importantly, the TAHC requires wild pig holding facilities and 
hunting preserves to maintain records of wild pig transactions and to 
meet specified biosecurity requirements. For example, they must 
maintain a swine-proof fence, and holding facilities cannot be located 
within 200 yards of domestic swine (4 Tex. Admin. Code § 55.9(c) and 
(d)). Holding station operators are also required to remove and 
properly dispose of carcasses of wild pigs that die of certain 
communicable diseases (4 Tex. Admin. Code §§ 55.9(c) and 59.12). 
While these regulations do not require disposal if the animals are not 
suspected to have died from a communicable disease, all holding 
facility operators sign an agreement with the TAHC that requires 
prompt removal and burial of all feral swine carcasses.

With regard to wild pig slaughter facilities, there are three general 
categories in Texas: (i) custom exempt slaughter facilities that process 
swine for the use of the owner; (ii) state-inspected slaughter facilities, 
which process swine intended for sale within Texas; and (iii) federally 
inspected slaughter facilities, which slaughter and process swine 
intended for domestic and overseas markets. However, only federally 
inspected facilities typically accept and slaughter live wild pigs in 
Texas. Akkina et al. (57) reported that between January 1, 2017 and 
January 4, 2020, the six federally inspected facilities in Texas 
slaughtered 239,338 wild pigs, which represented nearly 99% of all 
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wild pigs slaughtered in the U.S. at federally inspected facilities during 
that period (57). According to interviewees with direct knowledge, 
two of the six Texas facilities slaughter and process the vast majority 
of wild pigs. Given the immense size of Texas and the relatively small 
number of federally inspected slaughter facilities, wild pigs may 
be transported over long distances, including entering Texas across 
state borders. An interviewee familiar with one facility indicated that 
it regularly receives wild pigs transported from Oklahoma, more than 
110 km to the north. With the stress of trapping and transport, it is not 
uncommon for wild pigs to become sick or expire before they reach 
slaughter. Another interviewee reported that at one facility, wild pigs 
often arrive stressed and in poor health, which is reflected in the 
relatively high rate of condemnation reported by Akkina et al. (57) 
between 2017 and 2020.

All wild pigs at federally inspected facilities receive an antemortem 
inspection and a follow-up inspection by a veterinarian for animals 
labeled “suspect” (57). It is imperative that wild pigs at slaughter 
facilities are monitored for signs of foreign animal diseases and are 
part of a comprehensive surveillance program. Wild and domestic 
swine at slaughter facilities are targeted for surveillance in the U.S. as 
part of the integrated surveillance plan for swine hemorrhagic fevers 
(i.e., African and classical swine fever) (96).

As the foregoing suggests, there is a well-developed regulatory 
and organizational infrastructure in Texas to support a large 
network of wild pig market chains. Although biosecurity 
requirements imposed by federal and state regulations mitigate the 
risk of escapes and other paths of disease transmission, they do not 
completely eliminate the risk. In 2011, for example, a Dallas-Fort 
Worth news organization reported that approximately 30 wild pigs 
escaped from a Fort Worth slaughter facility (97). Moreover, the 
stress and hardship wild pigs experience prior to reaching their final 
destination increase the likelihood of mortalities and improper 
carcass disposal at holding facilities or during transit. These avenues 
could have severe consequences, including the loss of domestic 
swine production, if ASF were to emerge in the wild pig population 
(98) and would make for an extremely challenging on-the-ground 
disease management scenario.

Discussion

The risk of spillover-spillback of ASF at the wild-domestic 
interface poses a unique challenge for protecting the U.S. domestic pig 
herd and limiting economic consequences. These challenges are 
multifaceted, complicated by the biology of the virus, the widespread 
distribution of wild pigs that could serve as a source of ongoing 
disease transmission, and diversity of pork production practices. As 
the global ASF epizootic continues, viral circulation among domestic 
and wild populations across Africa, Asia, Europe, and on the island of 
Hispaniola poses risks for introduction into the U.S. because of an 
increasingly globalized economy and the uniquely resilient nature of 
the virus. In the absence of effective treatment, the introduction of 
ASF into domestic herds would elicit a strategic response structured 
around disease containment, necessary culling, surveillance, and 
contact tracing. However, effective containment of ASF among 
invasive wild pigs would require a far more complex and intensive 
response given the challenges of disease containment among wild 
populations (99).

In response to threats posed to the pork industry by ASF, a great 
deal of resources have been invested in developing response plans for 
a potential ASF introduction, both in the U.S. and many countries 
across the globe (24). Plans to respond to ASF outbreaks involving 
wild pigs have been informed with the best available information 
drawn from ongoing control efforts to reduce population abundance 
and damage caused by this invasive species (66). However, the 
potential scale of an ASF response involving wild pigs could be much 
larger than current control efforts for population and damage 
reduction. The distinction between past population control activities 
and planned response efforts highlights knowledge gaps in our 
understanding of the biological response within the host-pathogen 
system. How might wild pig movement patterns and concomitant 
disease transmission dynamics change in response to intensive culling 
efforts, decreasing densities attributable to both culling pressures and 
disease-related mortality, and increased human activity associated 
with carcasses searches/disposal? How can wild pig population 
densities be efficiently predicted during control efforts to support 
effective surveillance design and the declaration of post-outbreak 
disease freedom? Filling these knowledge gaps will require studies that 
implement consistent, intense control at the scale of a disease 
response. Modeling exercises have very effectively integrated the 
available data while delineating the limits of understanding and 
identifying where assumptions regarding disease dynamics need to 
be made to continue response planning (66). However, these analyses 
have also demonstrated that the response of wild pigs, a uniquely 
generalist and highly adaptable species, varies with landscape context, 
thus limiting the capacity to generalize across the breadth of invaded 
habitats. Similar challenges have been reflected in the European 
experience of managing ASF among wild boar in that management 
strategies may not be universally effective due to both biological and 
sociological differences among countries.

In both developing and conducting an effective ASF disease 
response, it is imperative to not overlook sociological aspects that may 
impede control. Public education related to biosecurity is an important 
tool to reduce the risk of initial introduction. During planning phases 
and throughout an outbreak, public outreach is a critical component 
of a successful response as a diverse set of stakeholders will 
be  impacted. Education and outreach are essential for generating 
support among the general public however policy makers have a 
critical role in establishing a regulatory landscape conducive for an 
effective response. The spurious description of wild pigs as simply feral 
domestic animals further confuses jurisdiction of this invasive species 
(50, 100). The current state-by-state patchwork of policies that regulate 
wild pigs will need to be  integrated into a unified State-Federal 
Incident Command in the event that a multi-state ASF response is 
required. Multiple studies have demonstrated ongoing and frequent 
human-facilitated movement of wild pigs—even into those states that 
prohibit the possession, transport, or release of wild pigs (50, 73, 74). 
These translocations have also been linked to the introduction of 
endemic diseases (i.e., swine brucellosis and pseudorabies) and 
similarly could function to amplify the spread of ASF. Given the 
heightened risk of ASF introduction, there is need for improved 
regulation of movement of wild pigs. As with the extensive research 
and operational investment into preparation and planning for an ASF 
response, developing and implementing education, outreach, and 
policy solutions also represents a lengthy investment. Accordingly, 
equal urgency and determination is needed in preparing effective 
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strategies for managing the sociological aspects of an ASF outbreak as 
has been given to biological and logistical concerns.
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Use of rhodamine B as a 
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vaccine deployment against 
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Introduction: Free-ranging white-tailed deer (Odocoileus virginianus) in 
northeastern lower Michigan, (United States) are a self-sustaining reservoir for 
bovine tuberculosis (bTB). Farm mitigation practices, baiting bans, and antlerless 
deer harvests have been ineffective in eliminating bTB in white-tailed deer and 
risks to cattle. The apparent prevalence has remained relatively constant in deer, 
prompting interest among wildlife researchers, managers, and veterinarians for 
an effective means of vaccinating deer against bTB. The commonly used human 
vaccine for bTB, Bacillus Calmette Guerin (BCG), is the primary candidate with 
oral delivery being the logical means for vaccinating deer.

Materials and methods: We developed vaccine delivery units and incorporated 
the biomarker Rhodamine B before delivering them to deer to assess the level 
of coverage achievable. Following deployment of Rhodamine B-laden vaccine 
delivery units on 17 agricultural study sites in Alpena County, MI in Mar/Apr 2016, 
we sampled deer to detect evidence of Rhodamine B consumption.

Results and discussion: We collected a total of 116 deer and sampled them for 
vibrissae/rumen marking and found 66.3% (n  =  77) of the deer collected exhibited 
evidence of vaccine delivery unit consumption. Understanding the level of 
coverage we achieved with oral delivery of a biomarker in vaccine delivery units 
to deer enables natural resource professionals to forecast expectations of a next 
step toward further minimizing bTB in deer.

KEYWORDS

biomarker, bovine tuberculosis, rhodamine B, vaccine delivery, white-tailed deer

1 Introduction

Bovine tuberculosis (bTB) is an infectious disease caused by Mycobacterium bovis (1) and 
is maintained in several wildlife reservoirs including European badgers (Meles meles) in the 
United  Kingdom (2), France (3), and in the Republic of Ireland (4); brushtail possums 
(Trichosurus vulpecula) in New Zealand (5), cape buffalo (Syncerus caffer) in Africa (6); and 
wild boar (Sus scrofa), red deer (Cervus elaphus), and fallow deer (Dama dama) in Spain (7, 
8). In the United  States, the wildlife reservoir of bTB is free-ranging white-tailed deer 
(Odocoileus virginianus) (hereafter referred to as ‘deer’) of northeastern lower Michigan 
(NELM), United States (9). Transmission of bTB between deer and cattle in NELM is a 
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primary concern for wildlife managers, the livestock industry, and the 
public. Transmission can occur through direct cattle-to-deer contact 
and indirect contact through shared feed and water (10, 11).

Wildlife managers implemented several methods in attempts to 
decrease the incidence of bTB in deer and decrease potential risks to 
cattle. Mitigation methods directed at wildlife have included actions 
such as exclusionary fences (12), increased antlerless harvest, 
restrictions on baiting (13), and issuing disease control permits to 
landowners and United States Department of Agriculture-Wildlife 
Services (USDA-WS) by Michigan Department of Natural Resources 
(MDNR) to decrease the incidence of bTB and potential for 
transmission (14, 15). These strategies have had limited success in 
reducing the apparent prevalence of bTB thus far. The MDNR 
established Deer Management Unit 452 (DMU 452) and more recently 
the expanded DMU 487 to encompass the core area of bTB infection 
in deer and focus disease management activity. Over the past 15 years 
the apparent prevalence of bTB in DMU 452 has stalled with minimal 
fluctuation between 1 and 2% (16, 17). The continued transmission of 
bTB from deer to cattle and the stalled apparent prevalence has given 
precedent for seeking novel management strategies to combat bTB.

Oral vaccination of wildlife may be a viable strategy for disease 
management and is becoming more common for protecting wildlife, 
livestock, and people against disease transmission. For example, the 
Oral Rabies Vaccination program targeting raccoons (Procyon lotor) 
distributes nearly 10 million vaccine-laden baits across 18 primarily 
eastern states of United States annually and has been successful at 
preventing the spread of rabies (18, 19). Ongoing oral vaccination 
programs for reservoir hosts of bTB are demonstrating success in 
reducing incidence of bTB or severity of infection in the European 
badger in Ireland (20, 21) and the Eurasian wild boar in Spain (22). By 
combining depopulation efforts with oral vaccination, bTB incidence 
was significantly reduced in Brushtail possums in New Zealand (23). 
Experimental oral vaccination of red deer is proving effective and 
vaccine deployment strategies are being refined in Spain (24, 25).

Researchers have shown the bacillus Calmette-Guerin (BCG) 
vaccine reduces bTB disease severity in penned white-tailed deer which 
likely equates to decreased potential to transmit disease (26, 27). Deer 
that were orally vaccinated with BCG then intratonsilarly challenged with 
virulent M. bovis had reduced gross lesions and a BCG persistence of up 
to 12 months in lymphoid tissues (26, 27). Additionally, there is some 
evidence that deer can transmit BCG to unvaccinated deer (28, 29). The 
efficacy of BCG to be administered orally at scale to deer in NELM 
provides the capacity to make vaccination against bTB a reality. Although 
capture and vaccination of deer via injection has been deemed an option, 
it is labor intensive and costly (30).

Given the availability of a vaccine to inoculate deer against bTB, 
one primary obstacle for successful oral vaccination was the 
formulation and field delivery method of a species-specific vaccine 
delivery unit (VDU) that could be distributed and readily consumed 
by deer. Oral delivery may be  the most cost-effective and feasible 
method to maximize delivery of a vaccine to a deer population (26). 
Before a bTB vaccination system can be initiated in free-ranging deer 
in NELM, understanding the potential coverage of delivery to deer 
must be investigated.

Rhodamine B (RB) has been used as an effective biomarker for 
several oral vaccination studies due to (1): the utility of RB as a 
systemic marker in whiskers and claws (2), the rapid absorption of RB 
into keratinous tissues (3), the ease of detection of fluorescent bands 

on whiskers using a fluorescence microscope, and (4) it is 
commercially available and relatively inexpensive (31). Rhodamine B 
has proven effective in bait uptake studies of European badgers (32), 
black-tailed prairie dogs (Cynomys ludovicianus) (33), raccoons (34), 
mountain beavers (Aplodontia rufa) (35), stoats (Mustela ermine) (36) 
and wild pigs (Sus scrofa) (37).

With current deer harvest rates and the baiting ban in NELM, 
eradication of bTB is predicted unlikely in the next 30 years. Even with 
a 100% compliance rate of the baiting ban there is only an 8% chance 
of reducing the incidence of bTB without implementation of 
additional strategies (14). However, models have demonstrated a 
vaccine coverage of 50% in the deer of DMU 452 could achieve an 
86% probability of bTB eradication within 30 years (14). Thus, if 
further reduction or eradication of bTB in NELM is truly desired, 
additional management strategies must be explored and implemented. 
By distributing biomarker-laden VDUs to free-ranging deer in NELM 
it was possible to investigate the potential coverage of vaccination to 
combat bTB. The primary objective of our evaluation was to quantify 
the potential coverage of delivering pharmaceuticals orally to free-
ranging deer by quantifying uptake of RB in customized VDUs.

2 Materials and methods

2.1 Study location

We implemented our RB-VDU trial from 7 February 2016 to 26 
May 2016  in Alpena County of northeastern lower Michigan, 
United States Alpena County (439,000 ha) is the northeast county of 
DMU 452 (147,629 ha), the endemic bTB area with the highest 
apparent prevalence of bTB in Michigan deer (38). To date, bTB has 
been identified in 82 cattle herds in the area (39). At the time of the 
study, there were 189 cattle farms in Alpena County with a total of 
8,838 head of cattle (40). One-hundred and eleven (58.7%) of these 
farms were primarily beef cattle operations and another 37 farms 
(19.6%) contained mostly dairy cows. Average farm size in Alpena 
County, United  States was 61.1 ha with a total of 458 farms (40). 
Primary crops produced in Alpena County were hay and grass silage 
(8,030 ha), soybeans (2,258 ha), corn (2,146 ha) and wheat (1,152 ha) 
(40). We distributed VDUs on 25 agriculture fields consisting of crops 
including corn, wheat, alfalfa, or soybeans.

Alpena County consisted of forested land and agriculture lands 
with deer densities ranging from 10–14 deer/km2 (41). Historically, 
deer density in this area has been as high as 18 deer/km2 (42). Average 
annual temperature in the area was 6.6° C with annual rain and 
snowfall of 72.5 cm and 175.0 cm, respectively Huey. Elevation ranged 
from 150-390–m above sea level (43). Well-drained, sandy loam soils 
comprised much of the landscape and supported a variety of 
deciduous trees such as aspen (Populus spp.) and maple (Acer spp.) 
(44). Lowland conifer stands comprised of conifers such as northern 
white cedar (Thuja occidentalis) and balsam fir (Abies balsamea) were 
an important resource providing deer with thermal cover during 
winter (44).

Approximately 58% of the deer in this region of Michigan are 
migratory; most migratory deer (>80%) typically leave winter ranges 
by 1 May (45). During spring migration, migratory deer typically 
move to heavily forested areas and away from open-agriculture lands; 
however, as many as 45% of deer may establish summer ranges near 
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agriculture areas (45). Non-migratory deer in this area tend to 
establish home ranges in agriculture areas of NELM. Alfalfa fields are 
an important food resource for deer during the spring, contributing 
to significant crop loss within 90 m of field edges (46).

2.2 Vaccine delivery unit development

Based on previous work in developing VDUs for deer, 
we  determined that an alfalfa and molasses-based matrix would 
maximize our potential for targeted delivery to deer, while minimizing 
consumption by non-target species (47). We combined the alfalfa and 
molasses-based livestock feed (Chaffhaye® Dell City, TX, 
United States) with Xanthan gum and water in a ribbon mixer to 
produce a coarse material that could be  easily molded. We  hand 
molded each VDU into 17–20-g “bite size” portions to adequately 
encase the RB-containing capsule while minimizing the potential for 
spillage which could encourage visitation by nontargets. Using a 
manual capsule filling machine (CN-100CL, CapsulCN International 
CO. LTD, Ruian, Zhejiang, China), we inserted 475 mg of RB (7 mg/
kg dose for 67.8 kg deer) into 00 size gel capsules (1.17 cm x 2.02 cm), 
kept in sealed bags at room temperature until needed. This quantity 
of RB would provide sufficient marking in white-tailed deer, minimize 
any taste aversion, and was the highest quantity of RB that would 
physically fit into 00 size capsules. Once in the field, we inserted a 
single RB capsule into each VDU as we deployed them on agriculture 
fields. Ingestion of RB-laden VDU by deer causes two staining events 
(1); the oral (mouth, tongue) and internal cavity (rumen, intestine, 
and digestive tract) of deer are stained fluorescent pink for 24–36 h 
after consumption and (2) a fluorescent band appears on deer vibrissae 
and remains for at least 5 weeks post-consumption (48). The presence 
of oral, internal, or vibrissae staining allowed us to calculate the 
percentage of deer that consumed at least one VDU. We recorded total 
time (min) and cost ($ United States; adjusted to 2023 $) to construct 
VDUs for the entire process.

2.3 Vaccine delivery unit distribution and 
consumption

We distributed VDUs on 30 agriculture fields on 17 privately 
owned properties from 6 March 2016 to 26 May 2016. Specific VDU 
sites were selected using data from road surveys conducted in 2014 
by USDA-Wildlife Services during which concentrations of deer 
were recorded (P. Ryan, Wildlife Biologist, USDA APHIS WS, 
personal communication). Specific agriculture fields were chosen 
based on (1), the type of crop grown during the previous year, and 
(2) anticipated deer activity from conversations with landowners 
and proximity to vegetation types that would provide deer habitat 
components. Before VDUs were distributed, all fields considered 
were monitored with trail cameras (Reconyx, RC60, Holmen, WI, 
United  States) for thawing of snow cover and deer use and 
abundance from 7 February 2016–6 March 2016. A thawing event 
was defined as patches of soil and residual crops being exposed in 
otherwise snow-covered fields resulting from an increase in 
temperature and exposure to sun. We deployed VDUs when the first 
thawing event was observed on our VDU grids which coincided 
with increased deer use.

We established VDU grids on agricultural fields previously 
planted to wheat, soybean, alfalfa, or corn, which retained residual 
crop left after harvest. We  determined previously that selecting 
lowland conifer stands maximized potential for visitation by multiple 
deer at this time of year (47), thus situated grids adjacent to lowland 
conifer stands when possible. Each VDU grid consisted of 52.5-m x 
12.5-m plots with 100 VDUs spaced 2.5-m apart in grid format 
(Figure 1). We deployed VDUs for 4–9 consecutive nights with each 
night that VDUs were distributed being considered a VDU night and 
used for comparisons of visitation. During the first three VDU nights, 
we distributed VDUs that did not contain RB to accustom deer to visit 
grids and consume our VDUs. We checked grids once every 24 h and 
recorded all VDUs that were missing, assumed eaten and replaced. 
We recorded the number of VDUs deployed and consumed, paying 
close attention to whether RB capsules were consumed or left in the 
field (assumed detected and spit out).

2.4 White-tailed deer and non-target 
visitation

We installed three trail cameras focused on VDU grids from 
adjacent field edges and captured motion-activated and time-lapse 
imagery (1 image every 15 min). Images with the highest number of 
deer and non-target species in a single frame during a 24-h period 
were used to determine minimum number of individuals visiting 
VDU grids (Figure  2). Grid visits were recorded for deer and all 
non-target species raccoons, skunks (Mephitis mephitis), squirrels 
(Sciurus spp.), turkeys (Meleagris gallopavo), and eastern cottontail 
rabbits (Sylvilagus floridanus). We  compared visitation using trail 
camera data and the percent of VDU grid nights visited by deer and 
non-target species.

2.5 Biomarker analysis

As early as the last night of VDU distribution, USDA-Wildlife 
Services began lethally sampling deer on each Rb VDU grid under the 
direction of MDNR Disease Control Permits. We targeted selection of 
10 individual deer per site, but the final number of deer collected was 
dependent on landowner discretion and success rate. Deer collections 
were continued each night until our target number of deer was met, 
or opportunities no longer existed. All deer sampled were first 
necropsied and visually examined for internal staining of their 
digestive tract (primarily oral cavity and rumen), confirming RB 
uptake. Additionally, we collected six maxillary vibrissae (three tactile 
hairs or “whiskers” from each side of the mouth) from each deer using 
tweezers and immediately placed into a #7-coin envelope to 
be  evaluated later for detection of fluorescent markings under 
ultraviolet light (49, 50).

We conducted vibrissae analyses at the USDA/APHIS/Wildlife 
Services – National Wildlife Research Center (NWRC, Fort Collins, 
CO, U.S.A.). Vibrissae were mounted on a 75 mm x 25 mm 
microscope slide (three vibrissae on each slide) using a 
fluoromount™ aqueous mounting medium. We used a fluorescent 
microscope (TRITC, Leica, Germany) with a 100 W mercury bulb 
and RB filter block to identify fluorescent bands on each vibrissae 
indicating consumption of an RB-laden VDU (Figure 3). All VDU 
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development, deployment, and data collection were reviewed and 
approved by the Michigan State University Animal Care and Use 
Committee (AUF # 05/15–084-00; 29 April 2015; Amended 4 
January 2016).

2.6 Statistical analysis

We examined whether the probability of being marked with 
RB was influenced by sex of deer using a binomial generalized 

FIGURE 1

Layout of the 50-m by 20-m, 100-vaccine delivery unit grids placed on agriculture fields next to forest edges in 2016 simulated vaccine deployment 
against bovine tuberculosis in white-tailed deer (Odocoileus virginianus) in northeastern lower Michigan, United States.

FIGURE 2

Natural congregation of white-tailed deer (Odocoileus virginianus) on a thawed patch of an agricultural field during 2016 simulated vaccine 
deployment against bovine tuberculosis in white-tailed deer in northeastern lower Michigan, United States.
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linear model with the lme4 package (51) in Program R (v 4.2.0, 
The R Foundation for Statistical Computing). We considered site 
ID as a random effect to account for site-site variation. 
We  evaluated the parameter estimates and 95% confidence 
intervals (CIs) of those estimates for non-overlap of zero to 
indicate statistical and biological differences. We also calculated 
the model predicted values for the response variables and their 
95% CIs for making inferences. We presented the average number 
of each wildlife species visiting VDU grids and examined for 
non-overlap of standard errors, suggesting statistical difference in 
overall visitation.

3 Results

3.1 Vaccine delivery unit distribution and 
consumption

We distributed a total of 7,080 VDUs to free-ranging deer in 
NELM across 30 VDU grids on 17 sites during the 2016 field season. 
Overall, 3,279 non-RB VDUs were distributed and 1,878 (57.2%) were 
consumed. A total of 3,801 VDUs containing RB were distributed of 
which 2,101 (55.3%) were consumed. However, deer rejected 34.64% 
of the RB capsules; evidenced by the consumption of the VDU and 
not the RB capsule.

3.2 White-tailed deer and non-target 
visitation

With 113 VDU nights recorded from 6 March to 28 April, 
we calculated a minimum average of 11.03 (SE = 0.78) deer visiting 
sites per 24-h (Figure 4), though the highest number of deer per 24-h 

photographed on a single site was 45 deer on 5 April 2016. Turkeys 
and raccoons were the second and third most prevalent species 
visiting sites though averaged only 0.55 (SE = 0.26) and 0.30 (SE = 0.05) 
per night, respectively. Documented visitation by turkeys was limited 
to 30% (5 of 17) of sites with 87% (54 of 62) observed on one site with 
a flock of as many as 22 birds. Visitation by raccoons was more 
widespread across 76% (13 of 17) of sites, though were lower in 
number with a maximum of 5 observations on three sites. Skunks, 
squirrels, and rabbits were observed, though very rarely, on 
VDU grids.

3.3 Biomarker analysis

Overall, we sampled 116 deer from 17 sites. The number of deer 
sampled per site ranged from 1 to 13. We observed that 77 (66.3%) of 
the deer sampled were marked with RB (range = 0–100%). Of the 77 
deer marked, 6 were identified RB positive by internal staining and 71 
were identified RB positive by vibrissae marking. Although when 
excluding sites with ≤3 deer sampled, the percent marked ranged 
from 20–100%. We found there was no difference in the probability of 
being marked between males and females (β = 0.02, 95% CI = −0.80–
0.87). Model predictions indicated that males had a 0.66 probability 
(95% CI = 0.50–0.80), and females had a 0.66 (95% CI = 0.55–0.76) 
probability of being marked.

3.4 Vaccine delivery unit development and 
cost

The total time to produce 800 VDUs (average VDUs produced 
from a single 22.68 kg bag of dry product) with RB was 200 min. Time 
estimates included encapsulating RB, mixing ingredients, and forming 

FIGURE 3

Indications of consumption (A-negative; B,C-positive) of Rhodamine b in whiskers sampled from white-tailed deer (Odocoileus virginianus) during 
2016 simulated vaccine deployment against bovine tuberculosis in white-tailed deer in northeastern lower Michigan, United States.
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VDUs by hand. Based on average consumption across sites, the overall 
cost of producing and deploying VDUs was $654/site.

4 Discussion

We demonstrated that it was possible to deliver pharmaceuticals 
to the majority of free-ranging white-tailed deer visiting our selected 
agricultural fields in late winter/early spring in NELM. Specifically, 
we found the alfalfa/molasses VDUs we developed were sufficiently 
palatable to be  sought out and readily consumed by deer. Our 
distribution strategy utilizing single VDUs dispersed across an 
elongated rectangular grid design facilitated delivery to individuals 
within groups of deer while minimizing nose-to-nose contact and 
associated potential for disease transmission. By locating our grids in 
agricultural fields and adjacent to lowland conifer stands, deer 
appeared to encounter them during daily movements typical of late-
winter and early spring. Using RB, we  successfully confirmed 
consumption of ≥1 RB-laden VDUs in 66.3% of the 116 deer sampled. 
This is 16.3% above the 50% vaccination rate in simulation models 
needed to achieve an 86% probability of eradication of bTB in 30 years 
if used in conjunction with other ongoing management strategies (14).

By timing the initiation of our VDU deployment during initial 
thawing events and winter break-up (6 March 2016), we benefitted 
from seasonal concentrations of deer. Deer in Michigan demonstrate 
high site fidelity to yarding areas associated with lowland conifer 
stands (52, 53) and as environmental conditions permit, (i.e., 

decrease in snow cover and depth) deer leave their associated 
yarding areas to search for spring foods (53). As such, an increase in 
deer abundance on agriculture fields occurs during this time in 
NELM and may be a condition of the proximity of agriculture lands 
to lowland conifer stands (45). Deer metabolism also begins to 
increase with the initiation of spring (March and April) (54), 
resulting in dispersal to feed on agriculture waste grain and 
alternative agricultural foods that provide needed nutritional 
components. By deploying VDUs early in the winter break-up 
period (March and April), as opposed to May and June, we observed 
relatively more deer on our VDU grids compared to a 2015 trial (47). 
Later, deer disperse, targeting newly sprouting vegetation, especially 
in aspen/birch stands and upland mixed forest stands to meet their 
spring and summer life requisites (44, 55). These seasonal dispersals 
may suggest the appropriate time to cease targeted oral vaccinations, 
as fewer deer will encounter VDU grids, and food preferences and 
demands will likely have changed.

The timing of our simulated vaccination also benefitted from 
seasonally reduced activity and visitation by most non-target species 
except for occasional turkeys (47). Consumption of VDUs intended 
for deer has the potential to hinder the delivery of VDUs to all visiting 
deer, though complete consumption in a single night was never an 
issue. Ongoing monitoring with cameras throughout the deployment 
process could inform the number of VDUs needed to maximize 
coverage of deer visiting. Additionally, delivery of vaccine-laden 
VDUs over multiple nights, with monitoring between nights would 
alert VDU deployment crews to situations in which all VDUs were 

FIGURE 4

Mean count (with 95% CIs) of white-tailed deer (Odocoileus virginianus) and non-target species visiting simulated vaccination sites and potentially 
consuming vaccination delivery units during 2016 evaluation of oral vaccine deployment against bovine tuberculosis in white-tailed deer in 
northeastern lower Michigan, United States.
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consumed, suggesting an insufficient number of VDUs and need to 
increase numbers being delivered.

Wildlife managers must take into consideration the efficacy of the 
methods and the cost associated with an oral vaccination of deer in 
NELM. The alfalfa/molasses VDU we  developed and used was 
relatively inexpensive to produce. With an average cost to produce and 
deploy alfalfa/molasses VDUs (without vaccine) of $654 per site (for 
6 days), the use of this oral vaccination strategy on the entirety of 
DMU 452 is a real possibility. The cost of expanding this oral 
vaccination across DMU 452 (1,476 km2) would need to take into 
consideration the number of VDUs to distribute, the cost of the BCG 
vaccine, the spatial scale at which distribution would occur and the 
cost of specialized training needed to handle the BCG vaccine. The 
cost of an oral vaccination across DMU 452 would likely 
be  substantially lower than the estimated cost for other proposed 
management strategies of vaccine delivery (i.e., trap/vaccinate 
methods, $1.5 million annually) (30). We  are aware that the cost 
estimate may increase when BCG is added to the VDUs but may still 
be cost effective at 0.36 to 0.67 cents/dose (42) (M. Palmer, Veterinary 
Medical Officer, USDA ARS National Animal Disease Center).

The relatively low cost of production, relatively high consumption 
rates by deer, and minimal non-target visitation makes the alfalfa/
molasses VDU a suitable candidate to deliver the BCG vaccine to free-
ranging deer adjacent to lowland conifer, then shifting to aspen/birch 
stands during winter break-up in NELM. With the use of a biomarker 
(RB) we demonstrated that by targeting deer on agriculture fields 
during winter break-up, it may be possible to vaccinate the targeted 
≥50% of deer on the landscape. It is also possible for wildlife managers 
and others to expedite the development of VDUs and the deployment 
strategy. By mixing larger quantities of ingredients and with aid of 
off-road vehicles and mechanical feeders, managers may be able to 
decrease the time needed to distribute VDUs. Further research should 
evaluate the efficacy of BCG vaccine insertion into these VDUs and 
the viability of distributing BCG to deer of NELM. Developing this 
vaccination strategy has shown it may be a cost-effective strategy to 
vaccinate when compared to other labor-intensive strategies i.e., trap 
and vaccinate (30); and could be a significant contribution to ongoing 
wildlife disease mitigation strategies implemented in the area.

5 Conclusion

The development of our alfalfa/molasses VDU and associated 
delivery strategy may be the most scalable and effective method for 
vaccinating deer in NELM against bTB. Initiating an oral vaccination 
program during winter break-up would help maximize the number of 
deer that encounter and consume VDUs. Further, initial vaccination 
efforts should target using agriculture fields adjacent to lowland 
conifer stands at the end of winter-early spring (March). If efforts 
extend into late spring (May), a shift toward agriculture fields near 
aspen/birch stands would follow shifts in habitat use by deer. This 
continuous and adaptive strategy would allow the vaccination effort 
to target those deer with high site fidelity to lowland conifer stands 
and migratory deer moving to spring food resources in late spring. 
Bovine tuberculosis is a pervasive issue in NELM and the continued 
spillover into cattle poses great economic and social consequences for 
many stakeholders. The 66.3% coverage of free-ranging deer that 
we achieved exceeds the previously stated vaccination rate of 50% 

needed to maximize the probability of eradication of bTB in 30 years. 
Our proposed vaccination strategy could be  an additional 
management tool to combat bTB in NELM and further progress 
toward eradicating the disease.
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Seasonal changes in bird 
communities on poultry farms 
and house sparrow—wild bird 
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Introduction: Wild birds are considered reservoirs of poultry pathogens 
although transmission routes have not been conclusively established. Here we 
use camera trapping to study wild bird communities on commercial layer and 
red-legged partridge farms over a one-year timeframe. We also analyze direct 
and indirect interactions of other bird species with the house sparrow (Passer 
domesticus), a potential bridge host.

Methods: We conducted camera trapping events between January 2018 and 
October 2019, in two caged layer farms, one free-range layer farm, and two 
red-legged partridge farms in South-Central Spain.

Results and Discussion: We observed wild bird visits on all types of farms, with 
the significantly highest occurrence on red-legged partridge farms where food 
and water are more easily accessible, followed by commercial caged layer farms, 
and free-range chicken farms. The house sparrow (Passer domesticus) followed 
by spotless starlings (Sturnus unicolor) was the most encountered species on 
all farms, with the highest frequency in caged layer farms. On partridge farms, 
the house sparrow accounted for 58% of the wild bird detections, while on 
the free-range chicken farm, it made up 11% of the detections. Notably, the 
breeding season, when food and water are scarce in Mediterranean climates, 
saw the highest number of wild bird visits to the farms. Our findings confirm that 
the house sparrow, is in direct and indirect contact with layers and red-legged 
partridges and other wild birds independent of the type of farm. Contacts 
between house sparrows and other bird species were most frequent during 
the breeding season followed by the spring migration period. The species 
most frequently involved in interactions with the house sparrow belonged to 
the order Passeriformes. The study provides a comparative description of the 
composition and seasonal variations of bird communities in different types of 
layer/ poultry farms in Southern Spain i.e. a Mediterranean climate. It confirms 
the effectiveness of biosecurity measures that restrict access to feed and water. 
Additionally, it underscores the importance of synanthropic species, particularly 
the house sparrow, as potential bridge vector of avian pathogens.
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1 Introduction

In recent years, in large parts of the Northern hemisphere there 
has been an increasing focus on enhancing animal welfare within the 
agricultural sector, encompassing poultry production (1, 2). To 
address these concerns, new production systems have been designed 
and implemented, providing animals with the opportunity to reside 
in environments that are more like their natural habitats and less 
restrictive. However, these innovative production systems, especially 
those employed in the poultry industry, can result in greater 
interaction between domestic and wild birds, including their 
feces (3–5).

Various species of wild birds, known as synanthropic birds, 
belonging to the families Columbidae, Corvidae, and Passeridae, have 
demonstrated a remarkable adaptation to exploit resources generated 
by human activities, such as food, water and shelter (6). Examples 
from these families that include the house sparrow (Passer domesticus), 
the tree sparrow (Passer montanus), European starlings (Sturnus 
vulgaris), and feral pigeons (Columba livia), can inhabit diverse 
environments created by humans, from urban areas to isolated farms. 
Some of these birds, especially the house sparrow easily enter 
production facilities, through small gaps in exterior walls often even 
when protected by bird nets (6). Thus, if individuals of such species 
are in close contact with poultry on one hand and wild bird species 
such as waterfowl that not usually enter enclosures or barns on the 
other hand, they could act as so-called bridge hosts in the transmission 
of pathogens.

In terms of risks in addition to abundance of farm birds, 
composition of the farm bird community could be important (7). The 
dilution effect hypothesis postulates that a higher biodiversity is linked 
to a lower prevalence of pathogens, as species-rich communities 
harbor individuals in which a specific pathogen cannot multiply to 
sufficient levels to transmit infection to new susceptible individuals. 
This reduces the overall success of pathogen transmission and, 
consequently, the prevalence of pathogens (8).

In the context of pathogens transmitted by wild birds, it is 
expected that in places where birds congregate in farms, the presence 
of many different species with diverse susceptibilities would make it 
more difficult for a pathogen to persist and spread, especially if a single 
species is the key reservoir for this pathogen. Meanwhile, the presence 
of species that are migratory on farms could increase the likelihood of 
the introduction of pathogens that these birds may have encountered 
on their migratory route. Finally, the risk of pathogen spillback from 
poultry to wild birds may also vary considerably with the species of 
wild bird encountering poultry or its feces.

Poultry farms attract wild birds due to water (puddles, canals, 
ditches) or food resources (spilled feed, drying feed, insects in 
manure, carcasses). These factors could increase the contacts between 
wild birds and bridge bird species, as well as increase the abundance 
of the latter and thus also contact between wild birds and domestic 
poultry (chickens, turkeys, game birds) (9). This contact can occur 
directly or indirectly through contamination of resources, thereby 
increasing the risk of transmission and spillback of avian pathogens, 
such as avian influenza viruses (AIV), Salmonella sp., and avian 
coronaviruses (10) among others. In this context, European starlings 
for example are a high-priority species for avian pathogen exposure 
detection studies as they can form large flocks in livestock feeders 
during the winter and autumn seasons, representing a potential risk 

of pathogen incursion into poultry farms, especially during the 
breeding season (11).

The unforeseen and unprecedented spread and change in the 
epidemiology of the highly pathogenic avian influenza virus (HPAIV) 
H5N1 of clade 2.3.4.4b, now fatally affecting new species, new 
continents, during all seasons, is decimating wild and domestic bird 
populations in much of the world, especially in the European and 
American continents (12). In contrast to other HPAIV it shows self-
sustained prolonged transmission in wild birds and has already 
affected many poultry operations globally (12). This increases 
concerns regarding the potential transmission pathways of AIV by 
synanthropic bridge species. Migratory waterfowl, considered the 
main reservoirs for AIV (13, 14), play a key role in the introduction of 
many AIV subtypes through asymptomatic shedding, exerting a 
significant factor in the redistribution and transmission of these 
subtypes to domestic poultry (15). Several studies on the movements 
of migratory waterfowl have demonstrated their involvement in the 
large-scale spread of the virus (16). However, it should be noted that 
due to their ecological needs these wild birds rarely come into direct 
contact with poultry (17). In this scenario, synanthropic birds such as 
the house sparrow or the European starling are perceived as potential 
carriers and transmitters of AIV (18, 19), and could act as bridge both 
after exposure through direct contact with infected waterfowl, or 
contaminated environment in shared habitat (20).

Biosecurity protocols on farms rarely comprehensively assess how 
the virus enters the farm and which farm animals may be carriers of 
AIV. Despite some experimental evidence of the potential for 
synanthropic bird species to transmit AIV, there are very few studies 
dedicated to quantifying wild bird interactions with poultry farms. 
These studies include research in Australia using camera traps to 
monitor wild birds on different types of layer and meat chicken farms 
(21). Another study in the Netherlands quantified wild bird access to 
a free-range commercial laying hen farm by installing video cameras 
at a critical point for avian influenza (4). In southwestern France, a 
study used individual direct observations of wild birds on a free-range 
duck farm (5). Additionally, a recent study in northwestern Italy 
employed direct observations and camera traps on turkey and broiler 
duck farms, as well as laying hen farms (22). A study using satellite 
transmitter data from radio-marked waterfowl, showing occasional 
but regular incursions of marked birds onto poultry farm 
premises (23).

Collectively, these studies evaluate the accessibility of poultry 
farms for wild birds and identify the house sparrow as one of the most 
common species on farms due to its resident and sedentary nature. 
However, knowledge gaps exist regarding the frequency of farm visits 
by other species, seasonal changes in wild bird communities and 
characterization of sparrow interactions with other wild birds or even 
poultry on poultry farms.

The goal of this study was to generate data on seasonal changes of 
wild bird communities on different types of poultry farms and to 
investigate contacts of a key bridge species with other bird species that 
are non-residents on poultry premises and that could potentially lead 
to the acquisition and transmission of pathogens on to poultry. The 
latter is based upon the fact that in initial visits we  observed a 
significant presence of house sparrows on poultry farms, commonly 
sighting them in barns and surrounding crop areas, even entering the 
barns where layers were housed/flight cages of red-legged partridges. 
Considering the persistence of AIV in bird feces and the environment 
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(20) it has been confirmed that, under favorable conditions of high 
humidity and low temperature, AIV can persist in feces for extended 
periods, even in dry manure (24, 25). We  hypothesize that in 
environments where house sparrows and other birds share resources 
such as food, water, or resting areas, contact could occur through 
shared surfaces contaminated by feces. If this occurs the house 
sparrow could become a potential vector for AIV as well as 
other pathogens.

For our purpose, we conducted camera trapping on the premises 
of various commercial layer and red-legged partridge farms in the 
Castilla-La Mancha region, in south central Spain at different time-
points throughout the year corresponding to phenological events in 
wild bird ecology such as the breeding and wintering season as well as 
the periods during which migratory species conduct their spring and 
fall migration. We characterized the wild bird communities observed 
and used the house sparrow, which is the most abundant resident 
species, and the species most likely to also enter the layer barns/
enclosures/flight cages as a potential bridge species. Hence, 
we analyzed the direct and indirect contacts of the house sparrow with 
other wild bird species observed in the camera traps. The collected 
data were used to quantify wild bird visits and their interactions with 
the house sparrow.

2 Materials and methods

2.1 Study area

Our study was conducted in three commercial layer farms and 
two red-legged partridge farms between January 2018 and October 
2019 in south-central continental Spain (Figure 1). The predominant 
climate in this region is Southern Plateau Continental Mediterranean 
or according to the Köppen classification Hot summer Mediterranean 
(26) characterized by mean annual rainfall (mm) from 350 to 550 mm. 

Mean annual temperature fall between 12 and 15 (°C) and an annual 
mean temperature range spanning from 18 to 20.5 (°C) (27). The 
farms under study are not close to large wetlands however the area has 
a collection of inland temporary wetlands (mostly dry in summer) 
known as the “Mancha humeda,” which play a crucial role in winter 
and in the spring and fall migration of wild birds from northern and 
central Europe to Africa. Below is a brief description of the farms 
included in the study.

 1 Commercial layer farms: We  included three different layer 
farms (A, B, C). Two of these are in the south-central part of 
the provinces of Toledo (39.450527, −3.628713) and Cuenca 
(39.542977, −1.934466), designated as sites A and B and house 
50,000 and 600,000 layers in cages indoors, respectively. The 
surroundings of these poultry farms primarily consist of fields 
of non-irrigated crops, including vineyards, barley fields, and 
almond trees. Additionally, the farms are situated near or 
include small water sources such as temporary ponds or 
streams. The third farm designated as site C (39.455741, 
−2.015767), holds free- range layers and is surrounded by 
vineyards, barley fields and open pine tree forest. On the 
premises used by the chickens are almond trees.

 2 Red-Legged Partridge Farms: We  sampled two different 
red-legged partridge farms in the north of Ciudad Real 
(39.232715, −3.602193) and Albacete (38.937303, −2.556022) 
provinces, designated as sites D and E, respectively. Both farms 
are situated on the outskirts of a village alongside other 
agricultural operations. The red-legged partridges raised on 
these farms are intended for release in hunting estates for 
recreational hunting and later use in the game meat industry. 
The entire production cycle, except for the first month of chick 
rearing, occurs outdoors. This includes housing juvenile 
partridges in large groups in flight cages and of the breeders in 
pairs in elevated breeding cages. Like the layer farms, the arable 

FIGURE 1

Location of the five farms within the Castilla-La Mancha region in Central Spain, categorized by species and type. The letters (A, B) represent the caged 
layer farms, the letter C denotes the Free-range layer farm, and the letters (E, D) indicate the red-legged partridge farms.

116

https://doi.org/10.3389/fvets.2024.1369779
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org


Sánchez-Cano et al. 10.3389/fvets.2024.1369779

Frontiers in Veterinary Science 04 frontiersin.org

fields surrounding these farms predominantly consist of 
non-irrigated crops, such as vineyards, cereal plots, almond 
and olive trees, and open pine forest.

2.2 Camera trapping design

We used camera traps Little Acorn CT cameras (Ltl 5310 Series 
LED IR Invisible) on each of the study farms, to cover at least one of 
each phenological periods (spring and fall migration, breeding, and 
wintering) in locations representative of the study farms, particularly 
in places attractive to birds, such as silos, water points, temporary 
ponds, as well as at the entrances of poultry houses/poultry enclosures 
and feeding and watering areas. The number of cameras employed on 
each farm varied with the size of the farm and camera availability 
between 5 and 10 cameras. Cameras were deployed to obtain a similar 
number of days (n = 7) of camera trapping on each farm for each 
phenological period. However due to logistical reasons (distance of 
farms, camera failures) the number of trapping events varied between 
farms and phenological periods and the data was corrected according 
to camera trapping effort. Sampling involved the use of 5–10 cameras 
that remained active for an average of 18 days on commercial layer 
farms (Farm A; camera activity range = 3–69 days, total sampling 
effort = 349 camera-days. Farm B; camera activity range = 6–14 days, 
total sampling effort = 92 camera-days). The cameras on the pasture-
based Farm C were active for an average of 9 days (camera activity 
range = 6–14 days, total sampling effort = 45 camera-days). On 
red-legged partridge farms, the cameras on Farm D were active for 
6 days (camera activity range = 1–10 days, total sampling effort = 18 
camera-days), while on Farm E, the cameras were operational for 
9 days (camera activity range = 2–13 days, total sampling effort = 34 
camera-days) (Supplementary Table S1).

The camera traps were set up in photo mode with passive motion 
sensors, capturing three consecutive images every 10 min whenever 
the motion sensor detected movement within the camera’s field of 
view. The camera traps were positioned 30–50 cm above ground level 
with no apparent vegetation obstructions to avoid false detections 
caused by natural movements such as wind or vegetation. To capture 
the movement of all birds, regardless of their size, the sensitivity of all 
cameras was set to high. The cameras operated throughout the day 
and used infrared flash at night. Each image automatically recorded 
the date and time. All cameras collected data on SD cards, which were 
periodically transferred to 4 TB hard drives for storage.

2.3 Data management and analysis

All camera trapping (CT) images were examined individually. 
Only pictures containing birds or other wildlife were included and 
classified by species. Data extracted from each picture included the 
following categories: camera location, CET time (day, month, year, 
hours, minutes), species names, number of visits, taxonomic category 
order, and migration phenology (spring and fall migration, breeding, 
and wintering).

We estimated the species richness of wild birds in each study farm 
using four non-parametric estimators (Abundance-based coverage 
estimator ACE, incidence based coverage estimator ICE, Chao2, and 

Bootstrap) with EstimateS v.9.1.0 (28) to assess the species visiting the 
farms. Two estimators have been used that rely on abundance data and 
are based on the statistical concept of sampling coverage (ACE and 
ICE). It refers to the sum of the probabilities of finding observed 
species within the total of present but unobserved species (29). The 
ACE estimator makes its estimations considering 10 or fewer 
individuals per sample, while the ICE utilizes species found in 10 or 
fewer samples (30). The Chao2 richness estimator combines presence/
absence data for a species in a given sample, such as those obtained 
with camera traps, to estimate whether the species is present and how 
many times that species is present in the sample set. Finally The 
Bootstrap estimator was used to assess the variability of the sample. 
This method involves generating new observations by obtaining 
multiple samples with replacement from the original sample. Its 
significance lies in its ability to consistently estimate the sampling 
distribution of a statistic and to accurately estimate its variance (31).

We used the average of these estimators to calculate the proportion 
of species documented on the farms, dividing the number of observed 
species by the mean of the estimators. Additionally, the percentage of 
registered species is presented as a measure of sampling completeness 
(%) (Supplementary Table S2). Individual rarefaction curves were 
calculated using 95% confidence intervals from the estimator (32). To 
estimate the number of visits by individual wild birds, we classified 
pictures according to O’Brien et  al. (33) into dependent and 
independent events (Supplementary Figure S2). We designated events 
as independent when there was a time gap of more than 30 min 
between two consecutive photos of the same species, or at least two 
different species were present in the three consecutive images (as 
illustrated in Supplementary Figure S2A). On the other hand, events 
were classified as dependent when all three images featured birds of 
the same species, making it impossible to determine whether the same 
or a different individual was present in the picture, and when time 
between two consecutive photos of the same species was less than 
30 min (as shown in Supplementary Figure S2B).

To account for the hypothesis of the house sparrow as a bridge 
species, we investigated the interaction of house sparrows with other 
species through camera traps. For this we recorded any interaction of 
the house sparrow, whether direct or indirect, with any other wild bird 
species. We defined a direct contact as the presence of one or more 
house sparrow and any other bird species together in the same picture 
(see Supplementary Figure S2C). Additionally, we considered any 
image that showed a bird species different from the house sparrow 
within a period of less than 24 h before capturing an image with house 
sparrows in the same location as an “indirect contact” (see 
Supplementary Figure S2D).

Using the data obtained from the camera traps we analyzed factors 
that modulate bird communities and wild bird visits to poultry farms, 
as well as direct and indirect contacts between house sparrows and 
other wild bird species. Specifically, we included explanatory variables 
such as the type of poultry farm, bird order, phenology, and migratory 
behavior (Table 1).

For this analysis, we constructed three generalized linear models 
(GLM) with a binomial distribution and a logit link function. The first 
model was used to explore the effect of explanatory variables on wild 
bird visits, while the second and third models examined their effect 
on the observation of direct and indirect contacts of other wild bird 
species with house sparrows. The dependent variable was defined as 
the count of independent events involving wild birds in the images, 
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encompassing both direct and indirect contacts of wild birds with 
house sparrows. Model construction followed a stepwise forward 
Akaike selection (34). Statistical analyses were carried out using SPSS 
28.0 (Statistical Package for Social Sciences Inc.), with statistical 
significance set at p < 0.05.

3 Results

A total of 139,246 images were captured with the camera traps in 
the years 2018–2019. Among these, 78,779 images were taken on 
commercial layer farms, 30,187 on free-range layer farms, and 29,280 
on red-legged partridge farms. A total of 31,816 birds belonging to 33 
species, 21 families, and seven different orders were observed on the 
five farms. Out of these, 18 were resident bird species (55%), 11 were 
partially migratory birds (33%), and three were migratory bird species 
(12%). Most resident species belonged to the order Passeriformes 
(72%), such as the house sparrow, tree sparrow, and spotless starling 
(Sturnus unicolor) (see Supplementary Table S3).

The non-parametric estimators calculated 96.4% ± 3.6 and 
95.2% ± 4.8% of the total observed species richness on Farms D and E, 
respectively. However, the non-parametric estimators suggest that 
species richness is higher on the remaining farms: Farm A 
(83.8% ± 16.2%), Farm B (69.2% ± 30.8%), and Farm C (55.4% ± 44.6%) 
(see Supplementary Figure S1, Supplementary Table S2).

We detected a significantly higher frequency of visits by wild birds 
on red-legged partridge farms as compared to caged layer farms and 
free-range layer farms (see Table 2, Figure 2). Visits detected on caged 
layer farms were less numerous, but from a much larger variety of 
species (Supplementary Table S3, Supplementary Figure S3). Species 
in the Columbiformes and Passeriformes order were significantly 
more likely to be detected (Table 2). Also, the number of bird visits 
detected was significantly higher during the breeding season (see 
Table 2, Supplementary Figure S3).

Resident bird species visited farms significantly more than 
partially migratory or migratory species (Table  2). Additionally, 
resident species had significantly more direct and indirect contacts 
with house sparrows as compared to migratory species (Table 3).

The house sparrow was the most frequently captured species in 
photographs, on all five farms and during all phenological periods. 
Spotless starlings were observed on four farms, being more abundant in 
the red-legged partridge farms, but not on the free-range layer farm 
(Supplementary Figure S4). In three of the farms, the camera traps 
recorded species such as the white wagtail (Motacilla alba), crested lark 
(Galerida cristata), and rock pigeon (Columba livia) 
(Supplementary Table S3). On the free-range layer farm, the house 
sparrow was less common (11%), and the Eurasian magpie (Pica pica) was 
the most frequently observed species (53%) (Supplementary Figure S4). 
Notably although anecdotical, waterbirds (mallard Anas platyrhinchos, 
black winged stilt Himantopus himantopus, ring-necked plover Charadrius 
hiatus) were detected on at least three of the farms 
(Supplementary Table S3).

Direct contacts between house sparrows and other species were 
significantly more likely during the breeding season and with 
resident bird species (see Table 3, Figure 2). The need to seek food 
and water, especially in juvenile birds, increases interactions with 
other species, particularly with the house sparrow. Indirect contacts 
with house sparrows (use of the same location by house sparrows 
within a time span of 24 h and thus potential of exposure to fecal 
contamination) was significantly more likely during the breeding 
season and least likely between house sparrows and Anseriformes 
and on the free-ranger layer farm (Table 4). Species that interacted 
more frequently with the house sparrow belonged to the order 
Passeriformes, being almost twice as common as the second most 
common type, the Columbiformes. Birds in the Charadriiformes 

TABLE 1 Predictor categories defined for the models used.

Predictor Description

Poultry farms Caged layer farms

Free- range layer farms

Red legged partridge farms

Bird order Anseriformes

Bucerotiformes

Charadriiformes

Columbiformes

Passeriformes

Pelecaniformes

Migration Spring migration (February–April)

Breeding (May–July)

Fall migration (August–October)

Wintering (November–January)

Behavior Resident wild birds

Migratory wild birds

Partial migrants

TABLE 2 Results of the GLM used to evaluate the number of visits of wild 
birds to type of poultry farms, bird order, migration phenology and 
migratory behavior.

Predictor B S. Error p-value

Intercept 1.713 0.3285 <0.001

Poultry farms Caged layer farms – – –

Free-range layer 

farms

−1.393 0.2061 0.001

Red legged partridge 

farms

0.902 0.1234 <0.001

Bird order Anseriformes −0.777 0.5699 0.151

Bucerotiformes −2.833 1.1298 0.012

Charadriiformes 0.822 0.4808 0.087

Columbiformes 1.586 0.3673 <0.001

Passeriformes 1.539 0.3450 <0.001

Pelecaniformes – – –

Migration Spring migration – – –

Breeding 0.733 0.1383 <0.001

Fall migration −1.505 0.1479 0.000

Migratory 

behavior

Wintering −1.419 0.1357 0.000

Migratory −3.836 0.2881 0.000

Partially migratory −1.769 0.1893 <0.001

Resident – – –

Statistically significant results are highlighted in bold.
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order had fewer contacts with the house sparrow (see 
Supplementary Figure S4).

4 Discussion

Our study applies camera trapping technology to the poultry farm 
environment to comparatively describe the composition and seasonal 
changes of farm bird communities on different types of layer/gamebird 
farms. This is to the best of the authors knowledge the first time such 
a study is carried out in Spain. Previous work and data collected in the 
present study provide evidence of the house sparrow as key species 

that enters layer buildings and flight cages of partridges and other bird 
species which has led to its designation, together with several other 
synanthropic bird species as potential bridge hosts (6, 9, 35) 
(Supplementary Figure S5). However, although bidirectional exchange 
of pathogens at the interface has been demonstrated and the potential 
of bridge hosts is generally accepted (36) little information exists yet 
on the frequency of contact and potential of contamination of resident 
farm birds by visiting migratory birds. For this reason we used the 
pictures obtained to also study the contact of wild birds that visit farm 
premises, but are unlikely to enter the buildings and enclosures, with 
the house sparrow (4, 5, 21).

The farms studied here are not directly connected to any wetland, 
which makes them theoretically unattractive to wild waterfowl (13), 
however satellite telemetry data has recently shown that waterfowl 
occasionally does make incursions onto poultry farm premises (23) 
and in fact our data shows, that even the studied farm premises are 
occasionally visited by waterbirds, either at open water tanks or 
temporary pools after heavy rains (Supplementary Figure S5).

The camera traps used for this study covered locations at the 
external fencing of the farms, aggregation hotspots such as water 
and food sources and possible entrances to the farm buildings. 
Actual farm bird diversity is certainly greater than that observed 
in this study. Camera traps do not always capture the total number 
of bird species visiting the farm, as they are positioned and 
focused on specific points, making it challenging to obtain a 
complete picture of the bird population. Additionally, even with 
increased sampling effort, as observed in farms A and B 
(n = 349 days; n = 92 days), we notice that the observed richness 

FIGURE 2

Wild bird trapping rate in each poultry farm (Caged layer farms, free-
range layers farms, red-legged partridge farms).

TABLE 3 Results of the GLM used to evaluate the number of the direct 
contacts of wild birds with house sparrows according to type of poultry 
farm, bird order, migration phenology and migratory behavior.

Predictor B S.Error p-value

Intercept −0.63 0.6410 0.325

Poultry farms Caged layer farms – – –

Free-range  

layers farms

−29.639 399222.1547 1.000

Red legged 

partridge farms

−0.188 0.1762 0.286

Bird order Anseriformes −1.235 0.9792 0.207

Bucerotiformes – – –

Charadriiformes −0.270 0.7456 0.717

Columbiformes 0.869 0.6521 0.183

Passeriformes 0.759 0.6239 0.224

Pelecaniformes – – –

Migration Spring migration – – –

Breeding 0.498 0.1796 < 0.05

Fall migration −1.683 0.2794 < 0.01

Migratory 

behavior

Wintering −1.441 0.2605 < 0.01

Migratory −2.546 0.6183 <0.001

Partially 

migratory

−0.315 0.2881 0.274

Resident – – –

Statistically significant results are highlighted in bold.

TABLE 4 Results of the GLM used to evaluate the number of the indirect 
contact of wild birds with house sparrows in relation to type of poultry 
farm, bird order, migration phenology and migratory behavior.

Predictor B S.Error p-value

Intercept −0.459 0.5376 0.393

Poultry farms Caged layer farms – – –

Free-range  

layers farms

−2.392 0.4451 <0.001

Red legged 

partridge farms

−0.611 0.1786 <0.001

Bird order Anseriformes −2.528 1.1509 0.022

Bucerotiformes – – –

Charadriiformes −1.042 0.6605 0.115

Columbiformes 0.638 0.5506 0.246

Passeriformes 0.471 0.5181 0.363

Pelecaniformes – – –

Migration Spring migration – – –

Breeding 0.176 0.1791 0.326

Fall migration −1.363 0.2325 <0.001

Migratory 

behavior

Wintering −1.700 0.2540 <0.001

Migratory −1.884 0.4288 <0.001

Partially migratory −0.035 0.2487 0.889

Resident – – –

Statistically significant results are highlighted in bold.
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does not align with the studied estimators, indicating the need to 
extend our sampling period (Supplementary Table S2, 
Supplementary Figure S1). Logistical issues such as farm size, the 
number of cameras used, or limitations in data storage due to an 
abundance of individuals in a single location hinder obtaining the 
actual number of species. This is due to the size of the poultry 
farms, surrounding vegetation and habitats (various crops, 
buildings) (24) and changes in these (crop harvest, sowing etc.). 
However as the camera trap distribution design was similar for all 
studied farms and data was corrected for trapping effort, we can 
at least to some extend compare the collected information (21). 
Our results show that red-legged partridge farms attracted the 
highest number of visits, followed by caged and free-range layer 
farms. Most of the observed species were passerines. Possible 
reasons why wild birds were most attracted to partridge farms are 
the relatively easy access to food and water as both breeders and 
juvenile partridges are raised outdoors in batteries of breeding 
cages or large flight cages, respectively. Previous studies have 
shown that wild birds are not particularly attracted to free-range 
chicken farms, potentially as the grazing areas are rapidly 
degraded by the chickens while the large numbers of chickens also 
appear to intimidate most wild birds (24).

Among the species identified, the house sparrow is the most 
frequently observed and interacts directly and indirectly with a 
large variety of other species and a considerable number of 
individuals from which they could acquire pathogens including 
AIV as sparrows have been shown to be  susceptible to AIV 
infection (18, 37, 38). The adaptation of the sparrow to human 
modified habitats, gregarious behavior and obligate 
commensalism drives their potential as bridge host (39). Other 
frequently detected species included the spotless starling and the 
rock dove. Both species are known to be frequently exposed to 
and carriers of pathogens such as Salmonella spp. and antibiotic 
resistance mechanism carrying Escherichia coli among others 
(10). Also, European starlings, a species closely related to the 
spotless starling have been experimentally shown to be able to 
transmit avian influenza virus to poultry (40). Species detected 
in free-range layer farms such as the white wagtail are consistent 
with the species detected in a study of free-living birds in 
enclosures of duck farms in France (5), while other species 
observed on the duck farms, such as cattle egrets, were observed 
less frequently.

Direct but also indirect contacts are often the main risk factor in 
pathogen transmission between wild and domestic birds (41). Contacts 
of other birds with house sparrows were observed generally in 
association to food and/or water and less frequently roosting space. Our 
results show that direct and indirect contacts of sparrows with other 
bird species on farms occur significantly more frequently with resident 
species than with partially or fully migratory species (Figure 3). If, in 
addition to direct contacts, the possibility of indirect contamination 
through secreta and feces is considered, with a maximum residence 
time of approximately 24 h, the potential for contamination of a sparrow 
by AIV or other pathogens doubles (Figure 3).

The highest number of direct and indirect contacts were 
recorded during the breeding season, followed by the spring and 
fall migration periods. For the wintering season, hardly any 
direct and indirect contacts were recorded even though the 

highest number of visits occurred at this time of year. As our 
farms are situated in a Mediterranean continental climate where 
food and water in natural habitats are more restricted in summer 
than in winter, likely during this period the availability of food 
and water was less important than other functions of the farm 
environment. More frequent farm visits during the breeding 
season, may be linked to the high number of juvenile individuals 
that rely on easily accessible resources. The high number of 
juvenile individuals increases the number of contacts with likely 
a higher number of naïve, more susceptible individuals thus 
increasing the probability of pathogen transmission (42). Also, 
during the breeding and post-breeding periods, the food 
requirements of breeding adult sparrows are at the highest, while 
it is under the Mediterranean continental climate the period with 
less food and water resources increasing the attraction to farm 
premises considerably. The lower number of direct and indirect 
contacts during fall migration is probably due to the abundance 
of food (cereal and fruits) in the season.

Both migratory and resident birds can be carriers of pathogens 
either directly or by exposure in contaminated environments and by 
Borie et al. (43) by contaminating resources, such as water or feed, 
with their droppings. Here we have detected few migratory or partially 
migratory birds on farm visits which in turn underlines the potential 
bridge host role of sparrows (18). While contact restriction measures 
are generally focused on the protection of poultry they also need to 
take into account the risk of environmental transmission from poultry 
to wildlife, by sewage, feathers, dust and aerosols from that can 
represent a major source of contamination for synanthropic wild birds 
such as the house sparrow that could than contaminate non-resident 
visiting birds during direct or indirect contacts (44).

5 Conclusion

Camera trap-based characterization allowed to describe 
composition and fluctuation of wild bird communities in different 
farm type environments across seasons and to identify species that 
could represent bridge hosts. Identifying the house sparrow as key 
species with resident populations on farms we evidence its connection 
to other bird species that visit the farm environment. Our results 
indicate that general biosecurity measures such as restriction o access 
to food and water are highly effective as the number of bird visits on 
red-legged partridge farms were significantly more frequent, than on 
other farms.
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This paper examines the role of the World Organisation for Animal Health 
(WOAH) in the global surveillance and management of pathogens. Since the 
creation of WOAH, one of its missions has been to ensure transparency of the 
global animal health situation. WOAH established a Working Group on Wildlife 
in 1994 to inform and advise WOAH Members, leadership, and technical teams 
on issues relating to wildlife health. In 2020 it conducted a consultation with 
its Members before developing a Wildlife Health Framework to improve global 
health and wildlife conservation. WOAH Members report diseases in wildlife, but 
detections are dependent on the surveillance systems in place. As an example 
of data collected in the most recent years (2019–2023), 154 countries have 
reported 68,862,973 cases, through alert messages and weekly updates, for 84 
diseases. One-hundred and fifty countries have reported 68,672,115 cases in 
domestic animals and 95 countries have reported 190,858 cases in wild animals. 
These figures illustrate the performance of the organization in collecting data 
on wildlife, and provide an indication of the difference in completeness of 
data collected in domestic animals and wildlife. There are several challenges 
to wildlife disease surveillance and real figures remain unknown; they depend 
on the existence, quality and sensitivity of national surveillance. A WOAH-led 
One Health approach with cross-sectoral collaboration is needed to improve 
surveillance sensitivity, address the challenges and help safeguard wildlife 
population health and biodiversity conservation.

KEYWORDS

disease reporting, disease surveillance, One Health, wildlife health, Wildlife Health 
Framework, WOAH

Introduction

Historical and recent disease threats to animals and humans worldwide have highlighted 
the need to consider diseases in a global context, as multi-host pathogens do not recognize the 
boundaries between species or countries. Initially founded in 1924  in response to the 
international spread of rinderpest, considered the deadliest cattle disease in history, the World 
Organisation for Animal Health (WOAH, founded as OIE) is an intergovernmental 
organization with a mission to improve animal health worldwide (1, 2). To this end, WOAH 
is now the global authority on animal health and focuses, among other objectives, on 
transparent dissemination of information on prioritized animal diseases (3).
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Although WOAH is best known for its work with veterinary 
authorities on farmed animal diseases, Members of the organization 
recognize the importance of taking a holistic approach when 
addressing transboundary animal disease management. Wildlife 
health has been considered by WOAH and its Members from as early 
as 1954. In 1994, a Working Group on Wildlife was established to 
inform and advise WOAH Members, provide leadership, and 
technical input on issues related to wild animal health (captive, feral 
or free-ranging). Additionally, nearly all 183 WOAH Members have 
adopted the approach of nominating a Focal Point for Wildlife – 
forming a global network responsible for collecting and reporting 
disease information in wildlife to WOAH. Members have agreed that 
impact on wildlife is considered in the criteria for listing diseases by 
WOAH, and that information sharing on wildlife is considered within 
the mandatory scope of most diseases listed by WOAH (4, 5).

Several diseases have crossed interfaces between humans, 
livestock and wildlife, and are transboundary between countries. 
Wildlife and domestic livestock have been affected by shared diseases 
such as African swine fever, lumpy skin disease or avian influenza 
(6–11). Wildlife may also be  important in the epidemiology of 
zoonotic diseases, for example, Nipah virus (12). Avian influenza that 
circulates widely in wildlife (mainly as low pathogenic avian influenza) 
and has the potential to become pathogenic to people, usually 
requiring a domestic animal intermediate host (13). Early disease 
detection and information sharing enable better risk management of 
disease transmission within populations and spillover to other species 
(including humans), often with significant financial benefits (14, 15). 
Acknowledging the importance of disease surveillance in wildlife, 
WOAH Members committed to report detection of diseases listed by 
WOAH in wild animals, through the World Animal Health 
Information System (WAHIS) (16); other reporting channels and 
modalities are also currently under review.

In 2020, in light of lessons learned from the COVID-19 pandemic, 
WOAH launched an extensive stakeholders’ consultation, leading to 
the development of a comprehensive Wildlife Health Framework 
(Figure 1) dedicated to the protection of wildlife health within the One 
Health context (17). WOAH’s historical, present, and prospective 
future contributions to wildlife disease surveillance are described in 
this article, to clarify and raise awareness of the organization’s role in 
supporting and sharing information on global wildlife 
disease surveillance.

Past and current role of WOAH in 
wildlife disease surveillance

For Members in need of support, WOAH provides guidelines and 
standards related to animal diseases to establish national “surveillance,” 
which is defined as “the systematic ongoing collection, collation, and 
analysis of information related to animal health and the timely 
dissemination of information so that action can be taken” (5, 18).

At its creation, Members mandated WOAH, among other things, 
to promote research concerning the contagious diseases of livestock 
for which international collaboration is deemed desirable. As early as 
1952, WOAH (then known as the OIE) recommended more research 
on the wild reservoirs of relevant livestock species diseases. In 1954, 
the first resolution of the World Assembly of Members on wildlife was 
adopted (19). In 1965, WOAH highlighted the need for research on 

bat rabies to safeguard sustainable bat populations while also 
protecting public health. The need to preserve biological conservation 
was also raised by WOAH at the joint OIE/ONS/FAO 1967 meeting 
(20). The establishment of an ad hoc group for Wildlife in 1993—
which rapidly transformed into the permanent WOAH Working 
Group on Wildlife in 1994—was a logical concretization of the 
involvement of WOAH and its Members in the global discussion on 
wildlife diseases.

At the request of countries, the world-renowned experts of the 
WOAH Working Group on Wildlife have prepared recommendations 
and statements, and overseen numerous scientific publications on the 
surveillance and control of the most important wildlife diseases, while 
providing technical guidance to manage outbreaks in wild animals for 
almost three decades. Since 2010, WOAH’s action on wildlife health 
has been organized around the network of Focal Points for Wildlife 
who undertake professional training on wildlife health surveillance-
related topics every 2 years. These Focal Points are generally civil 
servants, working for the Ministry of Agriculture or Environment (or 
equivalent); they are responsible for establishing and maintaining 
national networks of wildlife experts and for submitting wildlife 
disease information to WOAH. Additionally, WOAH Reference 
Laboratories are designated to pursue scientific and technical 
problems for specific diseases, and WOAH Collaborating Centers 
provide expertise and support, and promote international 
collaboration for specific topics (21, 22). Several of these Reference 
Laboratories and Collaborating Centers have experts in topics related 
to wildlife health (e.g., Collaborating Center on Research, Diagnosis 
and Surveillance of Wildlife Pathogens (associate) in the USA and 
Canada, Collaborating Center on Training in Integrated Livestock and 
Wildlife Health and Management in South  Africa, and the 
Collaborating Center on Wildlife Health Risk Management 
in Australia).

To take a step further in achieving its mandate, WOAH developed 
a Wildlife Health Framework – this is WOAH’s Global Strategy for 
Wildlife Health. As part of its 2020 early design phase, a stakeholders’ 
consultation showed that 95% of WOAH Members considered that 
Veterinary Services should be  involved in the epidemiological 
surveillance of diseases in wildlife at the human–animal–ecosystem 
interface (23). Iterative contributions from the Working Group on 
Wildlife, the stakeholders’ consultation, WOAH staff worldwide and 
external partners were used to prepare the WOAH Wildlife Health 
Framework. This document aligns the WOAH 7th Strategic Plan 
(2021–2025) which includes consideration of intersectoral issues such 
as the role of wildlife in disease emergence and spread, and works 
toward integrating wildlife health into all areas of the organization’s 
activity (24). The two objectives in the framework aim to support 
Members to improve (i) their ability to reduce, anticipate and manage 
the risk of pathogen emergence and transmission at the human–
animal–ecosystem interface, and (ii) early detection, notification and 
management of wildlife diseases. The Framework was thus designed 
with a dual goal of improving global health and wildlife conservation.

A key output of the Framework is “improved quality data [on 
wildlife health events and potential drivers, especially wildlife trade] 
collection, reporting, analysis and use.” As such, WOAH supports 
Members, particularly their Veterinary Services, to improve health 
event surveillance and reporting, as described below. Specifically, 
activities under the Framework aim to support WOAH Members to 
improve their ability to manage the risk of health event occurrence 
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(including pathogens) in wildlife and transmission at the human-
animal-ecosystem interface, while considering the protection of 
wildlife. The Framework recognizes the costs associated with 
appropriate wildlife health surveillance systems, but also highlights 
that the costs and risks to public health and animal health of not 
investing are greater. Additionally, Members receive technical and 
structural support from WOAH and its network of Reference 
Laboratories and Collaborating Centers to improve surveillance 
systems, early detection, notification and management of wildlife 
health events. The Framework has been converted into an action-
oriented program with a 5-year implementation plan. In 2021, at the 
88th General Session, the World Assembly of WOAH Delegates 
adopted Resolution No. 31 on “How WOAH can support Veterinary 
Services to achieve One Health resilience” (25). This Resolution 
further recognizes the key role of wild animals in global disease 
management and strengthens the inclusion of wildlife health in the 
organization’s work.

The stocktaking and baseline assessment of the Wildlife Health 
Framework consisted in a set of consultations and surveys (in 2022 
and 2023) to better understand country-level surveillance as well as 
Members’ capacity, needs and challenges for wildlife disease 
surveillance. The most challenging task identified by Focal Points for 
Wildlife to fulfill their role was the integration of wildlife health into 
national animal health strategies. A survey revealed that Veterinary 
Services were involved either alone (43% of respondents) or in 
association with other sectors (43% of respondents) in management 
of wildlife health events (26). However, important needs regarding 
investigation of wildlife outbreaks were highlighted, with 63% of 
Members reporting impediments to collecting, handling or 
transporting wildlife samples (26). The stocktaking step also revealed 
that a high level of wildlife health disease recording (69%) used 
unreliable recording systems (paper records or local computer 
recording systems); this underscores the need for reinforced capacity 
on wildlife health information management (27).

FIGURE 1

The WOAH Wildlife Health Framework was developed to ensure that wildlife health issues are fully integrated and transversally addressed in WOAH’s 
core work such as Standards and guidelines, Performance of Veterinary Services (PVS) pathway, disease notification systems, among others to better 
support WOAH Members. Domestic animals have been at the center of animal health strategies worldwide, but equal investment in wild animal health 
is needed to ensure a holistic approach to animal health management, maintain healthy animal populations (both wild and domestic), ensure healthy 
ecosystems, and contribute to global health.
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The steps of WOAH and the evolution of its role in data collection, 
surveillance and reporting of wildlife diseases are summarized in 
Figure 2.

Indeed, when it comes to animal health data reporting, WOAH 
has developed processes to organize reporting priorities with its 
Members and experts, allowing consensus and engagement. WOAH 
provides a common global tool for Members to report both livestock 
and wildlife health events – the World Animal Health Information 
System (WAHIS) (28). To support data reporting from Members, 
WOAH shares definitions and standards, as well as guidelines, and 
conducts regional trainings or one-on-one sessions, as needed, 
ensuring useful and accurate reporting. WOAH Standards include 
disease and diagnostic test definitions (5, 18, 29, 30). In addition, 
WOAH conducts “web scraping “of disease signals using event-based 
surveillance tools (web-based systems that allow detection and 
collection of relevant news on diseases based on pre-determined 
search algorithms), to coordinate with Members and support them in 
their reporting obligations. WOAH also works closely with global and 
regional partners from various sectors to share information on disease 
events at the human-animal-ecosystem interface, and to support 
Members in their disease surveillance, early warning and preparedness 
efforts. Despite these efforts, engaging WOAH Members in voluntary 
wildlife disease reporting was deemed challenging for various reasons 
such as the lack of information related to wildlife health reaching 
WOAH Members, a non-fit for purpose reporting system, and wildlife 

health often not falling under the Veterinary Services’s realm of action. 
After identifying the source of the challenges, WOAH has taken steps 
to set up corrective actions and is currently working on a new initiative 
regarding early warning and enhanced information on these 
non-WOAH-listed diseases that will be better adapted to the needs of 
WOAH Members and their partners working with wildlife. 
Meanwhile, an interim system is in place to collect information on 
non-WOAH-listed diseases on a voluntary basis.

To support improved capacities for wildlife surveillance in line 
with the Framework, WOAH is embracing the One Health approach 
and integrating wildlife health more fully into existing established 
programs such as the Performance of Veterinary Services (PVS) 
Pathway evaluations and Laboratory Twinning activities (31). An 
example of a Laboratory Twinning activity is represented by the 
US-Thailand Wildlife Health Twinning Project, based on expertise 
sharing on wildlife disease risk assessment and improvement of the 
national wildlife disease surveillance system (32). Online e-learning 
materials relevant to wildlife health are being developed based on 
WOAH Standards and Guidelines, and digital or printable 
communication tools are also made available (see, e.g., Wildlife health 
is everyone’s health). In addition, all material developed by WOAH for 
training its Focal Points for wildlife is made available online (33). The 
International Health Regulations (IHR) – PVS National Bridging 
Workshops (NBWs) assist countries to prepare for and respond to 
prioritized health threats, and have begun to involve more participants 

FIGURE 2

Timeline showing WOAH’s evolving role in data collection, surveillance and reporting of wildlife diseases since 1924 and as of 2023.
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from environmental sectors including wildlife health representatives 
(34). WOAH is also working with other global partners on initiatives 
which strive to promote and normalize multi-sectoral collaborations 
on health issues, such as the Nature for Health Initiative (35). In this 
context, it is worth highlighting the recent integration (March 2022) 
of the United Nations Environment Program (UNEP) into the 
Tripartite collaboration (comprising the Food and Agriculture 
Organization of the United Nations (FAO), World Health Organization 
(WHO) and WOAH) to accelerate a coordinated strategy on human, 
animal and ecosystem health. With this, the Tripartite has formally 
become the Quadripartite. The work of the newly expanded alliance 
is focused on the One Health Joint Plan of Action (OH JPA), with six 
main action tracks: (i) enhancing countries’ capacity to strengthen 
health systems through a One Health approach; (ii) reducing the risks 
of emerging or re-emerging zoonotic epidemics and pandemics; (iii) 
controlling and eliminating endemic zoonotic, neglected tropical or 
vector-borne diseases; (iv) strengthening food safety risk assessment, 
management and communication; (v) stemming the silent pandemic 
of antimicrobial resistance (AMR); and (vi) better integrating the 
environment into the One Health approach (36).

Wildlife disease reporting to WOAH

Since the creation of WOAH, one of its main missions has been 
to ensure transparency of the global animal health situation and 
improve knowledge of animal diseases, including those transmissible 
to humans (i.e., zoonoses). To this purpose, WOAH Members have 
committed and are required to notify relevant information on their 
animal health situation in domestic animals and, when relevant, in 
wildlife, in compliance with the provisions of WOAH’s Terrestrial 
Animal Health Code (Terrestrial Code) and Aquatic Animal Health 
Code (Aquatic Code) (37, 38). This has two main objectives: (i) 
sharing information on the known situations of diseases prioritized 
by WOAH Members (called “listed diseases”) and (ii) early 
information sharing on unusual animal health events both for such 
priority listed diseases and for emerging diseases. To ensure 
engagement of countries, the criteria for disease prioritization, list of 
prioritized diseases and early information sharing scope are subject to 
Members’ review and adoption by voting.

Animal disease information submitted from countries to WOAH 
is verified through an internal process and made publicly available 
through WAHIS. The system therefore comprises highly specific data 
(based on validated diagnosis tests and validated by competent 
authorities and WOAH) (5, 18, 39–41). Wildlife data are collected on 
about 100 listed diseases from 183 WOAH Members, and a few 
non-Members. However, countries and territories have different 
capacities in terms of disease surveillance, detection, and diagnosis. 
Moreover, test validations for many wild species and diseases may not 
be available, rendering submission to WAHIS unworkable for some 
wildlife disease information. In fact, the occurrence of some listed 
diseases in wild host species does not fit the WOAH Terrestrial 
Animal Health Code definition and does not fall under mandatory 
notification. Collecting these data in a standardized and coordinated 
manner therefore represents one of the main challenges for a global 
surveillance system.

For each listed disease, countries are requested to provide 
information through various reporting streams. For unusual events 

(such as the first occurrence of a disease in a country, or occurrence 
in an unexpected species), countries are asked to provide an 
immediate “alert” report, followed by weekly updates until the event 
is resolved or stabilized. Conversely, for more stable situations (such 
as when the disease is considered endemic), they should update the 
situation for each listed disease on a six-monthly basis. Each semester, 
they should provide at least the disease situation in the country 
(“presence,” “absence” or “no information collected”). Where possible, 
countries are asked to complement this with information on 
surveillance and control measures implemented, and quantitative data 
on diseases present including number of outbreaks, cases and deaths.

Since the WOAH Working Group on Wildlife was established, the 
coordinated collection of data on wildlife health has been extended to 
cover a further 50 or so disease groups (with each group including one 
or more pathogens) deemed to be a priority by experts, mainly for 
conservation purposes. To support countries’ notification and clarify 
reporting boundaries, Technical Disease Cards have been published 
on the WOAH website (42). Although Members are encouraged to 
contribute to this additional effort, they are not legally obliged to do 
so. As alluded to above, data on wildlife diseases are mostly neglected 
with variable degrees of surveillance systems in place.

In addition, when addressing wildlife diseases, it is important to 
account for the historical, cultural, political, economic, and 
sociological context in countries and territories, as the perceived value 
of wild species might vary depending on these factors (43–45). For 
this reason, WOAH is placing increased importance on its epidemic 
intelligence framework  - evaluating, assessing and integrating 
information derived from official data collected from WOAH’s experts 
& partner network, as well as data from unofficial sources (e.g., using 
an information system for automatized collection of information such 
as the Epidemic Intelligence from Open Source (EIOS) initiative) that 
presents useful sources to assist in better evaluating the real occurrence 
of disease (46). These complementary sources also support Members 
in their reporting activities, and in risk assessment and 
communication. To minimize the number of unreported events, 
WOAH has been actively searching for non-official information, 
rumors and signals relating to animal health and veterinary public 
health events around the world since 2002. As a result of this activity 
and the incorporation of a web-based system for the automatic 
detection of relevant news, WOAH is able to review approximately 
120,000 news items each year. Consequently, on average, about 
10–14% of events reported through immediate “alert” are additionally 
submitted to WAHIS each year. This value represents the potential of 
epidemic intelligence activities to increase mandatory reporting. In 
the past year, special efforts have been made to ensure increased 
sensitivity for detecting disease events in wildlife, including potential 
new and emerging threats, through the development of specific search 
algorithms in several languages.

Despite bias associated with wildlife disease reporting by 
Members, some figures are provided in this section to illustrate data 
collected by the system in recent years (since 2019), compared with 
the same figures for domestic animal diseases. The purpose of these 
numbers is not to present any in-depth analysis of the information 
collected by WOAH, but to provide some data for reflection on the 
role of the organization. Between 1 January 2019 and 2 November 
2023, 154 countries reported 68,862,973 cases through alert messages 
and weekly updates to WAHIS, for 84 different diseases. One-hundred 
and fifty countries have reported 68,672,115 cases in domestic animals 
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and 95 countries have reported 190,858 cases in wild animals. These 
simple figures indicate the difference in completeness of data collected 
by WAHIS for domestic animals and wildlife. The percentage of 
countries being able to detect and report information on exceptional 
epidemiological situations through WAHIS is lower for diseases in 
wildlife than for domestic animals. The diseases for which the highest 
number of countries reported presence in wildlife through this alert 
channel were: avian influenza of high pathogenicity (N = 78 countries), 
African swine fever (N = 26 countries), SARS-CoV-2  in animals 
(N = 18 countries), rabbit hemorrhagic disease (N = 5 countries), and 
West Nile fever (N = 5 countries).

Despite being incomplete, the data collected on diseases in wildlife 
can be useful for Members and general users. They can provide an idea 
of the global situation of several diseases, and their evolution in time 
and space. They can be used for risk assessment, to assist decision-
making, and to assess the impact of diseases on biodiversity and 
conservation. As part of the conservation objective, it is important to 
present the data collected in context. Indeed, while wildlife can represent 
a reservoir in certain situations (thereby increasing the risk of 
transmission of pathogens to livestock and humans), it can also 
be infected through contamination by livestock and humans. These 
spillover and spillback phenomena have been widely described in the 
literature, and it is important to consider wildlife from a health point of 
view not just as a potential source of disease but also as a potential 
victim (47–50). WOAH regularly uses this information to produce 
situation reports on selected diseases to provide easy and “digestible” 
access to data. This is done regularly for diseases such as African swine 
fever, highly pathogenic avian influenza and SARS-CoV-2 which are 
considered relevant for both domestic animals and wildlife (51–53). In 
addition, a specific situation report on wildlife disease reporting is 
produced monthly to assess the importance of reported cases in wildlife 
for animal health, public health and biodiversity conservation (54). 
Official data reported for aquatic animals (including wildlife) are also 
periodically presented, acknowledging associated surveillance gaps (55).

WOAH’s future role in wildlife health

Since its creation, 183 Members have progressively adhered to the 
principles and rules of WOAH by joining the organization. Driven by 
the needs expressed by Members and to adapt to the changing global 
animal health situation, WOAH has continuously built and enriched 
its activities and contributions to the surveillance and management of 
diseases and welfare in wild and domestic, terrestrial and aquatic 
animals. WOAH’s implementation of the Wildlife Health Framework 
now positions the organization to support its Members worldwide in 
strengthening their wildlife disease surveillance efforts. WOAH, as an 
international organization responsible for ensuring transparency on 
animal diseases and with a well-structured network of veterinary 
services—is in a unique position to collect information on wildlife 
disease distribution and surveillance activities at the global level. The 
scope of this information gathering is gradually evolving, in constant 
consultation with scientific experts, and, first and foremost, 
its Members.

To minimize the burden of data collection on Members, WOAH 
is regularly consulting its 70-plus partner international organizations, 
some of which are already collecting key data for the global 
surveillance and epidemic intelligence effort (among them, UNEP, 

IUCN, CITES, and Interpol). Acknowledging that wildlife disease 
surveillance is by substance a collaborative and multisectoral activity, 
WOAH encourages Members to take part or lead national networks 
of public and private stakeholders collecting wildlife health 
information in the field (56).

The challenges ahead will most probably include continuing to 
reflect on the synergies between existing information systems, 
adopting the most adapted technologies, and making good use of data 
of all kinds and in all formats in an integrated effort to provide 
Members with the best possible support in their understanding of the 
global situation and risks. This will involve not only consideration of 
technological advances but also workflow and responsibility 
for reporting.

These efforts will need to address the various challenges and gaps 
highlighted in this paper. In particular, they will address the relative 
lack of surveillance and resources dedicated to the detection of 
diseases in wildlife in many countries, as well as the lack of 
communication between different health sectors which results in poor 
information sharing at the international level.

To move toward earlier risk assessment and communication, it is 
necessary to develop international efforts to monitor and analyze 
drivers and unusual morbidity/mortality events, as well as 
non-infectious causes of wildlife mortality in addition to pathogen 
surveillance. WOAH, other members of the Quadripartite, and 
international partners in general have a duty to lead by example, by 
coordinating their exchanges of information for risk analysis and 
communication more effectively. This process of reflection has already 
begun and must continue in the years to come (57).

Enhanced monitoring of the implementation of WOAH’s various 
standards and guidance documents is required to more effectively 
tailor the guidance to the Members’ needs. The organization has 
launched a transversal program, the Observatory, that provides an 
overview of the uptake of international standards by Members. It 
provides valuable feedback on implementation and effects of 
Standards, contributing to the progressive improvement of their 
implementation as well as to the constant assessment of WOAH’s 
corporate initiatives. The Observatory program will help WOAH 
adjust its activities to Members’ needs, including those relating to 
wildlife (58). The development of new guidance or statements on 
wildlife health will necessarily adapt to topicalities (e.g., Considerations 
for emergency vaccination of wild birds against high pathogenicity 
avian influenza in specific situations) but also intensively use foresight 
(e.g., Early warning and early action – the coming El Niño Southern 
Oscillation phenomenon and health impacts) (59, 60). 
Recommendations for increased awareness of wildlife disease and 
ecosystem balance from WOAH occurred long before wildlife diseases 
and conservation of biodiversity became topical. Nevertheless, 
tangible actions were delayed, and more decisive measures and 
engagement are yet to come - for instance, the incorporation of the 
One Health principle in its core mission statement and the inclusive 
definition of animals in its Code and Manual. By identifying and 
addressing old and new challenges, fostering international 
collaboration, and embracing a One Health approach in alignment 
with the Quadripartite collaboration, WOAH will contribute to a safer 
and more secure future for both animals and humans in the face of 
evolving global health challenges. Continued support from WOAH 
and its initiatives is imperative as we navigate the complexities of 
wildlife health on a global scale.
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The pig sector in Corsica is based by a wide range of farming systems, mainly 
characterized on traditional extensive practices, which favor contacts between 
domestic and wild individuals. These contacts are suspected to influence the 
maintenance and the transmission of shared infectious diseases between 
both populations. Therefore, it is important to develop methods that allow 
to understand and anticipate their occurrence. Modeling these interactions 
requires accurate data on the presence, location and use of land on pig farms 
and farming practices, but such data are often unavailable, incomplete or 
outdated. In this study, we suggest a method to collect and analyze pig farming 
information that combines approaches from social sciences and epidemiology 
and enables a spatial representation of an index of potential interaction (IPI) 
between wild and domestic pigs at municipality level in the Corsican territory. 
As a first step of the process, interviews were conducted to gather information 
from 103 pig farms. Then, using hierarchical clustering, we  identified five 
different clusters of pig farming practices which were evaluated and validated 
by local experts using participatory tools. The five pig farming clusters with their 
respective estimated levels of direct and indirect interactions with wild boars 
were combined in a linear equation with pig density to estimate a hypothetical 
index of potential interaction (IPI) in 155 municipalities. Our results revealed the 
diversity of pig farming practices across the island of Corsica and pointed out 
potential hotspots of interaction. Our method proved to be an effective way 
to collect and update information on the presence and typology of pig farms 
which has the potential to update official livestock production statistics. The 
spatial representation of an IPI between wild boars and domestic pigs in the 
Corsican territory could help design regional disease management strategies 
and policies to improve the control of certain shared pig pathogens in pig farms 
from Corsica.
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1 Introduction

Recent episodes of emergence, re-emergence or persistence of 
animal infectious diseases has drawn scientific attention to the 
wildlife-livestock interfaces as a key factor to improve our 
understanding of shared pathogen dynamics (1–3). The interest on 
interactions between wild boars and domestic pigs has particularly 
grown with the global spread of African swine fever across the world 
(4–7). However, other diseases shared between wild boars and 
domestic pigs jeopardize disease eradication efforts in the pig sector, 
while affecting the health of wild boar populations of and representing 
a potential public health risk (8–13). Moreover, the recent increase of 
consumer demand for outdoor farming products in developed 
economies has raised concerns about the biosecurity of open 
production systems in general, and about potential interactions 
between domestic and wild/feral pigs (2, 9, 14–17). Understanding the 
different drivers of interactions between populations of wild and 
domestic pigs requires analysis of the infectious interface using 
approaches from different disciplines (3). Such approaches often 
include ecological, epidemiological or sociological methodologies 
focused on a farm perimeter, water points, or the edge of a protected 
area, whereas fewer studies have addressed the risk of wildlife-
livestock interactions and pathogen spill-over at a larger geographical 
scale (18–21).

Because of their ancestral tradition of outdoor pig farming, 
Mediterranean habitats are particularly prone to interactions between 
domestic pigs, feral swine and wild boars. For instance, free ranging 
farming systems in Sardinia have been held accountable for the 
persistence of African swine fever for decades (5, 22, 23), while in the 
Iberian Peninsula, the co-existence of Iberian pigs with a large wild 
boar population in extensive estates is considered as a risk for the 
re-emergence of Aujeszky’s disease or the maintenance of bovine 
tuberculosis (18, 20, 24). The French Island, Corsica, is an example of 
specific socio-ecological context favoring different types of direct and 
indirect sexual, trophic and agonistic interactions between wild and 
domestic pigs and the resulting dissemination of shared porcine 
pathogens among these populations (16, 25). These include endemic 
diseases and re-emerging or recent diseases that can have a serious 
impact on livestock productivity and public health such as classical 
swine fever (26), Aujeszky’s disease (15), trichinellosis (27), 
toxoplasmosis (28) or hepatitis E virus (8).

Several authors have characterized the type, frequency, intensity 
and location of interactions between wild boar and domestic pigs, 
which are significantly influenced by hunting and farming practices 
(8, 15). However, the whole range of outdoor farming systems and the 
potential impact of their spatial distribution on the probability of 
interaction with wild boars has not been well characterized in Corsica 
to date. Given the variety of landscapes and the distribution of 
resources in Corsica, we hypothesize that some regions of the island 
with specific ecological features or forms of land use are prone to 
certain types of pig management practices that facilitate these 
interactions. Nevertheless, studying such complex interface at a 
territorial scale is challenging as data on farming practices and specific 
locations of farming systems is often inaccurate. A possible approach 
to address this challenge is to rely on local knowledge and expertise 
(29, 30), with the implementation participatory epidemiology 
methods (31, 32). As several epidemiological and zootechnical 
information was already available in Corsica from previous studies 

(15–17, 25), we  decided to combine different geographical, 
epidemiological and zootechnical approaches to conduct a spatial 
analysis of farming systems that could be  used as an indicator of 
spatial potential interaction patterns.

The specific purpose of our work was to explore new 
methodologies, combining participatory approaches and analysis of 
zootechnical data, to represent the distribution of pig management 
practices at the scale of some Corsican micro-regions and their 
potential risk of interactions with wild boar based on pig farming.

2 Materials and methods

2.1 Study area and context

The island of Corsica is located in the Mediterranean Sea off the 
coast of the South of France and covers 8,722 square kilometers. Its 
altitude (ranging from 0 to 2,706 m and 568 m on average) and 
landscape characteristics are emblematic of Corsican identity (33). 
The variability of soils and topography in the Island enables the 
adoption of a diversity of crop and livestock production systems (34). 
In 2015, the French Ministry of Agriculture and Food defined 16 
micro-regions resulting from the aggregation of the 30 small natural 
regions originally defined in the 1979 agricultural census (35) and 
based on homogeneity and natural limits criteria (see Aggregated 
Small Natural Regions, Supplementary material S1). Based on these 
criteria, we defined the term micro-region as a division of the territory 
based on certain homogenous geographical characteristics that 
influenced its land use and agricultural production practices and used 
this classification throughout this article.

In the past, pig farming was widespread in Corsica. The traditional 
Corsican pig farming system, which consisted fundamentally on free-
ranging systems of backyard animals for family consumption, is based 
on the exploitation of sylvo-pastoral resources by a local breed of slow 
growing pigs. Pigs aged 18–24 months are slaughtered in winter after 
a period of free ranging in autumn and winter to finish their fattening 
with acorns and chestnuts (36). In some areas, farmers also keep their 
pigs in mountain pastures in summer (17, 25, 37). The Corsican pig 
sector consequently has a strong link with certain micro-regions 
featuring particular ecological landscapes such as mountain pastures 
or chestnut forests. Today, especially thanks to PDO (Protected 
Designation of Origin) certification and use of the “Nustrale” breed, 
the production of Corsican dry cured meat (charcuterie) is prized for 
both its quality and flavor.

In Corsica, domestic and wild swine populations are largely 
represented in terms of their distribution and suspected abundance 
(38, 39) encompassing an interesting genetic diversity composed of 
different domestic pigs’ breeds, feral pigs, wild boars and cross-bred 
individuals. Although the proportion of cross-bred animals in this 
population has not been accurately quantified, it was estimated to 
reach 55% in some regions during the 1980’s (11, 40).

2.2 Study design

Given the diversity and heterogeneity of farming practices, 
we hypothesized that the potential contribution of pig farming to the 
probability of occurrence of interactions with wild boar was 
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multi-factorial (41). Based on previous work in Corsica (16) and other 
pig farming locations (42–44), we first identified key zootechnical 
practices involved in the occurrence of different types of interaction 
and defined a method based on the clustering of farming practices. 
The main steps to comply with this process were the following: (i) 
Implementation of interviews with key informants in order to collect 
regional data on formal and informal pig production; (ii) Creation of 
a reliable database combining information collected through 
interviews with existing data and technical knowledge; (iii) 
Hierarchical clustering on principal components (HCPC) based on 
multiple correspondence analysis (MCA) to identify a preliminary 
typology of farming systems (clusters) based on the use of distinct pig 
farming practices; (iv) Adjustment of our preliminary farm typology 
by a group of local experts (38) to determine the main factors that 
describe the clusters and determination of the IPI associated to each 
cluster; (v) Validation of a new classification of the clusters undertaken 
with local stakeholders and a classification tree method; (vi) 
Evaluation and mapping of IPI related to pig farming at the municipal 
scale, using pig density and the IPI in each cluster. A summary of the 
methodology is shown in Figure 1.

2.2.1 Data collection
Data collection was organized on semi-structured interviews with 

key informants (30, 45) in two different periods: the first from 
February to April 2019 and the second from September 2019 to 
February 2020. The questionnaire was designed to gather regional 
information on formal and informal data on pig production farms 
from local key informants, including pig density, land area occupied 
by pigs, and the main pig farming practices. All the semi-structured 
interviews were conducted by the same interviewer at the place where 
the key informants lived or worked. Key informants were selected on 
the basis of their experience in livestock farming, their involvement 
in local farming organizations, and on the recommendation of other 
informants or stakeholders in pig farming. The interviews allowed to 
compile a final list of 176 farms (106 farms during the first period and 
70 farms during the second). After the first period, only 103 of those 
farms had sufficient quantity and quality of data to perform the HCPC 

analysis, including 84 farms from the first data collection period and 
19 farms from data available from a previous study (16) were retained 
(Figure 1).

2.2.2 Selection of farming practices
We focused our selection of factors on free-range pig farming, the 

permeability of fences and management of feed and waste taking into 
account direct and indirect wild-domestic pig interactions (25). 
Because direct interactions are often driven by sexual and agonistic 
behavior, we focused on farming practices linked with reproductive 
management, such as castration or spaying of pigs not intended 
for breeding.

For the MCA analysis, we selected 16 categorical factors among 
the farming practices hypothesized to have an influence on 
interactions with wild boars (9, 12, 15, 46). The selection criteria and 
categorical factors used for these variables are provided in 
Supplementary material S2.

2.2.3 Study area and spatial scales
From an administrative point of view, Corsica is a region divided 

into two departments, “Haute-Corse” (Northern Corsica) and “Corse 
du Sud” (Southern Corsica). We collected data in two micro-regions 
in Southern Corsica, including “Haute Gravone” and “Secteur Ajaccio” 
and six micro-regions in Northern Corsica including “Cap Corse,” 
“Nebbiu,” “Balagne,” “Haute Corse Intérieure,” “Castagniccia” and 
“Plaine Orientale” (Supplementary material S1). The choice of these 
micro-regions was not only based on the possibility of collecting 
information from different geographic locations but also, on the 
possibility to test our approach on a representative and diverse sample 
of farming systems, land uses and vegetation types of the island.

In France, municipalities represent the smallest administrative 
level. Although not ideal because the land used by pigs does not 
always coincide with administrative boundaries, we considered the 
municipal scale to be the most practical and appropriate to represent 
the distribution of the pig population. The data collected on each pig 
farm was converted to the municipality scale on the basis of the ratio 
of the extent of land used by each herd in each municipality to the 

FIGURE 1

Summary of the methodology used and the number of farms covered.
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total area of land used by each herd. By combining this ratio with the 
size of the herd, we calculated the number of pigs in each herd in 
each municipality.

2.3 Exploring the diversity of pig farming 
systems in Corsica

The diversity of farming system based on reported practices was 
explored following three steps.

2.3.1 Identification of clusters
The MCA was performed on 16 categorical factors 

(Supplementary material S2) describing the farming systems’ practices 
to summarize the information in a lower-dimensional Euclidean space 
(five dimensions) where distances represent similarity (16). Next, 
using Ward’s method, hierarchical clustering was performed of the 
MCA results to identify groups of farmers who use similar practices, 
subsequently termed “H-clusters.” Both operations were performed in 
R version 3.5.3 using the package FactoMineR for MCA (47) and 
HCPC (48). In the hierarchical clustering process, we considered the 
inertia gain ratio as the parameter determining the variance gain when 
the number of clusters increased.

2.3.2 Validation and ranking of the clusters by 
local experts

A meeting was organized with a group of nine pig farming experts 
from different micro-regions to present our methodology and results 
and validate the conformity of our farm classification. The group was 
made up of four breeders and five technicians from pig farming 
-related organizations with a solid background knowledge of the 
Corsican pig sector, based on their activity, experience and training. 
During the meeting, we combined three types of participatory exercises 
selected for their complementarity (49) and their ability to capture and 
leverage local knowledge and expertise (50): focus-group discussion 
(51), cluster ranking, and proportional piling (32). The details on these 
participatory methods can be found in Supplementary material S3.

2.3.3 Classification tree for cluster classification
We performed a classification tree (52), called “T-cluster,” with the 

Rpart R-package (53) to classify individuals not included in the initial 
HCPC analysis and farms identified in other data collection into specific 
clusters. We  considered tree combinations of the different factors 
mentioned by experts as having the strongest impact on interactions 
and compared their percentage of correspondence with the HCPC 
attribution (called “H-cluster”). In this way, we selected trees with the 
least divergence between the “H-cluster” and “T-cluster” classifications.

2.4 Quantification of an index of potential 
interaction (IPI) per municipality

We selected the 155 municipalities for which we had sufficient 
data to characterize at least 50% of the farms, accounting for 144 farms 
and 21,807 pigs. To quantify the index of potential interaction (Y) due 
to pig farming based on its presence and practices in each municipality, 
we used a weighted average of the five cluster-specific pig-densities 
(X1 to X5):

 Y w Xi i= ∑

where the set of weights 1 5, ,…w w , verify ∑ =wi 1 determined by 
experts depended on whether the interaction Y  is direct or indirect. 
The IPI could thus be interpreted as an effective number of animals at 
risk, and used to compare municipalities with different distributions 
of farming systems.

2.5 Characterization of municipalities

A principal component analysis (PCA) was performed on the 
number and density of pigs in each of the five clusters and on the 
surface area of the 155 municipalities included in the study (11 
variables in total), to identify their main patterns of variation. The 
PCA provided a reduced representation of the profiles of municipalities 
on a two-dimensional Euclidean space, and allowed us to explore and 
investigate cases with different characteristics but similar levels of risk 
of interaction between domestic pigs and wild boars.

3 Results

3.1 Pig farm typology

Based on the results of the MCA, the distribution of dimensions 
explained 38.9% of the total variance with each dimension 
contributing to at least 5% of this value. In our case, evaluation of the 
inter-cluster inertia gain revealed that the best cut-off values were 
three and five. Based on this statistical evaluation and on our field 
observations, we chose five clusters (Supplementary material S4). All 
the variables in the analysis were identified as significant (p-value 
<10−3) except the period of domestic boar castration (p = 0.0068). 
Among the 103 farms studied, 16 were in H-cluster 1, 21 in H-cluster 
2, 20 in H-cluster 3, 39 in H-cluster 4, and seven in H-cluster 5.

Table 1 summarizes the main characteristics of the five farm types 
identified. A detailed description is available in Supplementary material S5. 
Clusters 1 to 3 represented farms where pigs were allowed to free-range 
all or part of the year. Conversely, clusters 4 and 5 represented farms 
where pigs were fenced in all year round, either outdoors for cluster 4 or 
in a building for cluster 5. The main differences found between clusters 1 
and 3 were in terms of free-ranging time, partial for cluster 3, and 
reproduction management, which was more controlled in cluster 2 than 
in cluster 1.

3.2 Use of local knowledge for validation of 
our farm typology and assessment of 
interactions between wild and domestic 
pigs

3.2.1 Validation of farm typology using local 
knowledge

During focus group sessions, experts readily agreed on the 
definition and representativity of the five farming clusters of pig 
farming systems occurring in Corsica. When talking about the 
H-clusters and factors of interest, experts tended to focus on direct 
sexually driven interactions, but when considering a wider range of 
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interactions, they drew their attention to three major factors, including 
sow reproduction, fence and carcass management:

 - Reproductive Management: The key factor reported in order to 
minimize sexually driven interactions was the availability of 
receptive reproductive females in free ranging systems. The 
experts considered spatial compartmentalization of reproductive 
females and surgical neutering of animals not intended for 
reproduction as the two major strategies likely to have a positive 
impact in reducing the attraction of wild boars toward farmed 
sows and hence potential interactions.

 - Fence management: the experts emphasized the fencing material 
used and its maintenance were the two major limiting factors for 
impeding wild boar incursions. In their opinion, only building 
welded mesh and electric fences, although not perfect, under 
regular maintenance could potentially contain wild boar 
incursions in the farm and prevent interactions with their 
domestic pigs. The use of adequate and well-maintained materials 
was considered instrumental to avoid spaying females 
non-targeted for reproduction. In all other cases, the absence of 
spaying necessarily led to incursions and subsequent interactions, 
particularly sexually driven ones.

 - Management of carcasses and offal: experts regretted in Corsica 
this aspect was overlooked and becoming an increasing concern 
because some parts of pig carcasses are no longer processed and 
wild boar meat is less frequently consumed by hunters.

Concerning free ranging systems, experts identified a strong 
influence of the season during which animals were widely kept free 
ranging (autumn) in the number and length of interactions.

This local knowledge and expertise enabled us to refine our 
classification and agree on a final cluster typology concerning 
zootechnical practices.

3.2.2 Final T-cluster classification
The selected tree based on the above-mentioned criteria included 

19 results that diverged from the results of the HCPC of the total 103 
farms (Figure 2). Such rate was considered to be acceptable given that 
the number of divergences most frequently observed for trees obtained 
with Rpart was 15 out of 103. Moreover, unlike the original tree (9/15 
cases), our designed tree respected the precautionary principle in 17 out 
of 19 cases, meaning that, in the event of divergence, the farms were 
classified in a higher-risk T-cluster than the original H-cluster. Hereafter, 
all the results presented are based on the T-cluster classification.

As shown in Figure 3, cluster 4 is the biggest, representing 37% of 
the pig population, whereas cluster 5 only represents 2%; clusters 2 
and 3 represent equivalent proportions (23 and 22%) and cluster 1 
represented 16% of the pig population. Although not all the 
municipalities in the selected micro-regions were accounted for, 
coverage of the main breeding micro-regions of our selection, 
Castagniccia and Haute-Gravone, was almost complete.

3.2.3 Weighting of the index of potential 
interaction (IPI) for each cluster

A consensus on the ranking of H-clusters was easily reached by 
the focus groups on the case of direct interactions. However, the 
concept of indirect interactions required more discussion to reach a 
consensus on ranking results. The results of the focus group on the T
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main factors defining clusters (see 1.2) were subsequently confirmed 
in the discussions concerning ranking.

Concerning direct interactions (Table 2), higher numerical values 
were revealed for clusters 1 and 3 than for the other clusters. The main 
factors that influenced ranking and piling by experts were reproductive 
management, spaying of sows, and seasonality of free ranging animals. 
Moreover, although cluster 3 had less probability of interactions 
occurring during the free-ranging period than cluster 2, experts 
agreed that spaying of sows non targeted for reproduction was the 
most important factor influencing direct interactions, which explains 
why cluster 3 was considered to have more direct interactions than 
cluster 2.

Concerning indirect interactions (Table 2), two experts disagreed 
with the order proposed in the proportional piling ranking exercise. 
In their opinion, clusters 1 and 2 had the same weight because free 

ranging and waste management practices had a similar impact on 
interactions. However, they all agreed that free ranging facilitated the 
sharing of food resources such as pastures (but also carcasses or offal) 
and water points. This explained the lower value for cluster 3 and the 
similar values for clusters 4 and 5.

3.3 Data visualization

3.3.1 The spatial distribution of pigs and types of 
practices

Densities of pigs and absolute numbers were closely 
correlated and independently of the area in the first PCA factorial 
plane, meaning that high densities tend to be explained by large 
numbers rather than by small surface areas. In contrast, the 

FIGURE 2

Final cluster classification combining typology and validation of local experts. These five clusters represent the T clusters.

FIGURE 3

Distribution of number of pigs and farms in each cluster (T Clusters). Clusters 1, 3 and 4 show a certain homogeneity between the number of farms 
and the number of pigs in each cluster. The difference in percentage between number of farms and number of pigs for clusters 2 and 5 indicates a 
higher average farm size than clusters 1, 3, and 4.
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density of pigs in cluster 3 was explained to a large extent by 
smaller areas. Density thus enabled an accurate representation of 
the number of pigs at the scale of the island. A number of 
municipalities could be  distinguished by the number of pigs, 
especially in the case of Castagniccia micro-region (Figures 4A,B).

The different types of farming practices were distributed across 
the island, even if some municipalities stood out among the 
dominant clusters. Clusters 1 and 2, characterized by year-round free 
ranging, were more frequent in mountain and piedmont 
municipalities (Castagniccia, Plaine Orientale), while Clusters 3 and 
4 were found in most regions, but specially in municipalities with 
high pig densities, such as Castagniccia and Haute-Gravone. Clusters 
3 and 4 were dominant in the Haute-Gravone, whereas fewer farms 
mainly corresponding to 4 and 5 cluster types, were located in 
Cap Corse.

The PCA results showed that 42% of the variability of 
densities and number of pigs in each cluster and the surface area 
of municipalities can be explained in two dimensions. The first 
principal component (PC1) measured volume (i.e., number and 
density of pigs regardless of the cluster), while the second 
component (PC2) measured specificity (i.e., concentration either 
in clusters 1 and 2 or in clusters 4 and 5). The municipalities 
could be reasonably well characterized using only two quantitative 
variables, such as the densities of pigs in clusters 1–2 and 4–5, or 
equivalently, principal components one and two. The different 
colors in Figure 4C identified municipalities with similar profiles 
in terms of cluster distribution. The visible contrast between 
different aggregations of municipalities suggests a neighborhood 
effect or the use of similar practices depending on the 
characteristics of the area, such as valleys as opposed to 
mountains. This effect is particularly relevant in Haute-Gravone 
and in the western part of Castagniccia where clusters 4 and 5 
were predominant, while in the central part of Castagniccia, 

profiles of municipalities were primarily composed of clusters 
1 and 2.

3.3.2 The spatial distribution of the IPI based on 
pig farming practices

In general, direct and indirect IPI co-evolved within municipalities 
as shown in Figure 5. The spatial projection (logarithmic scale) of 
these indexes per municipality made it possible to qualify them 
according to their IPI and to distinguish hotspots of potential 
interaction between domestic pigs and wild boars.

These hotspots mainly concern municipalities or groups of 
municipalities with both a high density of farms and number of pigs 
raised in them. A major hotspot was located in the north central part 
of Castagniccia, which also showed a more variable IPI than other 
more homogeneous microregions such as Haute-Gravone.

3.3.3 Heterogeneous farm profiles despite similar 
IPI

In our results IPI seemed to correlate roughly with pig density. 
However, farming practices, through cluster attribution, could have 
had a significant influence in IPI values. For example, the municipality 
of Lano encompassed 315 pigs raised on a cluster 4 farm and although 
the density of pigs was high (61.3 pigs/km2), the IPI remained 
relatively low (9.04).

Figure 5 showed that interactions varied from one municipality 
to another. In this case, IPI alone was not sufficient to qualify the 
interaction as some municipalities had similar IPI values, but 
different configuration in terms of clusters and thus, of practices 
(Supplementary material S6). Thus, the map shown in Figure  5 
allowed the identification of hotspots of high interaction risk in pig 
farms despite the municipality cluster distribution profile concerned 
provided a better understanding of the parameters that could 
influence interactions.

TABLE 2 Weighting and ranking of clusters by local experts based on the occurrence of direct and indirect interactions in pig farms.

Rank
(1  =  highest)

Cluster
Main arguments for ranking
(compared with a lower-ranked cluster)

Numerical weight of the IPI 
(mean of expert’s results)

Direct interactions

1 Cluster 1

No management of reproduction

Spaying of sows not intended for reproduction: none

Pigs allowed to range free all year round

43.7

2 Cluster 3

Management of reproduction

Spaying rate of sows not intended for reproduction: 35.0%

Free ranging part of the year

29.5

3 Cluster 2 Spaying rate of sows not intended for reproduction: 57.1% 16.5

4 Cluster 4 No free ranging 7.4

5 Cluster 5 Type of fencing 2.9

Indirect interactions

1 Cluster 1
Free ranging all year round

Carcasses and leftovers left on the ground outdoors
36.8

2 Cluster 2 Better management of reproduction: reduced attraction of wild boars 31.2

3 Cluster 3 Free ranging part of the year 19.6

4 Cluster 4 No free ranging = very few resources shared

Better management of carcasses and leftovers

7.4

5 Cluster 5 5
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4 Discussion

4.1 Outlining the diversity of farmers’ 
practices to assess the interaction

Research to understand wildlife-livestock interfaces has gained 
increasing attention in the last decades (54). Such interfaces 
represent complex and dynamic socio-ecological systems influenced 
by several components including pathogens, hosts and human 
behavior. Considering that the environment and land use can 
influence human activities and that pig farming practices can have 
a major impact on wild boar-domestic pig interactions, our work 
proposes a territorial large-scale approach to provide an index of 
the risk of interactions based on predominant pig farming practices. 
The advantage of our approach is that it allows the development of 
different options for the management of infectious interactions 
from a regional policy perspective (identification of hotspots), as 
well as from a farming system perspective (major drivers of 
interactions in pig farming practices). Finally, the spatialization of 
our results required making choices at the administrative level 
(municipality scale) that can be useful for decision making in the 
management of shared infectious diseases affecting the pig industry 
or public health.

As based on previous literature (29, 41), a farming practice is not 
merely a simple technical choice disconnected from the farmer’s 
overall logic. A specific practice is often linked to the implementation 
of other practices used to pursue the same goal. For example, in our 
study, farmers who wanted to avoid wild boar intrusions in their farm 
could choose between improving biosecurity by building a fence to, 
spaying all young sows not intended for reproduction, or a 
combination of both methods. The selected clusters managed to 
capture this diversity of practices targeting the same goal rather than 
a series of disconnected practices. However, in our analysis, the 
division of practices in clusters shaped by key practices could have 
hidden the overall logic of farmers’ choices. Farmers’ logic is better 
considered using the “systems of practice” concept highlighted by 
some pioneering work on rural sociology from last century (55). More 
recent publications suggested that the “systems of practice” approach 
allows a better understanding of farms complexity in a region as it 
connects the object of the study (here biosecurity) to other dimensions 
of farming systems and to farmers’ overall logics (56). Hence in our 
study, farmers identified seasonal feed resources and reproduction as 
major drivers toward which their practices should be  targeted to 
manage individual risk. One possible explanation is that in autumn, 
the availability of abundant resources such as chestnuts and acorns, 
coincides with the rutting period of adult wild boars, and the period 

FIGURE 4

Maps of the number (A) and density (B) of pigs per municipality investigated. There are higher concentrations of pigs in the Haute Gravone and 
Castagniccia micro-regions. (C) Map of profiles of municipalities according to the principal components 1 and 2. Purple shades show a predominance 
of cluster 4 or 5 farms, while red shades show a predominance of cluster 1 or 2 farms.
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of oestrus period sows. Autumn thus represents the most suitable 
moment of the year for the occurrence of direct interaction. This may 
explain the importance of reproduction practices underlined by pig 
farmers in contrast to observations reported in drier Mediterranean 
areas, where sources of water in spring and summer appear as 
predominant drivers of interaction (18). An originality of our 
approach is that the quantification of our proxy of interaction (IPI) is 
not based on biosecurity measures and standards as in other studies, 
but rather on the farmers’ perception of the local drivers and available 
methods to address the problem. In this case, spaying sows 
non-targeted for reproduction, despite being discouraged by animal 
health professionals and questionable in terms of animal welfare, is 
frequently practiced in Corsica and perceived as an important factor 
for mitigating sexually driven interactions with wild boars (16, 17, 25).

Several authors have underlined the advantage of using clustering 
to process local knowledge collected by experts (57, 58) as well as 
organizing the information in systems based on their statements and/

or opposing perceptions (59). Cluster analysis is always a 
representation of reality in response to a specific research question (in 
this case pig farming practices). Other attempts to analyze and classify 
pig farming in Corsica produced different representations of the same 
reality based on different zootechnical, sanitary or socio-economic 
perspectives (16, 60, 61), the typology of Relun et al. being the closest 
to our results. Comparable pig farming adaptations can be found in 
other Mediterranean islands or regions (61) with in some cases, an 
accepted level of risk, as illustrated by regular outbreaks of African 
swine fever reported for decades in neighboring Sardinia (5, 22, 62). 
Clusters 2 and 3 can be  distinguished from cluster 1 by their 
implementation of more restrictive practices in terms of domestic 
pig-related behavior and its interactions with wild boar. In the opinion 
of the local experts, cluster classification could be influenced by the 
priority given by each farmer to avoid direct (for cluster 2) or indirect 
(for cluster 3) interactions. These practices were common, and often 
associated with the occupation of agriculturally abandoned areas. 

FIGURE 5

Map of IPI based on potential direct and indirect interactions as estimated by the custom weighted averages of cluster densities.
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Finally, the remaining typologies included more standard clusters in 
which, the spatial behavior of animals was moderately (cluster 4) or 
strongly (cluster 5) constrained. Cluster 4 allowed complete control of 
the herd, avoiding conflicts between neighbors, making better use of 
feed resources, while being compatible with origin certification 
(PDO). It also permitted the combination of biosecurity measures 
(control of contact with wild boars) with a semi-extensive free 
ranging system.

4.2 Methodological contributions and 
limitations

The choice of participatory methods allowed us to deal with two 
main challenges. On one hand, the information gathered compensated 
for the lack of an official exhaustive and updated list of farmers, a 
situation which is quite common in some regions or countries and 
represents a constraint. On the other hand, the contribution of key 
informants compensated for other difficulties in the data collection 
process such as access to isolated farms, the absence of a reliable and 
complete list of available farmers, missing data or the potential lack of 
farmers willing to participate. Although it is possibly not exhaustive, 
the list of farmers we were able to compile through the implementation 
of our methods was considered by several extension agents and health 
services to be  the most complete list of farmers obtained to date. 
Moreover, our approach made it possible to cross-reference the 
information gathered from different informants in the same area. In 
addition to their own zootechnical know-how, key informant farmers 
provided information about their immediate neighborhood as 
represented by their informal network of local stakeholders. Despite 
there was a risk of subjectivity in the information provided by key 
informants this bias was compensated by triangulating information 
from different farms in the same region. Moreover, the way 
we collected our data shed some light on the problems experienced by 
local actors in their respective situations (63). The role of local experts 
as additional providers of local knowledge, represents another 
innovative aspect of our approach and more generally, demonstrates 
the relevance of applying participatory methods in such contexts (64). 
Such an approach fell somewhere between two standardized methods 
such as the expert elicitation and stakeholder opinion survey. As an 
expert elicitation process, their choice could be considered subjective 
because it was mainly based on the local social recognition based on 
their pig farming experience. As social stakeholder survey, the sample 
size (n = 9), was below the minimum required threshold. Nevertheless, 
despite these recognized methodology flaws, the combined adaptation 
of these two approaches succeeded in collecting relevant information 
for the purpose of the study.

A strong assumption made in our approach was that the 
probability of interaction was mainly driven by pig farming practices 
rather than by the distribution and abundance of wild boar 
populations. The local abundance of wild boar populations is likely to 
influence the occurrence and frequency of wild boar incursions into 
low biosecurity farms and thus, the occurrence of interactions with 
domestic pigs (9). However, since information on wild boar abundance 
at the scale of the island of Corsica is not available, our spatial 
representation of the IPIs only considered the pig farming perspective 
and not the influence of wild boar population abundance. Therefore, 
the resulting map is provisional first assessment to this topic and needs 

to be completed with information on wild boar estimated densities 
and compared with other field data such as genetic introgression of 
wild boar populations (65) or the distribution of shared swine 
pathogens (8, 11, 15). Spatializing our index in order to successfully 
link the information obtained through our participative approach with 
the development of strategies to manage disease risks in our study sites 
is a major challenge and goal in the Corsican context that relatively few 
studies have addressed in the literature to date (18, 44). One of the first 
difficulties encountered when addressing this challenge was the choice 
of an adequate spatial scale to map the risk of interaction. By choosing 
the municipality scale, we sacrificed precision and representativeness. 
However, neighborhood effects between farms represented an 
unavoidable bias. In addition, in the case of small-sized municipalities, 
farming estates could exceed the boundaries of a single municipality 
and often, the pigs were not equally distributed but rather concentrated 
in parts of the municipality which were more resource-abundant. 
Another source of bias occurred when the surface or perimeter of a 
farm was located between two municipalities or in a different 
administrative division from the one it was registered.

The spatial distribution of clusters contributed to identify 
contrasted micro-regions that could be  informative from the risk 
management perspective. Indeed, calculating a proxy of wild-domestic 
pig interaction in pig farming areas such as IPI enables the 
identification of regional “hotspots,” and the municipalities profile in 
terms of cluster distribution provides key information to target pig 
farming development and biosecurity efforts. Last but not least, our 
equation to calculate the IPI overemphasized pig density in detriment 
of farmers practices. This limitation needs to be addressed in future 
work, particularly when considering municipalities that host a wide 
diversity of farming systems.

5 Conclusion

Our work proposes an original methodology to collect 
zootechnical information and classify pig farms in order to spatially 
represent and compare a proxy of interaction with wild boars among 
8 pig farming micro-regions from the Corsican territory. Our 
approach was particularly successful to identify some micro-regions 
particularly prone to extensive pig farming, as potential hot spots of 
interaction with wild boars. The method is based in the combination 
of approaches from different disciplinary fields including social 
sciences, epidemiology, animal husbandry, geography and ecology. 
This preliminary information could help to identify priority areas for 
the implementation of regionally-adapted management strategies of 
porcine disease shared with wild or feral pigs. Our approach is 
particularly applicable regions prone to extensive livestock farming 
where information on farming practices is lacking. Our method has 
the potential to be improved and implemented at a larger territorial 
scale not only in Corsica but also in other regions confronted with 
similar types of extensive animal production, exposed to interactions 
with wildlife and challenges of disease transmission risks.
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