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ABSTRACT Direct or indirect interactions between
sympatric wildlife and poultry can lead to interspecies
disease transmission. Particularly, avian influenza (AT)
is a viral epidemic disease for which the poultry-wild
bird interface shapes the risks of new viral introductions
into poultry holdings. Given this background, the study
hereby presented aimed to identify wild bird species in
poultry house surroundings and characterize the spatio-
temporal patterns of these visits. Eight camera traps
were deployed for a year (January to December 2021) in
3 commercial chicken layer farms, including free-range
and barn-type setups, located in a densely populated
poultry area in Northern Italy at high risk for Al intro-
duction via wild birds. Camera traps’ positions were
chosen based on wildlife signs identified during prelimi-
nary visits to the establishments studied. Various meth-
ods, including time series analysis, correspondence
analysis, and generalized linear models, were employed

to analyze the daily wild bird visits. A total of 1,958
camera trap days yielded 5,978 videos of wild birds from
27 different species and 16 taxonomic families. The ani-
mals were predominantly engaged in foraging activities
nearby poultry houses. Eurasian magpies (Pica pica),
ring-necked pheasants (Phasianus colchicus), and Eur-
asian collared doves (Streptopelia decaocto) were the
most frequent visitors. Mallards (Anas platyrhynchos),
an Al reservoir species, were observed only in a farm
located next to a fishing sport lake. Time series analysis
indicated that wild bird visits increased during spring
and winter. Farm and camera trap location also influ-
enced visit frequencies. Overall, the results highlighted
specific species that could be prioritized for future Al
epidemiological surveys. However, further research is
required to assess their susceptibility and infectivity to
currently circulating AT viruses, essential for identifying
novel bridge hosts.
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INTRODUCTION

Direct or indirect interactions between wildlife and
domestic animals may lead to interspecies disease trans-
mission (Craft, 2015), resulting in animal health issues
and economic losses for the livestock and poultry sector
(Daszak, 2000; Gortézar et al., 2007; Wiethoelter et al.,
2015). Factors such as human population growth, spatial
overlap between hosts and vectors, land-use, or environ-
mental changes play crucial roles in increasing the risk of
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disease emergence at the wildlife-livestock interface
(Hassell et al., 2017; Vanwambeke et al., 2019). From a
One Health perspective, 60% of globally reported emerg-
ing infectious diseases in humans are zoonoses, with 70%
of these originating from wild animals (Cleaveland et al.,
2001; Jones et al., 2008). Therefore, characterizing the
wildlife-domestic animal-human interface is pivotal in
preventing and controlling both animal and zoonotic
infectious diseases (Lloyd-Smith et al., 2009).

For poultry, wild birds serve as vectors or reservoirs
for a wide range of bacterial and viral pathogens
(Ayala et al., 2020; Franklin et al., 2021; Graziosi et
al., 2022a; Graziosi et al., 2022b; Tucciarone et al.,
2022). Among these, the avian influenza virus (AIV)
finds its reservoir in waterbirds belonging to the
Anseriformes (ducks, swans, and geese) and Charadrii-
formes orders (shorebirds, terns, and gulls) (Webster
et al., 1992). Since 2020, highly pathogenic avian
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influenza (HPAI) H5Nx viruses of clade 2.3.4.4b of
the H5 goose/Guangdong (Gs/Gd) lineage have been
persistently circulating in wild aquatic birds, leading
to their global spread (Caliendo et al., 2022; European
Food Safety Authority et al., 2023d). Primary intro-
ductions from wild birds, as well as secondary spread
between farms, have caused an unprecedented number
of HPAI virus outbreaks in rural and commercial poul-
try in Eurasia, Africa, and North and South America
(European Food Safety Authority et al., 2022b; Euro-
pean Food Safety Authority et al., 2022d; European
Food Safety Authority et al., 2023a; European Food
Safety Authority et al., 2023c). HPAI viruses of clade
2.3.4.4b are also of public health concern due to the
presence of molecular signatures in their genomes that
indicate adaptation to mammals, making them a zoo-
notic and potentially pandemic risk (Kuiken et al.,
2023).

In Italy, multiple incursions of H5Nx HPAIVs of
clade 2.3.4.4b have resulted in 358 outbreaks in poul-
try between October 2021 and July 2023. The most
affected region has been the northeastern part of the
Country, where Densely Populated Poultry Areas
(DPPAs) coexist with numerous wetlands and
lagoons. Interestingly, recent H5Nx HPAI outbreaks
in Italy and Europe have been linked to primary
introductions from wild birds (European Food Safety
Authority et al., 2023b; European Food Safety
Authority et al., 2023c). Waterfowl and shorebirds,
which have distinct ecological requirements, are con-
sidered to have limited direct contact with domestic
birds (Caron et al., 2014). However, the role of syn-
anthropic wildlife as bridge hosts in transmitting Al
from reservoir species to poultry or between poultry
farms has recently been suggested with respect to the
virus epidemiology (Caron et al., 2014; Root et al.,
2020; Shriner et al., 2020; Verhagen et al., 2021).
Nevertheless, there is a lack of comprehensive infor-
mation on wild birds visiting patterns in poultry
farms. To date, such assessments in Italy have been
previously conducted through visual bird counts car-
ried out between January and May on 7 mixed-spe-
cies backyard farms and 2 commercial poultry
holdings (Veen et al., 2007).

Given this background, the present study aimed to
characterize the domestic-wild bird interface in 3
commercial layer farms located within a DPPA of
Northern Italy, where the Italian poultry production
is concentrated. This was achieved through a year-
long camera trap survey. The study specifically
focused on identifying the wild bird species that vis-
ited the surroundings of the poultry houses and
describing their behavior and detection patterns over
time. Additionally, the study examined whether these
visits varied according to season and type of areas
monitored. Overall, the data hereby obtained could
be utilized to parameterize disease transmission mod-
els for pathogens that have a reservoir in free-range
avifauna, such as the AIV.

MATERIALS AND METHODS
Study Design

The study was conducted on 3 commercial layer
farms, located in the Emilia-Romagna region, namely
Farm 1, Farm 2 and Farm 3 (Figure 1). These were ran-
domly selected from a group of a total of 20 laying hen
farms that reported wildlife presence within farms’
boundaries, also preliminarily assessed through on-site
visits by the authors. This assessment involved conduct-
ing short interviews with farmers, making direct obser-
vations of wildlife, and identifying indirect signs such as
tracks, scats, fecal droppings. Prior permission was
obtained from the owner to install camera-traps before
commencing the study.

Farm 1 housed approximately 130,000 hens distrib-
uted across 5 multi-tier aviaries and included an egg
packing plant. The farm was located in close proximity
to a fishing sport lake (100 meters away) and quarry
lakes formed from dismissed cave systems (less than 1
kilometers away). Chicken manure was collected every 3
d without being stored on-site. Waterfowl were sporadi-
cally observed in the farm area. Moreover, during the
2016/2017 H5Nx HPAI epidemic in Ttaly, an H5N8
HPAIV outbreak was reported in Farm 1, and it was
determined that the virus had been introduced through
direct or indirect contacts with infected wild aquatic
birds (Tstituto Zooprofilattico Sperimentale delle Vene-
zie, 2018). Farm 2 was an organic layer farm that housed
140,000 hens in 6 poultry houses. The farm had outdoor
spaces accessible to the animals, which were surrounded
by water channels and arable fields. In these outdoor
areas, there were no poultry feeding points, and water
was sheltered to prevent access by wild birds. Farm 3
consisted of 5 multi-floor sheds and 12 multi-tier aviar-
ies, making it one of the largest poultry holdings in the
Emilia-Romagna region, with 1.4 million raised hens.
The farm included an egg packing facility and a poultry
manure pelleting facility. The farm area was surrounded
on 3 sides by arable fields and on one side by a small
waterway. In Farm 2 and 3, specific sites were used for
manure storage before further processing. The 3 facilities
were surrounded by fences; however, several breaches
were present. Pest control through rodenticide baits was
routinely applied. During the study period, the layers in
the 3 farms were tested once for the detection of antibod-
ies against AIV, as part of the National Avian Influenza
Surveillance Plan 2021 (https://www.izsvenezie.it /docu
menti/temi/influenza-aviaria/piani-sorveglianza /piano-
nazionale-influenza-aviaria-2021.pdf) and the Commis-
sion Delegated Regulation (EU) 2020,/689. All serologi-
cal tests yielded negative results.

Overall, the 3 facilities are located in the Po Valley,
within a DPPA (more than 2 million birds located in the
Bologna province) with a high risk of introduction of
HPAI from wild birds due to the presence of waterways
and natural or artificial wetlands used for purposes such
as water storage for cropland irrigation, gamebirds hunt-
ing grounds, or wastewater plants (“zone B” at high risk
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Figure 1. Schematic representation of Farm 1, 2, and 3. The red circles represent the camera trap locations (A to H). The figure also indicates
the positions of poultry houses, chicken manure collection areas, and feed silos for each farm. Map realized with QGIS software (version 3.26).

of Al introduction and higher risk of Al spread according
to the DGSAF protocol number 29049 dated November
20, 2019, https://www.trovanorme.salute.gov.it /norme/
dettaglioAtto?id=71728). Furthermore, within a 20-kilo-
meter radius of the 3 sites, the Argenta valleys of the
Delta Po Regional Park is situated. These valleys are
among the largest freshwater wetlands in northern Italy
and included in the Ramsar Convention of Wetlands of
International Importance (https://www.ramsar.org/sites/
default /files/documents/library /sitelist.pdf). The area
encompasses the Campotto/Bassarone and Vallesanta
expansion reservoirs, as well as the Traversante hygrophi-
lous woodland, covering a total of approximately 1600
hectares and providing a suitable habitat for over 300 res-
ident, wintering, or breeding wild bird species (https://
ambiente.regione.emilia-romagna.it /it /parchi-natura2000/
rete-natura-2000/siti/it4060001).

Camera Trap Survey

The camera trap type used for the study hereby pre-
sented was selected based on information available on a

reference website (https://www.trailcampro.com) and
the cost-effectiveness of the instrument. The main
requirements for selection included fast triggers and
good video quality. The chosen camera trap system
(Dark-Ops Pro XD Dual Lens, Browning Trail Cameras,
UT) had a detection range of 27 m, a fast video trigger
(0.72 s), a quick recovery speed (1.9 s) and a wide detec-
tion angle (41.7°; field of view of 41.8°). Additionally,
the system featured two lenses, one for day recordings
and one for night recordings, ensuring good overall foot-
age quality that was crucial for identifying animals at
the species level, even in low-light conditions.

The study was conducted from January 2021 until
December 2021. Considering that various variables,
including detection distance, body mass, temperature,
and the frontal or lateral approach of the animal, could
influence positive triggers (Randler et al., 2018), a 4-wk
preliminary test was carried out to evaluate the detec-
tion probability of birds, using 2 motion-sensing infrared
digital cameras. Based on the results of the pilot study,
a total of 8 infrared motion-triggered camera traps were
deployed in the studied layer farms. Camera traps were
located within farm boundaries, at sites where signs of
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wild birds were seen during preliminary visits or at loca-
tions likely to attract wild birds, such as chicken manure
collecting sites, drainage ditches nearby poultry houses
or feed silos areas (Figure 1).

On Farm 1, 3 cameras (locations A to C in Figure 1)
were deployed from January 2021 to December 2021.
One camera was positioned near a feed silo (FSilo) (A),
another was placed near the air inlets of a poultry house
(PHouse) (B), facing the area adjacent to the fishing
sport lake, and the third camera was placed in front of
the chicken manure collection point (CMan) (C). On
Farm 2, 2 cameras (locations D and E in Figure 1) were
deployed from January 2021 to December 2021. One
camera was positioned to capture the feed silos area
(FSilo) (D), and the other was placed at a chicken
manure collection point (CMan) (E). Since Farm 2 was
an organic farm, an additional camera was placed within
10 meters from the poultry house entrance, facing the
fenced outdoor area accessible to hens and located near
the outdoor poultry drinking station (Out) (location F
in Figure 1). The camera at location F was operational
only from July 2021 to mid-October 2021, which coin-
cided with the period when Italian poultry was re-
allowed to outdoor access after restriction implemented
during the H5N1 HPAT epidemic in poultry (European
Food Safety Authority et al., 2022c). On Farm 3, 2 cam-
eras (locations G and H in Figure 1) were deployed from
February 2021 to November 2021. One camera was posi-
tioned at the feed silos area, and the other was placed
near one of the farm’s chicken manure collection point,
nearby drainage ditches.

The camera traps at locations A to E and G and H
were set to operate from 6 am to 6 pm and pro-
grammed to record 30-s-long videos after detecting
movement, with a lag period of 30 s to avoid continu-
ous triggers. The camera at location F was opera-
tional from 5 pm to 6 am, with the same setup, to
avoid continuous detections of chickens during day-
light. Prior to deploying the camera traps, all instru-
ments were synchronized to the correct time and
date, and a unique code was assigned to identify each
camera location ID. Throughout the study, batteries
and SD cards were replaced every 3 wk. Camera trap
operations, such as setup, battery and SD card
replacements, and malfunctions, were recorded in a
data sheet using Microsoft Excel 2021, version 16.49.

Data Processing and Analysis

Temporal Pattern of Wild Bird Visits and Behaviors.
Data were stored and managed in accordance with pre-
viously published guidelines on camera trap studies
(Wearn et al., 2017). Footages analysis was performed
using Timelapse Image Analyzer (Greenberg et al.,
2012). Data visualization and further analyses were con-
ducted using GraphPad Prism (version 9) and R soft-
ware (version 4.0.4). After each SD card collection,
videos were renamed based on the camera location ID
and the date of recording using the imageRename

Table 1. Category of behaviors exhibited by wild birds in the
poultry farms studied.

Behavior Description

Moving through Moving from one side to another of the cam-
era’s field of view, on land or by flight, with-
out exhibiting other behaviors

Explorative behavior expressed as observing

surroundings

Observing surroundings

Vocalizing Emitting sounds to communicate with other
individuals of the same species or other
species

Grooming/bathing Rubbing the beak to remove dirt and dust
from feathers or dust bathing

Excreting Defecating

Foraging Eating or drinking

Territorial behavior Attacking or charging an intruder of the same

species or other species

function from the “camtrapR” package (version 2.2.0)
(Niedballa et al., 2016).

A wild bird visit to poultry farms was defined as an
observation of at least one individual of a given wild
bird species on the camera’s field of view. T'wo authors
with a background in ornithology (G.G. and F.D.F.)
screened the videos, and the following information was
recorded from each footage clip: date, time (hh:mm:ss),
type of visitor (human, poultry, wild bird, wild mammal,
cat or dog), species, behavior, and time spent in front of
the camera. Subsequent footages of the same species,
number of animals recorded, date, and time (hh:mm) up
to 4 min from the previous detection were considered
duplicates and therefore removed from the daily wild
bird counts. In cases where more than one species of wild
bird was present in the same footage, the event was iden-
tified as a separate visit (Scott et al., 2018). Footage
clips with humans or domestic animals were excluded
from further analysis and removed, following current
privacy regulations (Repubblica Italiana, 2018).

The behaviors exhibited by wild birds were classified
into several categories (Miller, 1988; Payne et al., 2016),
as reported in Table 1. Different behaviors displayed by
a single individual within the same footage were consid-
ered as separately.

Daily mean detection rates (MDR) and 95% confi-
dence interval (CI) were calculated for each species for
the overall farms studied, each farm, camera trap loca-
tion (except for location F, as described later), and for
seasons defined as spring (from March 1st), summer
(from June 1st), autumn (from September 1st), and win-
ter (from December 1st). Since wild bird counts showed
overdispersion and aggregation over time, to estimate
the 95% confidence interval an intercept-only model was
fitted using a negative binomial distribution (Zuur et
al., 2009). The number of visits by calendar month was
further formatted into a time-series object, and the sea-
sonal pattern of visits was assessed by inspecting the
3-month rolling averages using the “zoo” package (ver-
sion 1.8-12) (Zeileis et al., 2014). Activity patterns of
wild birds on poultry farms were computed through the
“camtrapR” package only when > 40 visits/year were
recorded for a given species.
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Influence of Farm, Location, and Seasons on Wild
Bird Counts. To investigate whether the number of wild
birds varied across farms (Farm 1, 2, and 3) and camera
trap locations (silos area and chicken manure collecting
point) during different season, a generalized linear model
(GLM) was applied. All the statistical analyses were
performed using the R software (version 4.0.4). Two
camera trap locations, specifically the one positioned
nearby the air inlets in Farm 1 (location B) and the one
in the outdoor area in Farm 2 (location F), were
excluded from the analysis as they were not present in
all 3 farms, making them noncomparable. Results of
camera traps at location B and F were therefore only
included in the qualitative synthesis of results. Before
conducting the analysis, the data from each camera trap
were aggregated by date, camera trap location (chicken
manure collection point or feed silos area), farm moni-
tored, and season, using the “aggregate” function.
Regarding the season variable, after inspecting the
overall 3-month rolling averages, the ones with the
highest number of counts, namely winter and spring,
were aggregated as season 1, and summer and autumn
as season 0. A negative binomial distribution of counts
(“glm.nb” function of the ‘MASS’ package) was
employed to account for over-dispersion and aggrega-
tion of counts over time (Zuur et al., 2009). The model
utilized in the analysis included camera trap locations,
farms, and seasons as predictors, along with 2-way
interactions between farms and camera trap locations,
farms and seasons, and camera trap locations and sea-
sons. Results were expressed as rate ratios (RR) with
their 95% confidence intervals (95% CI), after the
exponentiation of the estimated parameters. As model
diagnostics, Pearson Chi-square Goodness-of-Fit test
and the plotting of Pearson residuals by fitted values
for each observation were used (Brown & Prescott,
2014). Additional information on R codes used and
model diagnostics are provided in S1 and Figure S1 of
Supplementary Materials 1.

Lastly, to better visualize the model outcome with
respect to the seasonal pattern of observations and species
detected, a correspondence analysis (CA) was performed
(Elbers et al., 2020). The R packages “FactoMineR” and
“factoextra” were used to evaluate the dependency of the
3 bird orders most frequently observed (Passeriformes,
Galliformes, and Columbiformes) and the month of
the year.

Observations in the Outdoor Area of the Free-Range
Hen Farm. Since the camera trap at location F in Farm
2 was operational for a shorter duration and was the
only one situated in an outdoor area accessible to poul-
try, the data from this camera were analyzed separately.
An indirect contact between wild birds and poultry was
defined as the camera detection of a wild species in the
outdoor area, regardless of the presence of poultry. Over-
all mean indirect contact rate (ICR) between wild birds
and free-range hens and their 95% confidence interval
were calculated as abovementioned for the MDR. Direct
contacts between wild birds and poultry were not con-
sidered for statistical analysis, as the camera was only

active from sunset to sunrise when chickens were rarely
in the outdoor space area.

Behaviors observed during the analysis of the footages
were categorized as previously described (Table 1).

RESULTS

Overview of the Survey, Wild Bird Population
and Behaviors

Throughout the study period, the camera traps were
operational for a total of 877 trap days on Farm 1 (with
a monthly camera trap effort ranging from 20 to 26 trap
days), 623 trap days on Farm 2 (with a monthly camera
trap effort ranging from 17 to 24 trap days), and 458
trap days on Farm 3 (with a monthly camera trap effort
ranging from 17 to 31 trap days). A total number of
33,519 footages were recorded, as shown in Table 2, and
a cumulative review time of 492 h was spent analyzing
the recordings.

Among the videos, 5,978 (17.8%) displayed wild birds,
with a range of 0 to 46 visits per day. In total, 27 differ-
ent species of birds were detected, belonging to 16 taxo-
nomic families: Anatidae, Ardeidae, Columbidae,
Corvidae, Falconidae, Fringillidae, Motacillidae, Musci-
capidae, Passeridae, Phasianidae, Rallidae, Strigidae,
Sturnidae, Threskiornithidae, Turdidae, and Upupidae.
The majority of species observed were synanthropic cor-
vids and passerines, with pheasants, pigeons, and doves
also being observed, albeit to a lesser extent (Figure 2).
Among these observations, there were relatively fewer
sightings of aquatic wild birds. The Eurasian magpie
(Pica pica) was the most frequently observed species in
the poultry farm area across all the facilities, with a total
of 3,249 recorded observations. It was followed by the
Eurasian collared dove (Streptopelia decaocto) which
was observed 887 times, and the common pheasant
(Phasianus colchicus), which was observed 589 times. A
comprehensive list of the recorded species for each moni-
tored location is provided in Table S1 of Supplementary
Materials 2. The number of individuals per species
detected per month is illustrated in Figure 2G and fur-
ther discussed for each bird order in the respective spe-
cific sections. The highest diversity of wild bird species

Table 2. Number of videos recorded by each camera trap during
the study period.

Total number of

Location videos recorded Wild bird counts

Farm monitored (N) (% of N)

1 CMan'(A) 3,863 583 (15)
PHouse’ (B) 3,910 225 (5.8)
FSilo® (C) 3,755 684 (18)

2 FSilo (D) 5,072 1,571 (31)
CMan (E) 8,551 2,446 (28.6)
Out'(F) 1,745 22 (1.3)

3 FSilo (G) 2,363 380 (1.6)
CMan (H) 4,260 69 (1.6)

!Chicken manure collection point.

2Side of the poultry house, adjacent to air inlets.
3Feed silos area.

“Outdoor area.
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Figure 2. A selection of wild bird species observed in the poultry farms studied (A to F) and overall wild bird visits detected per month (G). (A)
Eurasian magpie (Pica pica), (B) European jackdaw (Corvus monedula), (C) Eurasian-collared dove (Streptopelia decaocto), (D) wood pigeon
(Columba palumbus), (E) wild pheasant (Phasianus colchicus), (F) and a male (right) and female (left) mallards (Anas platyrhynchos). (G) Number
of wild birds per species per month detected by camera traps on the 3 farms studied.

was observed in the chicken manure collection area for Corvids and Other Passerines (Passeriformes Order).
Farm 1 (13 species) and Farm 2 (11 species), and nearby =~ The wild birds most observed belonged to the Passeri-
feed silos (7 species) for Farm 3. formes order. A total of 14 species were recorded, listed
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from most to least frequent: Eurasian magpie (3,249 vis-
its), common blackbird (Turdus merula; 379 visits),
white wagtail (Motacilla alba; 310 visits), Western jack-
daw (Corvus monedula; 103 visits), grey wagtail (Mota-
cilla  cinerea; 56 visits), Eurasian jay (Garrulus
glandarius; 46 visits), black redstart (Phoenicurus
ochruros; 37 visits), Eurasian tree sparrow (Passer mon-
tanus; 31 visits), common chaffinch (Fringilla coelebs;
25 visits), house sparrow (Passer domesticus; 18 visits),
common starling (Sturnus vulgaris; 18 visits), European
robin (Erithacus rubecula; 14 visits), European green-
finch (Chloris chloris; 1 visit) and Western yellow wag-
tail (Motacilla flava; 1 visit). Among the corvids,
Eurasian magpies and Western jackdaw were the species
most frequently observed. Regarding other passerines,
the common blackbird and white wagtail were the 2
most frequent visitors observed in the surroundings of
the poultry houses. The activity patterns of these 4 spe-
cies are presented in Figures 3A—3D. Eurasian magpies
were regularly observed from 5:30 am to 7:30 pm, while
common blackbirds, white wagtails, and Western jack-
daws mostly visited the poultry farms between midday
and 6:00 pm.

In terms of the temporal distribution of the visits
(Figure 2G), FEurasian magpies were observed
throughout the year, common blackbirds were fre-
quently observed during the spring and early summer
months, white wagtails were mainly seen from
December to March, and Western jackdaws were
recorded only from April to May. The predominant
behaviors displayed were feeding (46.3% of total
observations for common blackbirds, 56% for Eur-
asian magpies, and 70.9% for Western jackdaws) or
moving through the camera’s field of view (73.9% for
white wagtails) (Figure 4). Furthermore, magpies
were observed foraging on eggs fallen from the longi-
tudinal belt of the automated egg transport system
to convey eggs from the hen houses to the egg pack-
ing plant of Farm 1.

Pigeons, Doves (Columbiformes Order), and Pheas-
ants (Galliformes Order). Among columbids, Eurasian
collared doves were regularly present in the surround-
ings of the poultry houses throughout the year (887 vis-
its), except for the month of June. During the spring
migration and breeding season, the migratory European
turtle dove (Streptopelia turtur; 77 visits) was also seen
(Figure 2G). Both species of doves were primarily
observed engaging in feeding behavior (51.8% and
51.9% respectively) or moving through the camera’s
field of view (46.2% and 46.8%) (Figure 4). A small pro-
portion of the recorded footages captured instances of
Eurasian collared doves (0.1%) and European turtle
doves (1.3%) in the act of defecating. The activity pat-
tern of the doves exhibited consistent occurrences
throughout daylight hours for the Eurasian collared
dove, while the European turtle dove was predominantly
seen in the afternoon, specifically from 4 to 6 pm (Fig-
ures 3E—3F). Conversely, sightings of rock pigeons
(Columba livia) and wood pigeons ( Columba palumbus)
were infrequent (7 and 3 visits, respectively).

The common pheasant stood out as one of the most
frequently observed species across all the sites moni-
tored, except for the feed silos area (location G) on
Farm 3. Pheasant visits displayed a consistent distribu-
tion throughout the entire year, with a notable peak in
April (Figure 2G). The observed behaviors primarily
encompassed foraging activities (53.4%) and moving
through the camera’s field of view (44%), while 0.5% of
the recorded instances captured pheasants in the act
of defecating (Figure 4). The daily activity pattern of
pheasants exhibited 2 peaks in counts: a smaller one
around sunrise (4:30 am—7:00 am) and a more pro-
nounced one from 4 pm to 8 pm (Figure 3E—3F).

Wild Aquatic Birds (Anseriformes, Gruiformes and
Pelecaniformes Orders). Among the farms studied, the
presence of wild aquatic birds was primarily evident in
Farm 1, situated in close proximity to a fishing sport
lake. However, there were also sightings of cattle egrets
(Bubulcus ibis) in Farm 2. The observed bird species,
listed in descending order of frequency (Figure 2G),
included mallards (Anas platyrhynchos; 49 visits), cattle
egrets (8 visits), common moorhens (Gallinula chloro-
pus; 5 visits), a grey heron (Ardea cinerea; 1 visit) and
an African sacred ibis (Threskiornis aethiopicus; 1
visit).

Mallards were spotted in Farm 1 during the late win-
ter and breeding season (February to June) across all
camera trap locations (A to C), primarily moving
through the camera’s field of view (87.8% of observa-
tions) (Figure 4). Notably, ducklings were observed in
late June near camera location B, which is close to the
air inlets of a poultry house facing the area adjacent to
the fishing sport lake. About 8.2% of the recorded mal-
lard observations showed them foraging near feed silos
or drinking from rainwater ponds, with peak observa-
tions occurring around 6:00 am and 6:00 pm
(Figure 3G).

On the other hand, cattle egret observations were

restricted to the chicken manure collection area (loca-
tion E) in Farm 2. Their behavior was predominantly
categorized as either moving through the camera’s field
of view (62.5%) or feeding (37.5%) in groups (Figure 4),
primarily during midday (Figure 3H).
Temporal and Spatial Patterns of Visits The MDRs
(95% CI) of total wild bird counts across the 3 farms are
presented in Table 3, and these of each wild bird species
are in Table S2 of Supplementary Materials 2.

Among the locations, the chicken manure collection
point of Farm 2 (location E) exhibited the highest MDR,
(8.7; 6.6—10.8 95% CI), followed by the feed silos area
(location D) (4.6; 2.5—6.6 95% CI), and the feed silos
area (location C) of Farm 1 (2.2; 0.1—4.3 95% CI). Dif-
ferent effects of camera trap locations across farms on
the number of wild birds’ counts resulted in significant
farm by locations interactions as shown in GLM results
reported in Table 4.

As illustrated in Figure 5A, the 3-month rolling aver-
ages of daily wild birds’ visits exhibited an increase dur-
ing late autumn and early winter, reaching its peak in
December and January. The spring season displayed the
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Figure 3. Activity patterns (relative frequency by time) of selected wild bird species visiting the poultry farms studied. (A) Common blackbird
(Turdus merula), (B) white wagtail (Motacilla alba), (C) Eurasian magpie (Pica pica), (D) Western jackdaw ( Corvus monedula), (E) Eurasian collared
dove (Streptopelia decaocto), (F) European turtle dove (Streptopelia turtur), (G) mallard (Anas platyrhynchos), and (H) cattle egret (Bubulcus ibis).

highest number of consecutive wild bird detections,  visits/day) and late autumn/December (12 visits/day)
while the lowest peaks were observed during the summer  (Figure 5B). For Farm 2 (Figure 5B), notable observa-
and autumn months. In the case of Farm 1, the periods  tion peaks occurred in January 2021 (37 visits/day),
with the highest daily visitation rates were spring (20  December 2021 (30 visits/day), and late summer-early
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Figure 4. Behaviors displayed by selected wild bird species during the period of study as recorded by camera traps placed in the 3 laying-hen

farms.

autumn (~20 visits/day). Despite being monitored for a
shorter duration, Farm 3 (Figure 5B) displayed signifi-
cant peaks in daily wild bird counts during February (11
visits/day) and March (15 visits/day). Overall, Farm 2
consistently recorded a higher frequency of daily wild
bird observations compared to Farm 1 and Farm 3.
MDRs and 95% confidence interval for each season are
presented in Figure 6A. Farm 1 exhibited the highest
average counts during the spring season (MDR. 7.4; 5.3
—9.595% CI), followed by autumn (3.4; 1.3—5.6), winter
(3.4; 1.1-5.6) and summer (2.1; 0—4.3). For Farm 2, the
peak mean detection rate occurred in winter (16.1; 14.0

Table 3. Detection rates of wild bird visits on Farm 1, 2, and 3.

—18.2), followed by summer (10.2; 8.1—12.3), autumn
(10; 7.9—12.1) and spring (9.9; 7.9—12.0). Lastly, Farm
3 displayed the highest mean detection rate during win-
ter (6.2; 4.0 — 8.4), followed by spring (4.2; 1.9—6.5),
summer (0.2; 0—2.7) and autumn (0.1; 0—3.2). Different
seasonality of wild birds’ visits between farms was con-
firmed by significant season by farms interactions in the
GLM (Table 4).

The CA results, depicted in Figure 6B, indicate an
association between the presence of Passeriformes spe-
cies and the months of August, September, and Decem-
ber. The presence of wild Galliformes, represented solely

Farm Camera trap days Overall mean detection rate (95% CI) Location Mean detection rate (95% CI)
1 309 CMan' (A) 1.9 (0.0 — 4.0)
257 41(2.0-6.2) PHouse’ (B) 0.9 (0.0 —3.1)
311 FSilo” (C) 2.2 (0.1 —4.3)
2 342 11.6 (9.7 — 13.7) FSilo (D) 46 (2.5 — 6.6)
281 CMan (E) 8.7 (6.6 — 10.8)
3 211 1.9(0.0 — 4.1) FSilo (G) 1.7 (0.0 — 4.0)
247 CMan (H) 0.3 (0.0 — 2.8)

}Chicken manure collection point.
2Side of the poultry house, adjacent to air inlets.
3Feed silos area.
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Table 4. Generalized linear model and explanatory variables considered. The percentage of variation explained (V.E.) by fixed terms,
the exponentiated estimates (95% CI), and the P-value of Wald test for contrasts between the reference level and the level considered are

displayed.
V.E. Explanatory variable and levels Rate ratio (95% CI) P-value
42.6% Farm monitored’ Farm 1 0.22 (0.18—0.27) <0.001**
Farm 3 0.08 (0.05—0.11) <0.001%*
Camera trap location” Feed silos area 0.51 (0.42—0.61) <0.001**
Season® Season 0 1.13 (0.71-1.08) 0.225
Farm monitored x Camera trap location” Farm 1 x Feed silos area 2.39 (1.88—3.04) <0.001**
) Farm 3 x Feed silos area 10.8 (7.24- 16.13) <0.001**
Farm monitored x Season’ Farm 1 x Season 0 0.75 (0.58—0.95) <0.05*
Farm 3 x Season 0 0.04 (0.02—-0.07) <0.001**
Camera trap location x Season’ Feed silos area x Season 0 1.09 (0.89—1.34) 0.446

'Farm 2 taken as a reference.
2Chicken manure collection point as a reference.

3Season 1 (winter and spring seasons) taken as a reference; season 0 refers to summer and autumn grouped together.

4Farm 2 and Chicken manure collection point as reference.
5 . .
“Farm 2 and Season 1 (winter and spring seasons) as reference.

5Chicken manure collection point and Season 1 (winter and spring seasons) as reference.

P <0.05.
P <0.001.

by pheasants, was linked to a higher number of visits in
April and June. Additionally, the Columbiformes
showed a connection to the month of March.

The GLM of the association between wild bird visits
and the monitored farm, camera trap location, and
the season, successfully converged and accounted
for 42.6% of the data deviance based on the pseudo
R? (Zuur et al., 2009). A summary of the results is
provided in Table 4. The significant interaction effects
have already been presented above; a non-significant
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camera trap location by season interaction was
obtained.

Wild Birds in the Free-Range Area The camera trap
located in the outdoor area of Farm 2 (location F) was
operational from July 2021 to mid-October 2021, run-
ning from 6 pm to 6 am during 88 camera trap-days.
Throughout this timeframe, a total of 1,745 video-
clips were captured. Among these, 1,711 videos cap-
tured the presence of poultry, which accessed the area

between 5:30 pm and 8:30 pm daily or every 2 d,
50
40

30

20

50
40
30

20

Jan Feb Mar Apr

Jul Aug Sep Oct Nov Dec

Winter Spring

Summer Autumn Winter

Figure 5. Three-month rolling averages of daily wild birds’ visits throughout the period studied (camera traps at location A to E, G, and H). (A)
Overall daily counts for Farms 1, 2 and 3; (B) Daily counts displayed separately for the 3 farms (Farm 1, light blue line; Farm 2, magenta line; Farm

3, green line). Color-coded arrows indicate peaks of wild bird observations.
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the 3 poultry farms studied. Farm 1, blue circle; Farm 2, magenta square; Farm 3, green triangle. (B) Correspondence analysis plot between Passeri-
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depending on weather conditions. Occasionally, a
small group of 2 to 3 hens remained outdoors during
the night. Instances of wild bird detection numbered
21 (1.2% of the total number of recordings) and an
ICR of 0.5 (0—3.0 95% CI) was calculated over the
period of 88 d monitored. The most frequently
observed species included the house sparrow and the
common pheasant, both observed 7 times. The Eur-
asian magpie was spotted 6 times, while the common
chaffinch 5 times. The FEurasian collared dove
appeared 3 times, while the Eurasian hoopoe (Upupa
epops), wood pigeon, and common blackbird were
observed 2, 1, and 1 time(s) respectively.

100
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Proportion of total visits (%)

Moving through

Columba palumbus

|

Bl fringilla coelebs
Bl Passer domesticus
|

Phoenicurus ochruros

Hl Pica pica

Behaviors exhibited by these species primarily
involved moving through the camera field and foraging,
as depicted in Figure 7. Specifically, wood pigeons
(100%), house sparrows (100%), Eurasian magpies
(60%), and Eurasian collared doves (100%) were pre-
dominantly engaged in foraging activities.

Despite the camera trap’s primary activity during the
period when laying hens were indoors, a total of 8 instan-
ces of co-occurrence between wild birds and poultry were
recorded, constituting 38% of the observed wild bird vis-
its in the outdoor area. Notably, 3 instances were docu-
mented where Eurasian magpies were observed foraging
in the meadow. Additionally, 2 separate recordings

Feeding

Bl Streptopelia decaocto
Bl Turdus merula
Bl Upupa epops

Bl Phasianus colchicus

Figure 7. Behaviors displayed by wild birds in the outdoor area of Farm 2 as recorded by the camera trap.
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captured common chaffinches engaging in foraging
activities within the area. One footage depicted a com-
mon pheasant moving through the camera’s field of
view, while another clip recorded a Eurasian dove forag-
ing. Lastly, occurrences were noted where both common
pheasants and Eurasian doves were observed moving
through the camera’s field of view and engaging in forag-
ing, respectively.

DISCUSSION

A year-long camera-trap study was conducted on 3
laying-hen farms located in a DPPA with a high risk of
AIV introduction from wild birds. Through individual
observations of the footages recorded, the diversity of
wild bird species and the quantification and characteri-
zation of their visits were achieved. A total of 5,978 vis-
its from wild birds of 16 taxonomic families were
recorded. The Farm 2 (free-range type) showed a higher
number of visits, recorded by camera traps at feed silos
areas and chicken manure collection points, compared to
the ones recorded in conventional Farms 1 and 3. Poten-
tial factors influencing this variation could be related to
the farm-type characteristics, such as the eutrophication
of the soil in the outdoor area of the free-range farm due
to laying hens’ defecation activity (Zoli et al., 2023), to
anthropogenic practices affecting wild bird presence,
such as the cleanliness of the farm area (Hinsley et al.,
1995), or to environmental factors (Bestman et al.,
2018), such as surrounding landscape characteristics.
Furthermore, the interaction effect between the moni-
tored farm and the camera trap location significantly
impacted wild bird counts, highlighting the importance
of studying the domestic-wild bird interface in different
contexts. Seasons also appeared to play a role in wild
bird presence, with fewer visits in Farm 1 and 3 during
summer and autumn, in contrast to increased visits in
Farm 2 during winter and spring. Increased feeding
requirements of wild species during the breeding spring
period and colder months could favor bird presence
within farm areas (Kuenzel et al., 1999). Given that
camera locations near feed silos and chicken manure col-
lection points predominantly captured wild birds during
foraging, this underscored the attractiveness of these
sites to wild species. The feed silos area, subjected to
feed spills, and the chicken manure collection point, with
uncleaned litter rich in organic material and prone to
insects’ colonization (Retamales et al., 2011), offer direct
food sources, thus attracting both granivorous and
omnivorous/carnivorous birds (Scott et al, 2018).
Despite Farms 2 and 3 being in close proximity to low-
land areas with nearby irrigation canals, no waterfowl
species have been sighted. In contrast, mallards were
observed in Farm 1, situated near a fishing sport lake.
This aligned with findings from previous studies (Elbers
et al., 2020; Velkers et al., 2021), that documented the
presence of wild aquatic birds around farms located near
water-rich areas. With respect to the seasonal pattern of
mallards’ visits, these were solely noted during spring,

with peaks of observations at sunrise and sunset. Mal-
lards were observed in pairs or with their offspring.
Additionally, 8.2% of the recorded instances in this
study captured mallards foraging near feed silos or
drinking from rainwater ponds. The appeal of in-farm
water ponds, formed after a prolonged period of rains,
was found to be decisive for observing dabbling ducks
during the autumn/winter period in a poultry farm in
the Netherlands (Elbers et al., 2020). Since waterfowl
tend to exhibit strong site fidelity even toward livestock
facilities (McDuie et al., 2022), it becomes crucial to min-
imize the likelihood of attracting these species near poul-
try houses through regular cleaning of the farm area and
preventing the accumulation of rainwater. Additionally,
other wild aquatic birds were sporadically identified in
Farm 1, including a grey heron and an African sacred
ibis, each observed once, likely due to farm proximity to
the fishing sport lake where these species used to reside.

The wild bird species most frequently observed in this
survey were synanthropic corvids, specifically Eurasian
magpies and Western jackdaws, along with small passer-
ines like white wagtails and common blackbirds. Forag-
ing activities were prevalent, with Eurasian magpies
even observed foraging on eggs fallen from the auto-
mated egg-transport system. With respect to Al infec-
tion, corvids have tested positive for HPAI wviral
detection linked to outbreaks in poultry farms (Shriner
et al., 2020), possibly due to their synanthropic behavior
and scavenging habits. Both Eurasian magpies and
Western jackdaws are susceptible to HPAI infection
(Department for Environment Food & Rural Affairs
and Animal and Plant Health Agency, 2022), with Eur-
asian magpies even included in the target list of wild
birds for passive surveillance of H5 HPAI viruses (Euro-
pean Food Safety Authority et al., 2017). Moreover,
immunohistochemistry analyses of the digestive tracts
of deceased HPAI H5N8-naturally infected Eurasian
magpies revealed widespread virus antigen presence,
suggesting cloacal virus shedding in the environment
(Caliendo et al., 2020). The frequency of farm visits by
Passeriformes birds strongly and positively correlated
with the months of September and December. This coin-
cides with the period when migratory wild ducks, known
ATV reservoirs, populate nearby wetlands (Spina et al.,
2008b). Given susceptibility to AIV infection, coupled
with their frequent activity on poultry farms and non-
migratory habits (Spina et al., 2008a), magpies and jack-
daws could potentially serve as bridge hosts (Caron
et al., 2014) in the local-scale ATV epidemiology. In the
case of other passerines, various species have been dem-
onstrated to be susceptible to natural (Gronesova et al.,
2008; Peterson et al., 2008; Slusher et al., 2014; Euro-
pean Food Safety Authority et al., 2022a), or experimen-
tal ATV infection (Brown et al., 2009; Fujimoto et al.,
2015). Since both white wagtails and common black-
birds have been commonly observed also in other Furo-
pean poultry farms (Veen et al., 2007; Elbers et al.,
2020; Le Gall-Ladeveze et al., 2022), their specific role in
the context of HPAI virus epidemiology requires further
investigation.
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Pheasants and doves were frequently reported in the
monitored farms. Pheasants’ visits were positively asso-
ciated with the spring months (April, May, and June).
A study by Tammiranta et al. (2023) highlighted how
mass mortalities in HPAI H5N1-infected wild pheasants
were spatially and temporally linked to AIV cases in
non-human wild mammals, illustrating rapid disease
spread among these birds. Due to their territorial behav-
ior, small home range (maximum 4.5 km) (Turner,
2007), and high susceptibility to HPAI infection
(Brookes et al., 2022), pheasants might therefore act as
Al bridge hosts, particularly in DPPAs. Given their lim-
ited flight ability, strategies such as fencing the farm
area, coupled with regular maintenance on fences, could
prevent pheasants’ access to poultry farms. Lastly,
columbids have been proved susceptible to HPAIV
infection, with varying clinical outcomes based on the
virus considered (Perkins et al., 2002; Abolnik, 2014; Liu
et al., 2020; Peters et al., 2022). Experimental studies
with different ATV subtypes (H5N8 LPAI, H5N8 HPAI,
H5N2, H4N6) or human influenza virus (H7N9) (Shriner
et al., 2016; Kwon et al., 2017; Uchida et al., 2017;
Bosco-Lauth et al., 2019) infections in pigeons resulted
in limited or absent viral shedding, with no transmission
to contact individuals. In contrast, an experimental
infection of pigeons with H5N6 HPAIVs of clade
2.3.4.4b revealed a high viral shedding from the orophar-
ynx and cloaca (Liu et al., 2020). Eurasian collared
doves were the most frequently observed columbid spe-
cies in this camera trap survey, with their presence
strongly associated with the month of April. While their
susceptibility to H5Nx HPAIV strains has not been
studied experimentally yet, deceased individuals tested
during AI surveillance activities in Europe resulted
positive for HPAI infection (Capua et al., 2000; Istituto
Zooprofilattico Sperimentale delle Venezie, 2023). Con-
sidering the frequent presence of doves nearby poultry
houses, further research is recommended to clarify their
actual role in the transmission of currently circulating
HPAI viruses at the interface between domestic and
wild birds.

Regarding the camera placed in the free-range area of
the organic farm (Farm 2), 1.2% of the collected record-
ings featured wild birds, yielding a mean ICR of 0.5
(0—3.0 95% CI). The species most frequently observed
in the free-range setting were small passerines like house
sparrows and common chaffinches, along with Eurasian
magpies, aligning with previous observations (Veen
et al., 2007; Elbers et al., 2020). Furthermore, 38% of
the wild bird recordings displayed the concurrent pres-
ence of wild species, particularly Eurasian magpies,
alongside the laying hens. This underscored the height-
ened risk of AIV introduction via wild birds in organic
or free-range farms, given the increased potential for
contacts between infectious wild birds and domestic
poultry (Bouwstra et al., 2017; Holt, 2021). Hence, it is
crucial to diminish the attractiveness of free-range areas
to wild birds. Achieving this may involve regular inspec-
tions of the outdoor space, swift removal of chicken car-
casses and eggs, and implementation of measures to

discourage wild bird habituation (Elbers et al., 2020).
The use of cover panels and netted sides in the outdoor
space could serve a dual purpose: preventing wild bird
access to the area and providing enrichment to encour-
age hens to explore a broader part of the range. Indeed,
hens tend to congregate in a limited area nearby the
poultry house if supplementary artificial shelters or veg-
etation are absent (Zeltner et al., 2003; Gilani et al.,
2014).

Effective biosecurity farming practices hinge not only
on the implementation of established management proto-
cols but also on the farmers’ awareness of the consequen-
ces of improper behaviors on pathogens’ introduction and
transmission to domestic birds (Hinjoy et al., 2023). The
utilization of visual evidence depicting wild birds around
poultry houses, such as the footages recorded through
camera traps, could facilitate health authorities in educat-
ing and raising awareness between stakeholders regarding
wild bird presence and potential pathogen spillover oppor-
tunities. Several limitations inherent to this study setting
should be acknowledged. Primarily, the camera-trap mon-
itoring encompassed a limited number of poultry farms
and sites, possibly limiting the generalizability of the con-
clusions to other farm settings. Additionally, the place-
ment of cameras in areas of heightened human activity
(e.g., feed silos; chicken manure collection points) resulted
in numerous non-relevant triggers, contributing to battery
depletion and camera trap failures, thereby reducing the
camera trap effort over the study period, a phenomenon
documented in other studies as well (Bacigalupo et al.,
2022; Engeman et al., 2011). Lastly, for a comprehensive
grasp of the factors influencing wild bird activity on poul-
try farms, future research should encompass additional
variables such as habitat characteristics and environmen-
tal factors, aspects that were not considered in the models
presented within this study.

Overall, the data hereby provided regarding the
characteristics of the poultry-wildlife interface lay the
groundwork for designing novel surveillance and inter-
vention strategies to reduce risks of cross-species dis-
ease transmission (Hassell et al., 2017). Considering
the absence of data on AIV infection among the birds
observed in this study, the exact role of specific wild
bird species in the Al epidemiology at the wild-domes-
tic bird interface cannot be concluded. Among the
wild birds more frequently observed, the assessment of
their susceptibility to infection with currently circulat-
ing HPAT viruses and of their infectivity, are necessary
steps to fully evaluate their actual role as bridge hosts
(Caron et al., 2014). Given the continuous evolution
of HPAIV through genetic drift and reassortment
events between different subtypes and genotypes,
potentially giving rise to strains with novel biological
traits (Lycett et al., 2019; European Food Safety
Authority et al., 2023d), it is paramount for farmers
to be cognizant of the presence of potentially high-risk
wild birds around poultry houses. Coupled with the
diligent application and enforcement of biosecurity
measures, this awareness stands as one of the most
effective preventive measures to avert spillover or
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spillback at the interface between domestic and wild
bird populations.
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