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Limited transmission of avian influenza 
viruses, avulaviruses, coronaviruses 
and Chlamydia sp. at the interface between wild 
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Abstract 

Recent outbreaks of highly pathogenic avian influenza in Europe have raised questions regarding the epidemiologi‑
cal role of commensal wild birds on free-range poultry farms. This study aimed to assess the prevalence of avian 
influenza viruses (AIV), avulaviruses, coronaviruses and Chlamydia sp. in commensal wild birds on a free-range duck 
farm in southwestern France and to evaluate possible transmission events at the wild‒domestic interface. From 
2019 through 2021, a longitudinal study was conducted on wild birds, domestic ducks and their shared environ‑
ment on farms. Commensal wild birds were captured and sampled for blood and swabs, and fresh feces from cat‑
tle egrets visiting the farm were collected. In parallel, domestic ducks were sampled, and environmental samples 
were collected. The presence of the four pathogens was tested by q(RT-)PCR, and the immunity of wild birds to AIV 
and Newcastle disease virus (NDV) was tested by ELISA. Wild birds were found to shed AIV and Chlamydia only, 
with a low prevalence (< 3%). The seroprevalence rates were less than 10% for AIV and less than 4.5% for NDV. No 
significant temporal trend was identified. Ducks and their environment frequently test simultaneously positive 
for the same pathogens (19 to 44% of flocks), mostly during fall‒winter. In addition to unrelated temporal patterns, 
the identification of pathogens in wild birds seemed unrelated to that in domestic ducks. These results suggest a low 
transmissibility of the avian pathogens tested in our study at the wild‒domestic interface and highlight the limited 
contribution of commensal wild birds in comparison with free-range poultry to the global microbiological pressure 
on the environment.
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Introduction
The emergence, re-emergence and spread of animal 
pathogenic infectious agents have increased over recent 
decades, which may be related mostly to human activi-
ties, particularly agricultural practices and environmental 
modifications that favour contact between wildlife and 
livestock [1]. Among emerging agents, avian influenza 
viruses (AIV) present zoonotic and highly pathogenic 
strains (HPAIV) with broad mutation and reassortment 
abilities, enabling shifts in host range and pathogenicity 
[2]. The natural reservoirs of AIV are water birds (Anseri-
formes, Charadriiformes) [3], including numerous long-
distance migratory species that can host and spread 
viruses between continents [4, 5].

Southwest France, particularly the region’s duck pro-
duction sector, has been deeply affected by three highly 
pathogenic avian influenza (HPAI) epizootics in recent 
years [6–8]. The region is rich in free-range farms that 
breed Anseriformes (ducks and geese) and Galliformes 
(chicken, guinea fowl, quail). Free-range duck farms 
in particular have been shown to increase the risk of 
HPAIV introduction at a regional scale [9]. As few con-
tacts between free-ranging ducks and wild waterfowl are 
observed in the region but intense contacts are observed 
with some species of terrestrial commensal birds [10], the 
role of the latter in HPAIV transmission has come under 
scrutiny [11], especially since the susceptibility of some 
terrestrial commensal species to AIV has been demon-
strated [12, 13]. Thus, such species could play a role in 
the epidemiology of AIV, if not as maintenance hosts and 
then as bridge hosts [14, 15], contributing to viral spread 
between farms or to spillover and spillback events with 
wetlands and their water bird populations.

In addition to AIV, other avian pathogens pose health 
risks to free-range duck farms and can have wide host 
ranges, allowing them to potentially circulate at the 
wild‒domestic bird interface. Among pathogens infect-
ing domestic ducks, viruses of the Avulavirinae subfam-
ily (including Newcastle disease virus) present various 
genotypes that are detected in a very broad range of bird 
species and sometimes at the wild-domestic interface 
[16–18]. Similarly, viruses of the Orthocoronavirinae, a 
subfamily belonging to the Gammacoronavirus (includ-
ing Infectious bronchitis virus) and Deltacoronavirus 
genera, can also infect a wide variety of birds and can be 
found at the wild-domestic interface [19, 20]. In addi-
tion to these two viral taxa, bacteria of the genus Chla-
mydia are similarly broadly distributed in species and 
geography, with high asymptomatic prevalence values of 
Chlamydia psittaci observed in wild and domestic ducks 
[21–23]. In addition to C. psittaci, other Chlamydia spe-
cies are harbored by birds. Of these, C. abortus, a spe-
cies that also includes avian strains alongside well-known 

ruminant strains [24], is a recently described species in 
wild avifauna [25–27].

Avulavirinae (avulaviruses), Orthocoronavirinae (coro-
naviruses) and Chlamydia sp. follow transmission routes 
that are similar to those of AIV. All four pathogens may 
thus follow similar epidemiological patterns [28] and be 
shared through the same interactions at the wild-domes-
tic interface, thus being potential transmission markers 
of each other.

The aim of this study was to evaluate the possibility 
of pathogen spread in biotic (wild and domestic birds) 
and abiotic (environmental) compartments at the wild-
domestic interface on a typical free-range duck farm in 
southwestern France. For this purpose, a longitudinal 
monitoring and characterization study of AIV and three 
groups of avian pathogens was implemented, focusing in 
parallel on commensal wild birds, domestic duck flocks, 
and the environments that they share (the ducks’ out-
door foraging areas). The findings of the present study 
should improve the understanding of the epidemiological 
mechanisms of these avian pathogens in local host com-
munities found on duck farms, helping to better under-
stand how to manage the risks of spillover and spillback 
between wild birds and poultry.

Materials and methods
Study site
The study was implemented on a typical duck farm in 
the department of Gers, Southwest France. The farm 
environment and bird community were described in a 
previous study [10]. The farm breeds mule ducks under 
the “Canard à Foie Gras du Sud-Ouest” label, which 
requires at least 14 weeks of unlimited outdoor access. It 
is composed of two small 0.5 ha outdoor foraging areas 
for ducklings (one day to one month of age) and eight 
large 1.5 ha foraging areas for growing ducks (one month 
to 14–16  weeks of age). Like an increasing number of 
poultry farms in the region, an agroforestry program is 
implemented on the farm, so trees for wood are planted 
on all outdoor foraging areas, and hedges of fruit trees 
are planted around some of the areas. These facilities can 
attract wild birds that potentially contact farmed animals.

Sample collection
Sampling of wild birds
From July 2019 to March 2021, 11 mist-net capture ses-
sions were performed around outdoor areas of the farm 
(July, August, October and November 2019; January, 
February, May, November and December 2020; Febru-
ary and March 2021). Each session lasted three days and 
targeted small- to medium-sized wild bird species. Each 
captured bird was banded with a coded metal ring from 
the Muséum National d’Histoire Naturelle (MNHN), 
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Paris, France, for individual identification. Captures and 
manipulations were performed by a professional bird-
bander and a veterinarian following the veterinary prac-
tices set down in EU Directive 2010/63/EU for animal 
experiments, and the protocol was subjected to manda-
tory ethical approval and legal authorization by the MNH 
(program number 1035). A visual clinical inspection was 
performed, and swabs (oropharyngeal and cloacal) were 
collected, as were 100 µL of blood from healthy birds 
above 11  g (i.e., less than 10% of their blood volume) 
(Additional file 1 and Table 1). The swabs were stored in 
microtubes with 300 µL of sterile 1% phosphate-buffered 
saline (PBS) and kept at + 4  °C before being frozen at 
-80 °C when they were in the laboratory (at most 3 days 
after sampling). The blood was stored in sterile micro-
tubes for 1–3  h at + 20  °C in an isolated box and then 
kept at + 4 °C before the serum was extracted when it was 
stored in the laboratory (at most 3 days later).

Cattle egrets (Bubulcus ibis), which were observed 
on the farm (up to 200 birds) in winter, were sampled 
on five occasions during the winters of 2019–2020 and 
2020–2021 at their resting site, which was located 2 km 
away from a small pond (October and November 2019, 
December 2020, twice in February 2021). During the 
day, when they were away foraging, a large disinfected 
plastic tarp was installed under their roosts. The follow-
ing morning, individual fresh feces produced during the 
night were collected on the tarp using sterile swabs and 
then stored as other swabs.

Sampling of duck flocks
For French regulatory AIV surveillance of duck farms, 20 
ducks from each flock of 10 weeks of age were randomly 
selected for swab sampling (tracheal and cloacal) by the 
veterinarian of the farm, according to the Decree of Feb-
ruary 8th 2016, regulating biosecurity and surveillance 
measures against avian influenza in poultry [29]. This 
regulatory surveillance sampling occurred on 10 occa-
sions (April 2019, twice in June 2019, twice in September 
2019, November and December 2019, February, May and 
July 2020), representing 12 flocks of ducks. On five occa-
sions (in April, November and December 2019, February 
and July 2020), duplicate swabs were collected by the vet-
erinarian. Dry swabs were stored in microtubes with 300 
µL of sterile 1X PBS at −80 °C when they were collected 
in the laboratory.

Sampling of environment
On the occasion of wild bird capture (during the same 
days), from October 2019 to December 2020, environ-
mental samples were collected from outdoor duck for-
aging areas where ducks were present. For each area, a 
total of 50 mL of surface water was collected in a sterile 

tube; the samples were taken from several water puddles 
scattered across the area (40  mL) and 10  mL from 2 to 
3 open-air drinkers. In addition, dry horizontal surfaces 
apparently free from duck feces but accessible to wild 
birds were sampled using sterile gloves and sterile wipes 
of gauze moistened with sterile 1X PBS. After sampling, 
the wipes were rolled into sterile plastic tubes with 20 mL 
of sterile 1X PBS. The environmental samples were sys-
tematically associated with negative controls containing 
only the sampling material and PBS. The environmental 
samples were stored at + 4 °C in the field and then frozen 
at −80 °C in the laboratory.

Detection and identification of avian pathogens
Preparation of environmental samples
To separate extracellular nucleic acids from particles of 
soil and organic matter that may inhibit PCR reactions, 
and to concentrate the expected genetic material from 
large volume samples, environmental samples were pre-
pared following a specific protocol (Additional file 2). The 
resulting supernatants of such cleared and concentrated 
samples were subsequently processed for nucleic acid 
extraction.

Nucleic acid extraction
Both RNA and DNA extractions from swabs and envi-
ronmental samples were performed from their super-
natants following the protocol described in Additional 
file  2. Swabs were pooled for screening by similar host 
(species or family), sample type (oral, tracheal or cloacal), 
and period of sampling (5 samples in each pool whenever 
possible). The environmental samples were processed 
by pools of samples from the same period and location 
(water and wipes from the same foraging area).

Optimization of broad range real‑time PCR protocols
For the detection of avulaviruses, coronaviruses and 
Chlamydia sp., broad-range one-step real-time RT-PCR 
and real-time PCR were adapted and optimized from 
protocols previously described in the literature (Addi-
tional file 3).

Molecular detection and identification of avian pathogens
All reactions were processed on duplicate samples as 
detailed in Additional file  3. For each run of real-time 
PCR or RT-PCR, quantification and sensitivity were 
assessed by ten-fold dilutions of a plasmid construct 
including the target sequence, from 10 to 103 sequence 
copies/µL. When a pool of swabs was positive, the cor-
responding individual samples were analysed following 
the same protocol. For all PCR, positive, negative, endog-
enous and exogeneous controls were used.
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AIV
One-step real-time RT-PCR targeting the M gene of all 
AIV was performed following a SYBR Green proto-
col with M52C/M253R primers was applied [30]. Posi-
tive and suspect samples for M gene real-time RT-PCR 
were subjected to conventional one-step RT-PCR using 
Bm-HA-1/Bm-NS-890R primers targeting the whole 
hemagglutinin (HA) sequence of AIV [31], as detailed 
in Additional file  3 (Table C, Identification run 1). 
The resulting amplified products of the expected size 
(1800 bp) were sequenced by Sanger technology, visual-
ized using BioEdit version 7.0.5.3 [32] and compared with 
all AIV sequences available in the GenBank database 
using the BLAST online tool [33].

H6 specific one-step real-time RT-PCR also was per-
formed as this subtype previously identified in duck sam-
ples from farms. The primer pair designed and used was 
H6-928/H6-1251, and the protocol followed is detailed in 
Additional file 3 (Table C, Identification run 3).

In duck flocks sampled for regulatory AIV surveil-
lance, the standard process of identification was followed 
by the departmental laboratory and National Reference 
Laboratory (NRL) for AIV at Anses, Ploufragan, France, 
according to the Decree of February 8th, 2016, regulating 
biosecurity and surveillance measures against avian influ-
enza in poultry [29]. M gene-positive flocks were sub-
jected to specific real-time RT-PCR for both the H5 and 
H7 subtypes. Positive samples for this second test were 
then sequenced to obtain precise HA and NA subtype 
identification.

Avulaviruses
The adapted one-step real-time RT-PCR protocol target-
ing the L gene of all avulaviruses with the AVU-RUB-F1/
AVU-RUB-R primers [34] was applied to all samples in 
duplicate, as detailed in Additional file  3. Positive and 
suspect samples for the L gene were confirmed by a 
second run of semi-nested conventional PCR with the 
primers AVU-RUB-F2/AVU-RUB-R [34], as detailed in 
Additional file 3. The resulting amplified products of the 
expected size (200  bp) were sequenced by Sanger tech-
nology, visualized using BioEdit version 7.0.5.3 [32] and 
compared with all avulaviruses reference sequences using 
the BLAST online tool [33].

Coronaviruses
The adapted one-step real-time RT-PCR protocol target-
ing the polymerase gene of all coronaviruses with AC-
CoV-F/AC-CoV-R primers [35] was applied to all samples 
in duplicate, as detailed in Additional file 3. Positive and 
suspect samples for the polymerase gene were confirmed 
by a second run of semi-nested conventional PCR with 
the same primers, as detailed in Additional file  3. The 

resulting amplified products of the expected size (600 bp) 
were sequenced by Sanger technology, visualized using 
BioEdit version 7.0.5.3 [32] and compared with all coro-
naviruses sequences available in the GenBank database 
using the BLAST online tool [33].

Chlamydia sp.
The adapted real-time PCR protocol targeting the 23S 
ribosomal gene of all Chlamydia sp. with the Ch23S-F/
Ch23S-R primers [36] was applied to all samples in dupli-
cate, as detailed in Additional file 3. Positive and suspect 
PCR products were confirmed on an agarose gel electro-
phoresis. If bands of the expected size (180 bp) appeared, 
specific real-time PCR methods for C. psittaci and C. 
abortus were conducted on positive samples [25]. The 
samples identified as C. psittaci were then subjected to 
high-resolution melting (HRM)-PCR analysis for broad 
genotyping as previously described [37], which was dou-
bled with Sanger sequencing of the ompA gene. The sam-
ples identified as C. abortus were genotyped on the basis 
of their plasmid sequence and by multilocus sequence 
typing (MLST) on seven targets, as described in previous 
studies [25].

Serologies for AIV and NDV
The blood samples were subsequently centrifuged at 
2500 RCF for 5 min at + 4 °C to separate the serum from 
the cell mixture. ELISA serologies for AIV and NDV were 
performed on 10 µL of sera using ID Screen® Influenza 
A Antibody Competition Multispecies (FLUACA) kit and 
an ID Screen® Newcastle Disease Competition (NDVC) 
kit (Innovative Diagnostics, Grabels, France), respec-
tively, following the manufacturers’ instructions. Samples 
were considered positive when the competition percent-
age was less than 50% for FLUACA or 70% for NDVC, 
that is, when they were suspected or positive according 
to the manufacturer, because these kits were not initially 
optimized for wild birds [38]. If enough serum remained 
from the AIV seropositive samples, the H5 subtype was 
tested with the ID Screen® Influenza H5 Antibody Com-
petition (FLUACH5) kit (Innovative Diagnostics). The 
samples were considered positive when the percentage 
of competition was less than 60% (positive or suspect 
according to the manufacturer’s instructions).

Epidemiological and statistical analyses
In wild birds, individual molecular analysis of positive 
pools in some cases does not allow the retrieval of posi-
tive individual(s). However, as successful individual anal-
yses lead to one positive individual per positive pool, each 
positive pool of wild birds was considered to come from 
only one individual. A pool of individuals was consid-
ered positive when the pool of cloacal or oropharyngeal 
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swabs was positive. This approximation of individual to 
pooled prevalence was considered realistic because of the 
low number of positives among the large number of sam-
ples [39]. For duck flocks and environmental samples, 
as the number of samples was irrespective of the size of 
the flock, the results were analysed considering flocks 
or the environment as a single epidemiological unit. A 
duck flock was then considered positive when either one 
cloacal or oropharyngeal swab was positive. Similarly, 
the environment of a flock was considered positive when 
its corresponding pooled environmental sample was 
positive.

The observed prevalence values were corrected for the 
estimated sensitivity (Se) and specificity (Sp) of the diag-
nostic tests used. The Se of the influenza A ELISA kit was 
estimated to be 0.9, and its Sp was 0.9 in the wild birds 
sampled for the present study [38]. The Se of the NDV 
ELISA kit was estimated to be 1, and its Sp was 0.97 [40]. 
As real-time PCR and RT-PCR tests are typically per-
formed on both oropharyngeal and cloacal swabs from 
the same individual bird (increasing Se), with a strict 
confirmation of the results and a low detection thresh-
old in duplicate, Se was considered to be 0.99 and Sp 
1. Estimations of true PCR prevalence and confidence 
intervals were calculated for each sample via the Epitools 
“Estimated true prevalence” online tool [41], following 
methods from Rogan & Gladen [42] and Reiczigel et al. 
[43], respectively. For serological prevalence, only a Wil-
son confidence interval on apparent prevalence was cal-
culated following methods from Brown et al. [44], as the 
estimation of true prevalence was not adapted to low 
numbers. The resulting prevalence values were numeri-
cally compared using R software version 4.0.5 [45], and 
differences between groups of wild birds and between 
sampling times were statistically evaluated using chi-
square tests.

Results
Sample collection
Sampling of wild birds
Between July 2019 and March 2021, the 11 capture ses-
sions resulted in the collection of an average of 157 birds 
per session, with a median of 184, a minimum of 10 (due 
to one shorter session lasting 24  h) and a maximum of 
256 (Table 1). In total, 1731 wild birds were captured and 
swabbed by oropharyngeal and cloacal routes. Blood was 
collected from 910. The captured birds represented 62 
species representing 30 families and 10 orders and were 
divided for the analyses into 26 groups of similar life 
traits and related taxa (Additional file 1).

In addition to live bird swabs, a total of 207 cattle egret 
fecal samples were collected at night. These samples were 
distributed on five occasions: in October and November 

2019, in December 2020 and February 2021, simultane-
ously with wild bird captures, and on a separate addi-
tional occasion in February 2021 (Table 1). An average of 
41 feces were collected at each time point, with a median 
of 30, a minimum of 25 and a maximum of 70.

Sampling of duck flocks
On 10 occasions between April 2019 and July 2020, a 
total of 240 ducks from 12 flocks (20 ducks per flock) 
were swabbed by tracheal and cloacal routes, 7 of which 
were only subjected to official AIV surveillance (Table 1).

Sampling of environment
Environmental samples from outdoor duck areas were 
collected on seven occasions simultaneously with wild 
bird captures between October 2019 and December 2020 
(Table 1). A total of 22 areas were sampled, correspond-
ing to 16 different flocks, of which 5 flocks were also sam-
pled by swabs.

Detection and identification of pathogens in wild birds
AIV in wild birds
Overall, the M gene was detected in 9 individual (or 
pooled) wild bird samples out of 1938 individuals (0.46% 
corrected, 95% CI: 0.2–0.9) (Table 2). AIV were detected 
in seven taxa, including one sample from cattle egret 
feces and eight other samples from captured passerines 
(Table 1 and Additional fila 4). The resulting intragroup 
prevalence values ranged from 0.35% (95% CI: 0–2) in 
the Muscicapidae family to 3.0% (95% CI: 1–15) in the 
Anthus genus (Table 2). The Ct values ranged from 33.0 
to 37.0 (mean of 34.5). Sequencing and identification of 
the HA gene from samples of captured passerines were 
attempted with no success, and all the results were nega-
tive for H6 real-time RT-PCR (Additional file 4). The pos-
itive cattle egret faeces presented a 1085 bp H5 sequence 
with a low pathogenic pattern (no polybasic sequence at 
the cleavage site), with the highest identity of 98.14% with 
strain A/mallard/Saskatchewan/17/1981(H5N2) (acces-
sion number CY178647) in the GenBank database.

ELISA tests of 910 captured passerines detected anti-
bodies in 24 individuals of 8 different taxa (2.75% cor-
rected for Se and Sp, 95% CI: 1.9–4.0), with one Passer 
montanus positive in two consecutive months (Table  1 
and Additional file  4). The resulting seroprevalence val-
ues ranged from 0.58% (95% CI: 0–3) in Passer domes-
ticus to 25% in Accipiter nisus (95% CI: 5–70) (Table 2). 
Antibody levels resulted in competition percentages 
between 9.4% and 49.2% (mean of 32%), and none of the 
passerines were positive for H5-specific antibodies.

Considering all the wild bird species detected over 
time, the apparent prevalence of AIV in swabs and fae-
ces reached a maximum of 1.0% (95% CI: 0.17–5.40) in 
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February 2021, which corresponded to corrected preva-
lence values of up to a maximum of 1.0% (95% CI: 0.05–
5.45) (Figure  1). The seroprevalence of AIV reached a 
maximum of 7.5% (95% CI: 4.92–12.36) in both Decem-
ber 2020 and February 2021 (Figure 1).

Avulaviruses and coronaviruses in wild birds
None of the samples from the 1938 wild birds were posi-
tive for avulaviruses or coronaviruses according to real-
time RT-PCR (Tables 1 and 2). The absence of detection 
by real-time RT-PCR corresponded to a positive rate, 
with an overall 95% CI of 0.0–0.2% (Table 2).

Among the 910 blood samples, 4 were seropositive 
according to the NDV ELISA (0.44% corrected, 95% CI: 
0.2–1.1), with competition percentages between 41.4% 
and 69.6% (mean of 58%) (Additional file  4). Two sam-
ples were from the same individual of Turdus merula one 
month apart, and the two others were one from Anthus 
pratensis and one from Motacilla alba (Table 1 and Addi-
tional file 4). These results revealed seroprevalence values 

between 1.7% (95% CI: 0–9) in the Motacilla genus and 
4.5% (95% CI: 1–22) in the Anthus genus (Table  2). 
The prevalence of NDV among all wild birds reached a 
maximum of 5% (95% CI: 1.38–16.5) in December 2020 
(Figure 2).

Chlamydia sp. in wild birds
Nine wild birds in 1938 were positive for Chlamydia 
sp. by real-time PCR (0.46% corrected, 95% CI: 0.2–0.9) 
(Tables  1 and 2). The positive samples were cloacal or 
oropharyngeal swabs from five different bird groups 
(Table 1 and Additional file 4). In these five groups, the 
prevalence values ranged from 0.49% (95% CI: 0–3) in 
Passer montanus to 2.2% (95% CI: 1–8) in the Motacilla 
genus (Table  2). The Ct values ranged from 27 to 40 
(mean of 36) (Additional file 4). MLST was successful on 
samples from three birds, which were shown to carry two 
different strains of avian Chlamydia abortus correspond-
ing to a new MLST sequence type: one in two individuals 
of Phylloscopus collybita (ST329) and another in Sylvia 

Figure 1  Longitudinal screening of avian influenza virus detection in wild birds (A) and duck flocks and their areas (B). The PCR prevalence 
is shown as the corrected prevalence with test characteristics, and the ELISA prevalence is shown as the apparent prevalence. Error bars indicate 
95% confidence intervals of prevalence.
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communis (ST330) (Additional file  5). The presence of 
the specific plasmid of these avian strains was confirmed 
for each of these samples (Additional file 5). The cloacal 
swab from a Fringilla coeleb was positive for the specific 
real-time PCR for C. psittaci, but further identification 
was unsuccessful (Additional file 4). The five other posi-
tive wild bird samples presented the highest Ct values 
with real-time PCR for Chlamydia sp.; these samples 
were negative with specific real-time PCR for C. psittaci 
or C. abortus and were not successfully identified (Addi-
tional file 4).

Considering all the wild bird species present over time, 
the apparent prevalence values of Chlamydia sp. in swabs 
and faeces reached a maximum of 1.4% (95% CI: 0.63–
7.91) in February 2020, which corresponded to corrected 
prevalence values of up to a maximum of 2.3% (95% CI: 
0.63–7.99) (Figure 4).

Comparison of pathogens in wild birds
Overall, the wild birds that tested positive by PCR or 
ELISA for any of the pathogens belonged to 12 of the 
26 groups in total. In all 12 groups, only the Motacilla 
genus was positive for both AIV (1.1%, 95% CI: 0–6), 
Chlamydia sp. (2.2%, 95% CI: 1–8), AIV (8.6%, 95% CI: 
4–19) and NDV (1.7%, 95% CI: 0–9) antibodies (Table 2). 
Chi-square tests were performed on the PCR prevalence 
values of the wild bird groups, and the results revealed 
no significant differences (p values over 0.6 for AIV and 

Chlamydia sp.). The seroprevalence values of NDV were 
statistically similar between the groups, but slightly sig-
nificant differences were detected for AIV (X2 = 33.7, 
p = 0.038) (Table 2). The seroprevalence of Passer domes-
ticus was significantly lower (0.6%, 95% CI: 0–3) than that 
of Accipiter nisus (25%, 95% CI: 5–70, X2 = 4.7, p = 2.9e-
2), Prunella modularis (10.0%, 95% CI: 3–26, X2 = 7.4, 
p = 6.6e-3), the Motacilla genus (8.6%, 95% CI: 4–19, 
X2 = 8.1, p = 4.3e-3), and the Sylviida parvorder (6.6%, 
95% CI: 3–14, X2 = 5.7, p = 1.7e-2). The seroprevalence 
of Passer montanus was significantly lower (1.3%, 95% 
CI: 0–5) than that of Prunella modularis (10.0%, 95% CI: 
3–26, X2 = 4.4, p = 3.7e-2) and the Motacilla genus (8.6%, 
95% CI: 4–19, X2 = 5.1, p = 2.4e-2).

Detection and identification of pathogens in domestic 
ducks
AIV in domestic ducks
Five of the 12 flocks were positive for the M gene accord-
ing to real-time RT-PCR (Table 2, Figure 1). Three strains 
were detected from swabs for regulatory surveillance: 
two in the same week, identified by the NRL as H7N3 
(low pathogenic), and another negative for H5 or H7 sub-
types. The other two positive flocks (cloacal swabs) were 
negative for H5 or H7 subtypes. The Ct values from duck 
swabs were lower than those obtained from wild birds, 
ranging from 30.7 to 34.3 (mean Ct of 32.9). The H6 sub-
type was identified by sequencing in these two flocks 

Figure 2  Longitudinal screening of avulavirus and NDV detection in wild birds (duck flocks and areas were all negative). The PCR 
prevalence is shown as the corrected prevalence with test characteristics, and the ELISA prevalence is shown as the apparent prevalence. Error bars 
indicate 95% confidence intervals of prevalence.
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(Additional file  4), and both sequences were similar. 
The closest H6 sequence in the GenBank database was 
from the strain A/mallard duck/Georgia/7/2015 (H6N1) 
(accession number MF694213) isolated in central Eura-
sia, with over 98% identity at 610–670 bp. One positive 
swab from one of these two flocks also resulted in a dif-
ferent HA sequence (554 bp and poor quality) identified 
as H11 with 91.3% identity to strain A/Anas platyrhyn-
chos/Belgium/195_7/2018 (H11N9) (accession number 
MT406953) from northwestern Europe.

Avulaviruses in domestic ducks
None of the swabs from the five duck flocks analysed 
were positive for avulaviruses according to real-time RT-
PCR (Tables 1 and 2).

Coronaviruses in domestic ducks
Two of the five duck flocks were positive for coronavi-
ruses according to real-time RT-PCR (Tables  1, 2 and 
Figure 3), both from cloacal swabs. The Ct values of these 
positive samples ranged from 31.7 to 39.2 (mean of 35.7). 
All swabs were successfully sequenced on 550–600 bp of 
the coronavirus polymerase gene, and all were similar and 
identified as duck coronavirus 2714 (gammacoronavirus), 
with 94–95% identity to strains from wild Anatidae (for 
example, GenBank accession number MK204411) and 
the duck coronavirus isolate DK/GD/27/2014 (accession 
number NC_048214).

Chlamydia sp. in domestic ducks
Two of the five duck flocks were positive for Chlamydia 
sp. according to real-time PCR (Tables 1, 2 and Figure 4): 
oropharyngeal and cloacal swabs from one flock and only 
cloacal swabs from the other flock. The Ct values ranged 

from 26.5 to  37.5 (mean of 33.8). All positive samples 
were successfully identified as C. psittaci strains via real-
time PCR and classified into Group II_Duck via PCR-
HRM (data not shown).

Comparison of pathogens in domestic ducks
Positivity for pathogens in duck swabs varied over time, 
from no detection (in April 2019 and July 2020) to simul-
taneous detection of AIV, coronaviruses and Chlamydia 
sp. in the same flock (in December 2019). Except for the 
two AIV-positive flocks detected in the summer of 2019, 
each of the three agents were detected only in ducks dur-
ing the fall or winter seasons (Figures 1, 3, 4). However, 
owing to the low number of flocks, chi-square tests cal-
culated on prevalence values over time in the duck flocks 
revealed no significant differences (p values over 0.2).

Detection and identification of pathogens 
in the environment of the farm
AIV in the environment
In the environment of the duck outdoor areas, 6 out of 16 
areas were positive for the M gene according to real-time 
RT-PCR (Tables 1, 2 and Figure 1). The Ct values ranged 
from 31.0 to 35.2 (mean Ct of 33.3). The H6 subtype was 
identified either by sequencing or specific real-time RT-
PCR in all but one positive area (Additional file  4). The 
sequence from H6 AIV was similar to that obtained from 
duck swabs.

Avulaviruses in the environment
None of the environmental samples were positive for 
avulaviruses according to real-time RT-PCR (Tables  1 
and 2).

Figure 3  Longitudinal screening of coronavirus detection in duck flocks and areas (wild birds were all negative). 
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Coronaviruses in the environment
Three of the 16 duck areas were positive for coronavi-
ruses according to real-time RT-PCR (Tables  1, 2 and 
Figure  3). The Ct values of these samples ranged from 
33.3 to 40.0 (mean of 37.3). The environmental sample 
from October 2019 was successfully sequenced on 550 bp 
of the coronavirus polymerase gene and was similar to 
sequences from duck swabs.

Chlamydia sp. in the environment
Six of the 16 duck areas were positive for Chlamydia sp. 
according to real-time PCR (Table  1, Table  2 and Fig-
ure 3). Two of them were positive in the same two con-
secutive months (Additional file 4). The Ct values of the 
environmental samples ranged from 29.7–36.6 (mean of 
34.0). The positive environmental samples from Janu-
ary, February and December 2020 were identified as 
the same C. psittaci strains detected in the duck swabs 
(SNP Group II_Duck) (Additional file  4). In addition, 
C. abortus strains were detected in three areas sampled 

from November–December 2020, one of which was also 
positive for C. psittaci (Additional file 4). Unfortunately, 
the low bacterial load of these samples prevented their 
identification.

Comparison of pathogens in the environment
Positivity for pathogens in the environment of duck areas 
has varied over time, from no detection (in November 
2019 and May 2020) to detection of AIV, coronaviruses 
and Chlamydia sp. at the same time in the same area (in 
November 2020). Each of the three agents was detected 
only in the environment during the fall or winter seasons 
(Figures 1, 3 and 4). However, owing to the low number 
of areas, chi-square tests calculated on prevalence values 
over time revealed few significant differences (most p val-
ues were greater than 0.05). Only the prevalence of Chla-
mydia sp. was significantly greater in December 2020 
(four areas positive out of four) than in October 2019 
(four areas negative out of four) (X2 = 4.5, p = 3.4e-2).

Figure 4  Longitudinal screening of Chlamydia sp. detection in wild birds (A) and duck flocks and their areas (B) over time. The PCR 
prevalence is shown as the corrected prevalence with test characteristics. Error bars indicate 95% confidence intervals of prevalence.
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Comparison of avian pathogens in the three 
compartments
For AIV, duck swabs were positive for 5 flocks out of 12 
and environmental samples for 6 areas out of 16, with 2 
flocks showing positive results in their swabs conjointly 
with the environment of their area (Table  1). Overall, 
ducks and the environment presented statistically simi-
lar rates of AIV positivity according to chi-square tests 
(X2 = 0, p = 1). However, both ducks and the environment 
presented much higher viral positive rates than did any 
other wild bird taxa (X2 = 419.9, p < 1e-10) (Figure 5).

For coronaviruses, duck swabs were positive for 2 
flocks out of 5 and environmental samples for 3 areas out 
of 16, but no duck flock was positive conjointly with envi-
ronmental samples from their area (Table 1). Overall, the 
rates of coronavirus positivity in ducks and the environ-
ment were statistically similar according to chi-square 
tests (X2 = 0.1, p = 0.7). As no wild bird was detected 
as positive by real-time RT‒PCR, both ducks and the 
environment presented significantly higher positive 
rates than did the wild bird taxa (X2 = 530.2, p < 1e-10) 
(Figure 5).

For Chlamydia sp., duck swabs were positive for 2 
flocks out of 5 and environmental samples for 7 areas 
out of 16, with one duck flock showing positive results in 
swabs conjoint with environmental samples of their area 
(Table 1). Overall, ducks and the environment presented 
statistically similar rates of Chlamydia sp. bacterial posi-
tivity according to chi-square tests (X2 = 0, p = 1). How-
ever, both ducks and the environment presented much 
higher bacterial positive rates than any other wild bird 
taxa did (X2 = 421.6, p < 1e-10) (Figure 5).

Discussion
The present study highlights the epidemiology of major 
pathogens of the least studied population and context, 
namely, commensal birds around a free-range duck farm 

in Europe. The prevalence levels of AIV in domestic 
ducks and wild birds observed in the present study were 
globally consistent with published results on similar (i.e., 
terrestrial commensal) species in a non-epidemic con-
text. AIV have often been detected by molecular tests at 
very low or even null prevalence levels in passerines and 
other terrestrial birds [15, 18, 46], whereas antibodies 
have often shown slightly higher prevalence levels [18, 38, 
46]. The almost completely negative prevalences found 
for NDV and avulaviruses were also expected, since com-
mercial poultry are free of NDV in France [47], and the 
Passeriformes sampled in this study are not commonly 
found to be positive in most contexts in comparison with, 
for instance, waterfowl and Columbiformes [16, 18, 48]. 
The gamma genus of coronaviruses is widely distributed 
in waterfowl (mostly Anseriformes and Charadriiformes) 
with various strains [20], which correlates with the results 
observed in the duck flocks in this study. In contrast, Pas-
seriformes are generally the least infected, and when they 
are, delta genus strains are usually involved [20]. Finally, 
the results of Chlamydia sp. detection were consistent 
with those of previous studies in free-range ducks from 
France that were frequently infected by C. psittaci in 
flocks with high intra-flock prevalence [23]. In wild birds, 
C. psittaci are more common in waterfowl or Columbi-
formes than in passerines, as was observed in the present 
study [21, 27]. Avian strains of C. abortus, which have 
just been recently described in seabirds and corvids [25–
27] and for which detection tools are now available [25, 
26], were also detected in avian wildlife in this study, for 
the first time in France.

The present study also contributes to original knowl-
edge on the fine-scale longitudinal epidemiology of 
avian pathogens, helping to better understand infection 
dynamics in the populations studied. Only a handful of 
other studies have implemented comparable methods, 
for instance, in domestic duck flocks for Chlamydia sp. 
[23, 49], in wild swans for AIV [50], and in various peri-
domestic birds for NDV [40]. The temporal patterns of 
AIV in wild birds and duck flocks identified in the pre-
sent study did not significantly differ. This might be due 
to the relatively small size of the samples involved each 
time, in combination with the low positivity rate. How-
ever, the evaluation of population sensitivity carried 
out for each wild bird sampling session provided good 
confidence that no epidemic trend was missed, with a 
detectable threshold of population prevalence gener-
ally below 3% for molecular testing and 8% for serologi-
cal testing (Additional file  6). It also appears that AIV 
circulation dynamics are not correlated between ducks 
and wild birds (Figure  1), even with serological testing, 
which allows longer detection times than does viral test-
ing (a few weeks rather than a few days) in species of low 

Figure 5  Global comparison of avian pathogens detected in the 
three compartments of the interface. Ranges of positive rates are 
given between brackets for detected pathogens only. Ab: antibodies.
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susceptibility [51–53]. These non-matching patterns add 
to differences in the identification of AIV strains between 
wild and domestic birds. No AIV from wild birds can be 
identified precisely by isolation and sequencing, which 
is an ongoing issue in terrestrial wild bird studies due to 
the low quantities of biological material available from 
small and asymptomatic birds [15, 54]. However, at least 
the H6 subtype of AIV was excluded by specific real-time 
RT-PCR. As this subtype is the most frequently identified 
in ducks, its transmission to wild birds seems to be null 
or at least lower than estimated detection thresholds in 
wild birds (Additional file 6). Moreover, the similarity of 
H6 AIV sequences over two consecutive years, as well as 
those of duck coronavirus and C. psittaci from ducks or 
from their environment, suggests endemic circulation of 
these agents on farms, with limited intermediate intro-
duction by wild birds or other pathways. Owing to the 
low probability of infectious transmission at the interface 
and the low prevalence detected in the commensal birds 
sampled on the studied duck farm, the role of commen-
sal wild birds as maintenance hosts for AIV (and prob-
ably for the three other avian pathogens) seems to be 
excluded, as evidenced previously [15]. However, spo-
radic transmission of AIV between wild birds and poultry 
still cannot be excluded, especially in cases of the emer-
gence of highly pathogenic strains that could be excreted 
more abundantly by these hosts in a similar context [13, 
53]. In such contexts of HPAI circulation, sporadic trans-
missions could be sufficient for mobile commensal birds 
to spread viruses from one farm to another or to any 
other susceptible population by individual movements 
during the few days of excretion. The findings of the 
present study suggest that the conceptual role of bridge 
hosts for AIV [14] might be played by a few commensal 
wild bird species on rare occasions.

The results of this study provide evidence of the tech-
nical difficulties associated with characterizing AIV cir-
culation in terrestrial birds. When captures that target 
asymptomatic individuals of mostly small species are 
used, very low prevalence rates and very low viral loads 
in samples are expected, which makes direct detec-
tion and identification from swabs difficult even around 
acute farm outbreaks [54–57]. To improve the sensitivity 
of AIV, alternative and complementary methods, such 
as serological testing in wild birds and sampling of vari-
ous materials of the triad of domestic ducks, wild birds 
and their shared environment, were used in this study. 
Moreover, to characterize AIV transmission pathways, 
the present study targeted three other avian pathogens 
as infectious transmission markers. To our knowledge, 
the simultaneous study of other pathogens as transmis-
sion markers for AIV is innovative at the wild-Chinese 
interface. In this study, strain identification was more 

successful and complete for Chlamydia sp. than for AIV, 
which suggests that this bacterial taxon is a good choice 
as a transmission marker at the studied wild-domestic 
interface. Successful strain identification for AIV and 
Chlamydia sp. was always inconsistent between the two 
compartments (ducks and commensal birds). Indeed, 
only Chlamydia psittaci strains belonging to the SNP 
Group II_Duck were identified in duck swabs, whereas 
mostly avian C. abortus strains were identified in com-
mensal birds. Moreover, the sequences of H6 AIV, as well 
as those of duck coronavirus and C. psittaci retrieved 
from samples of ducks or from their environment, were 
similar over two consecutive years. The evidence of 
such similarity in other pathogens in parallel with AIV 
strengthens the hypothesis of an endemic circulation of 
pathogens on farms and strengthens the interest in stud-
ying infectious markers to reveal the epidemiological pat-
terns of AIV.

In addition to considering several pathogens and using 
several sample materials, an original feature of the pre-
sent study is its focus on the three compartments of the 
epidemiological interface, namely, domestic ducks, wild 
birds and their shared environment, of a single farm. 
To our knowledge, this triad has never been studied in 
a real-life setting; however, it has been studied under 
experimental conditions [52, 53]. Environmental samples 
of surface water and wipes were collected from farms in 
outdoor areas where ducks are present. The nature of 
these samples seemed to provide a good picture of infec-
tious shedding at the scale of each flock, as molecular 
detection and identification are usually similar in ducks 
(swabs) and their environment. As duck flocks repre-
sent a concentration of thousands of large, young birds 
that live for several weeks in these areas, high loads of 
duck infectious agents can be maintained and conse-
quently are widely dominant locally in comparison with 
wild bird infectious agents, as was observed in this study. 
This microbiological contamination of the environment 
would very likely expose local avian communities to the 
pathogens of ducks, and the reverse way seems much less 
important under these conditions.

Although general contamination of duck flocks and 
their outdoor environment at the same time (for instance, 
with AIV and Chlamydia sp. during the winters of 2019–
2020 and fall 2020) did not have an important effect 
on the infection of commensal wild birds repeatedly 
observed in contact with these two compartments [10]. 
This impact was at least not visible in most asymptomatic 
birds captured in this study, and sick or dead birds were 
never observed at the study site. However, notably, the 
seroprevalence of AIV in wagtails (mostly White wag-
tail, Motacilla alba) was among the highest of all the wild 
bird groups, and it was significantly greater than that in 
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both sparrow species (Passer domesticus and P. mon-
tanus). As these three species were previously shown to 
be the most abundant in contact with domestic ducks 
and their environment on farms [10], this difference in 
AIV seroprevalence may imply a difference in trans-
mission risk associated with such contacts. Although 
AIV strains could not be identified in wild birds in this 
study to support possible transmission at the interface, 
the intense contact of white wagtails with the farm and 
their mobile ecology may favour spillover and spillback of 
AIVs between free-range ducks and other avian commu-
nities. These results suggest that white wagtails may play 
a role as potential bridge hosts, at least for AIV, between 
poultry farms and wetlands in southwestern France, and 
this role might exist in other regions where the species 
is present on farms [58]. Nevertheless, the seropreva-
lence in wagtails was globally low (8.6%) compared with 
the high intensity of contact they had with duck flocks, 
which occasionally shed AIVs in contaminated environ-
ments. The differences in positive rates and strain iden-
tifications despite intense mutual contacts support the 
idea of a general species barrier at the interface between 
domestic ducks and commensal wild birds. This has also 
been observed for bacteria of the genus Mycoplasma in 
the same region of southwestern France [59]. However, in 
the context of the circulation of a highly pathogenic agent 
with a broader host range, such as HPAIV, the epidemio-
logical role of terrestrial commensal wild birds on farms 
may be intensified. Nevertheless, the repeated rare to null 
detection of HPAIV in terrestrial wild birds around farm 
outbreaks [55, 56, 60, 61] supports their very sporadic 
role in viral spread between and to farms, a role that is 
generally overwhelmed by other pathways in transmis-
sion dynamics on a regional scale [9, 62].

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13567-​025-​01466-3.

Additional file 1. Description of sampled wild birds by taxonomic 
group. 

Additional file 2. Protocols for preparation of samples and nucleic 
acid extraction. 

Additional file 3. Optimization processes and final protocols for the 
molecular detection of avian influenza viruses, avulaviruses, corona-
viruses and Chlamydia sp. 

Additional file 4. Description of positive samples for all four infec-
tious agents. 

Additional file 5. Phylogeny of the identified Chlamydia sp. 

Additional file 6. Population sensitivity for each time of wild bird 
sampling. 

Acknowledgements
The authors express their deepest gratitude to the duck breeders in Gers for 
their warm welcome and to the veterinarians who kindly collected samples 
from ducks for our research.

Authors’ contributions
CLGL, JC, JLG and GLL designed the study and supervised the field work. 
BV and CLGL performed the field work. CLGL, LL, RA and KL performed the 
analyses. CLGL drafted the manuscript. GLL and JC supervised the analyses 
and discussion of the results. JH, JC, MP and GLL significantly modified the 
manuscript. All authors read and approved the final manuscript.

Funding
This study was performed in the framework of the “Chaire de Biosécurité 
Aviaire”, hosted by the National Veterinary College of Toulouse (ENVT) and 
funded by the Direction Générale de l’Alimentation, Ministère de l’Agriculture 
et de l’Alimentation, France. This work was financially supported by the FEDER/
Région Occitanie Recherche et Sociétés 2018—AI-TRACK.

Availability of data and materials
The datasets used and analysed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Captures and manipulations were performed by a professional bird-bander 
and a veterinarian following the veterinary practices set down in EU Directive 
2010/63/EU for animal experiments, and the protocol was subjected to man‑
datory authorization by the MNHN (program number 1035).

Competing interests
The authors declare that they have no competing interests.

Author details
1 IHAP, ENVT, INRAE, Université de Toulouse, Toulouse, France. 2 BV Nat, 
Aigues‑Vives, France. 3 Bacterial Zoonoses Unit, Animal Health Laboratory, 
University Paris-Est, Anses, Maisons‑Alfort, France. 4 ASTRE, CIRAD, INRAE, Uni‑
versité de Montpellier, Montpellier, France. 5 CIRAD, UMR ASTRE, 34398 Mont‑
pellier, France. 

Received: 1 October 2024   Accepted: 4 December 2024

References
	1.	 Morand S (2020) Emerging diseases, livestock expansion and biodiver‑

sity loss are positively related at global scale. Biol Conserv 248:108707. 
https://​doi.​org/​10.​1016/j.​biocon.​2020.​108707

	2.	 Swayne DE (2008) Avian influenza, 1st edn. Blackwell Publishing Ltd., 
Ames

	3.	 Munster VJ, Fouchier RAM (2009) Avian influenza virus: of virus and bird 
ecology. Vaccine 27:6340–6344. https://​doi.​org/​10.​1016/j.​vacci​ne.​2009.​02.​
082

	4.	 Gaidet N, Cappelle J, Takekawa JY, Prosser DJ, Iverson SA, Douglas DC, 
Perry WM, Mundkur T, Newman SH (2010) Potential spread of highly 
pathogenic avian influenza H5N1 by wildfowl: dispersal ranges and rates 
determined from large-scale satellite telemetry: potential dispersal of 
H5N1 HPAI virus by wildfowl. J Appl Ecol 47:1147–1157. https://​doi.​org/​
10.​1111/j.​1365-​2664.​2010.​01845.x

	5.	 The Global Consortium for H5N8 and Related Influenza Viruses (2016) 
Role for migratory wild birds in the global spread of avian influenza 
H5N8. Science 354:213–217. https://​doi.​org/​10.​1126/​scien​ce.​aaf88​52

	6.	 Le Bouquin S, Huneau-Salaün A, Hamon M, Moisson M-C, Scoizec A, 
Niqueux E, Schmitz A, Briand F-X, Van De Wiele A, Bronner A (2016) 
L’épisode d’influenza aviaire en France en 2015–2016—situation épidémi‑
ologique au 30 juin 2016. Bull Epid Santé Anim Alim 75:2–8

	7.	 Bronner A, Niqueux E, Schmitz A, Bouquin SL, Huneau-Salaün A, Guinat C, 
Paul M, Courcoul A, Durand B (2017) Description de l’épisode d’influenza 



Page 16 of 17Le Gall‑Ladevèze et al. Veterinary Research           (2025) 56:36 

aviaire hautement pathogène en France en 2016–2017. Bull Epid Santé 
Anim Alim 79:13–17

	8.	 Le Bouquin S, Palumbo L, Niqueux E, Scoizec A, Schmitz A, Grasland B, 
Villaudy S, Trevennec C, Cauchard J, Gerbier G (2023) Influenza aviaire 
hautement pathogène en France : deux épizooties majeures au cours 
des saisons 2020–2021 et 2021–2022. Bull Epid Santé Anim Alim 100:10

	9.	 Guinat C, Artois J, Bronner A, Guérin JL, Gilbert M, Paul MC (2019) 
Duck production systems and highly pathogenic avian influenza 
H5N8 in France, 2016–2017. Sci Rep 9:6177. https://​doi.​org/​10.​1038/​
s41598-​019-​42607-x

	10.	 Le Gall-Ladevèze C, Guinat C, Fievet P, Vollot B, Guérin J-L, Cappelle J, 
Le Loc’h G (2022) Quantification and characterisation of commensal 
wild birds and their interactions with domestic ducks on a free-range 
farm in southwest France. Sci Rep 12:9764. https://​doi.​org/​10.​1038/​
s41598-​022-​13846-2

	11.	 Reinartz R, Slaterus R, Foppen R, Stahl J (2024) Update of the target list 
of wild bird species for passive surveillance of H5 HPAI viruses in the EU. 
EFSA Support Publ 21:EN-8807. https://​doi.​org/​10.​2903/​sp.​efsa.​2024.​
EN-​8807

	12.	 Brown JD, Stallknecht DE, Berghaus RD, Swayne DE (2009) Infectious and 
lethal doses of H5N1 highly pathogenic avian influenza virus for house 
sparrows (Passer Domesticus) and rock pigeons (Columbia Livia). J Vet 
Diagn Invest 21:437–445. https://​doi.​org/​10.​1177/​10406​38709​02100​404

	13.	 Nemeth NM, Thomas NO, Orahood DS, Anderson TD, Oesterle PT (2010) 
Shedding and serologic responses following primary and secondary 
inoculation of house sparrows (Passer domesticus) and European starlings 
(Sturnus vulgaris) with low-pathogenicity avian influenza virus. Avian 
Pathol 39:411–418. https://​doi.​org/​10.​1080/​03079​457.​2010.​513043

	14.	 Caron A, Cappelle J, Cumming GS, de Garine-Wichatitsky M, Gaidet N 
(2015) Bridge hosts, a missing link for disease ecology in multi-host 
systems. Vet Res 46:83. https://​doi.​org/​10.​1186/​s13567-​015-​0217-9

	15.	 Caron A, Cappelle J, Gaidet N (2017) Challenging the conceptual frame‑
work of maintenance hosts for influenza A viruses in wild birds. J Appl 
Ecol 54:681–690. https://​doi.​org/​10.​1111/​1365-​2664.​12839

	16.	 Cappelle J, Caron A, Almeida RSD, Gil P, Pedrono M, Mundava J, Fofana 
B, Balança G, Dakouo M, Mamy ABOE, Abolnik C, Maminiaina OF, Cum‑
ming GS, Visscher M-ND, Albina E, Chevalier V, Gaidet N (2015) Empirical 
analysis suggests continuous and homogeneous circulation of Newcastle 
disease virus in a wide range of wild bird species in Africa. Epidemiol 
Infect 143:1292–1303. https://​doi.​org/​10.​1017/​S0950​26881​40018​5X

	17.	 Dimitrov KM, Ramey AM, Qiu X, Bahl J, Afonso CL (2016) Temporal, 
geographic, and host distribution of avian paramyxovirus 1 (Newcastle 
disease virus). Infect Genet Evol 39:22–34. https://​doi.​org/​10.​1016/j.​
meegid.​2016.​01.​008

	18.	 Hirschinger J, Munoz MC, Hingrat Y, Vergne T, Guerin J-L, Le Loc’h G (2020) 
Exposure to and circulation of avian influenza and Newcastle disease 
viruses in peridomestic wild birds in the United Arab Emirates. J Wildl Dis 
56:437. https://​doi.​org/​10.​7589/​2019-​06-​164

	19.	 Rahman MM, Talukder A, Chowdhury MMH, Talukder R, Akter R (2021) 
Coronaviruses in wild birds—a potential and suitable vector for global 
distribution. Vet Med Sci 7:264–272. https://​doi.​org/​10.​1002/​vms3.​360

	20.	 Wille M, Holmes EC (2020) Wild birds as reservoirs for diverse and abun‑
dant gamma- and deltacoronaviruses. FEMS Microbiol Rev 44:631–644. 
https://​doi.​org/​10.​1093/​femsre/​fuaa0​26

	21.	 Krawiec M, Piasecki T, Wieliczko A (2015) Prevalence of Chlamydia psit-
taci and other chlamydia species in wild birds in Poland. Vector-Borne 
Zoonotic Dis 15:652–655. https://​doi.​org/​10.​1089/​vbz.​2015.​1814

	22.	 Sukon P, Nam NH, Kittipreeya P, Sara-in A, Wawilai P, Inchuai R, Weerakhun 
S (2021) Global prevalence of chlamydial infections in birds: a systematic 
review and meta-analysis. Prev Vet Med 192:105370. https://​doi.​org/​10.​
1016/j.​preve​tmed.​2021.​105370

	23.	 Vorimore F, Thébault A, Poisson S, Cléva D, Robineau J, de Barbeyrac B, 
Durand B, Laroucau K (2015) Chlamydia psittaci in ducks: a hidden health 
risk for poultry workers. Pathog Dis 73:1–9. https://​doi.​org/​10.​1093/​
femspd/​ftu016

	24.	 Zaręba-Marchewka K, Szymańska-Czerwińska M, Livingstone M, Longbot‑
tom D, Niemczuk K (2021) Whole genome sequencing and comparative 
genome analyses of Chlamydia abortus strains of avian origin suggests 
that Chlamydia abortus species should be expanded to include avian 
and mammalian subgroups. Pathogens 10:1405. https://​doi.​org/​10.​3390/​
patho​gens1​01114​05

	25.	 Aaziz R, Laroucau K, Gobbo F, Salvatore D, Schnee C, Terregino C, Lupini C, 
Di Francesco A (2022) Occurrence of chlamydiae in corvids in northeast 
Italy. Animals 12:1226. https://​doi.​org/​10.​3390/​ani12​101226

	26.	 Aaziz R, Vinueza RL, Vorimore F, Schnee C, Jiménez-Uzcategui G, Zanella 
G, Laroucau K (2022) Avian Chlamydia abortus strains detected in Galápa‑
gos Waved Albatross (Phoebastria irrorata). J Wildl Dis 59:143–148

	27.	 Szymańska-Czerwińska M, Mitura A, Niemczuk K, Zaręba K, Jodełko A, 
Pluta A, Scharf S, Vitek B, Aaziz R, Vorimore F, Laroucau K, Schnee C (2017) 
Dissemination and genetic diversity of chlamydial agents in Polish wild‑
fowl: isolation and molecular characterisation of avian Chlamydia abortus 
strains. PLoS One 12:e0174599. https://​doi.​org/​10.​1371/​journ​al.​pone.​
01745​99

	28.	 Wille M, Avril A, Tolf C, Schager A, Larsson S, Borg O, Olsen B, Waldenström 
J (2015) Temporal dynamics, diversity, and interplay in three components 
of the virodiversity of a Mallard population: Influenza A virus, avian para‑
myxovirus and avian coronavirus. Infect Genet Evol 29:129–137. https://​
doi.​org/​10.​1016/j.​meegid.​2014.​11.​014

	29.	 DGAL (2016) Arrêté du 8 février 2016 relatif aux mesures de biosécurité 
applicables dans les exploitations de volailles et d’autres oiseaux captifs 
dans le cadre de la prévention contre l’influenza aviaire. AGRG1603907A

	30.	 Croville G, Foret C, Heuillard P, Senet A, Delpont M, Mouahid M, Ducatez 
MF, Kichou F, Guerin J-L (2018) Disclosing respiratory co-infections: a 
broad-range panel assay for avian respiratory pathogens on a nanofluidic 
PCR platform. Avian Pathol 47:253–260. https://​doi.​org/​10.​1080/​03079​
457.​2018.​14308​91

	31.	 Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR (2001) Universal 
primer set for the full-length amplification of all influenza A viruses. Arch 
Virol 146:2275–2289. https://​doi.​org/​10.​1007/​s0070​50170​002

	32.	 Hall T (2011) BioEdit: an important software for molecular biology. GERF 
Bull Biosci 2:60–61

	33.	 Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic local 
alignment search tool. J Mol Biol 215:403–410. https://​doi.​org/​10.​1016/​
S0022-​2836(05)​80360-2

	34.	 Tong S, Chern S-WW, Li Y, Pallansch MA, Anderson LJ (2008) Sensitive 
and broadly reactive reverse transcription-PCR assays to detect novel 
paramyxoviruses. J Clin Microbiol 46:2652–2658. https://​doi.​org/​10.​1128/​
JCM.​00192-​08

	35.	 Chamings A, Nelson TM, Vibin J, Wille M, Klaassen M, Alexandersen S 
(2018) Detection and characterisation of coronaviruses in migratory and 
non-migratory Australian wild birds. Sci Rep 8:5980. https://​doi.​org/​10.​
1038/​s41598-​018-​24407-x

	36.	 Ehricht R, Slickers P, Goellner S, Hotzel H, Sachse K (2006) Optimized DNA 
microarray assay allows detection and genotyping of single PCR-ampli‑
fiable target copies. Mol Cell Probes 20:60–63. https://​doi.​org/​10.​1016/j.​
mcp.​2005.​09.​003

	37.	 Vorimore F, Aaziz R, de Barbeyrac B, Peuchant O, Szymańska-Czerwińska 
M, Herrmann B, Schnee C, Laroucau K (2021) A new SNP-based genotyp‑
ing method for C. psittaci: application to field samples for quick identifica‑
tion. Microorganisms 9:625. https://​doi.​org/​10.​3390/​micro​organ​isms9​
030625

	38.	 Pérez-Ramírez E, Rodríguez V, Sommer D, Blanco JM, Acevedo P, Heffels-
Redmann U, Höfle U (2010) Serologic testing for avian influenza viruses 
in wild birds: comparison of two commercial competition enzyme-linked 
immunosorbent assays. Avian Dis 54:729–733. https://​doi.​org/​10.​1637/​
8802-​040109-​ResNo​te.1

	39.	 Williams CJ, Moffitt CM (2001) A critique of methods of sampling and 
reporting pathogens in populations of fish. J Aquat Anim Health 13:300–
309. https://​doi.​org/​10.​1577/​1548-​8667(2001)​013%​3c0300:​ACOMOS%​
3e2.0.​CO;2

	40.	 Hirschinger J, Marescot L, Hingrat Y, Guerin JL, Le Loc’h G, Vergne T (2021) 
Newcastle disease virus transmission dynamics in wild peridomestic birds 
in the United Arab Emirates. Sci Rep 11:3491. https://​doi.​org/​10.​1038/​
s41598-​020-​79184-3

	41.	 Sergeant ESG (2018) EpiTools epidemiological calculators. Ausvet Pty Ltd. 
http://​epito​ols.​ausvet.​com.​au

	42.	 Rogan WJ, Gladen B (1978) Estimating prevalence from the results of a 
screening test. Am J Epidemiol 107:71–76

	43.	 Reiczigel J, Földi J, Ózsvari L (2010) Exact confidence limits for preva‑
lence of a disease with an imperfect diagnostic test. Epidemiol Infect 
138:1674–1678



Page 17 of 17Le Gall‑Ladevèze et al. Veterinary Research           (2025) 56:36 	

	44.	 Brown LD, Cai TT, DasGupta A (2001) Interval estimation for a binomial 
proportion. Stat Sci 16:101–117

	45.	 R Core Team (2019) R: A Language and Environment for Statistical 
Computing

	46.	 Slusher MJ, Wilcox BR, Lutrell MP, Poulson RL, Brown JD, Yabsley MJ, 
Stallknecht DE (2014) Are passerine birds reservoirs for influenza A 
viruses? J Wildl Dis 50:792–809. https://​doi.​org/​10.​7589/​2014-​02-​043

	47.	 Huneau-Salaün A, Schmitz A, Scoizec A, Briand F-X, Van De Wiele A, 
Eterradossi N, Bouquin SL, Niqueux E, Troyano-Groux A (2020) Bilan de 
la surveillance de l’Influenza aviaire et de la maladie de Newcastle en 
France en 2016. Bull Epid Santé Anim Alim 91:5

	48.	 Napp S, Alba A, Rocha AI, Sánchez A, Rivas R, Majó N, Perarnau M, Massot 
C, Miguel ES, Soler M, Busquets N (2017) Six-year surveillance of Newcas‑
tle disease virus in wild birds in north-eastern Spain (Catalonia). Avian 
Pathol 46:59–67. https://​doi.​org/​10.​1080/​03079​457.​2016.​12061​77

	49.	 Hulin V, Bernard P, Vorimore F, Aaziz R, Cléva D, Robineau J, Durand B, 
Angelis L, Siarkou VI, Laroucau K (2016) Assessment of Chlamydia psittaci 
shedding and environmental contamination as potential sources of 
worker exposure throughout the mule duck breeding process. Appl 
Environ Microbiol 82:1504–1518. https://​doi.​org/​10.​1128/​AEM.​03179-​15

	50.	 Hill SC, Hansen R, Watson S, Coward V, Russell C, Cooper J, Essen S, 
Everest H, Parag KV, Fiddaman S, Reid S, Lewis N, Brookes SM, Smith AL, 
Sheldon B, Perrins CM, Brown IH, Pybus OG (2019) Comparative micro-
epidemiology of pathogenic avian influenza virus outbreaks in a wild bird 
population. Philos Trans R Soc B Biol Sci 374:20180259. https://​doi.​org/​10.​
1098/​rstb.​2018.​0259

	51.	 Brown JD, Luttrell MP, Berghaus RD, Kistler W, Keeler SP, Howey A, Wilcox 
B, Hall J, Niles L, Dey A, Knutsen G, Fritz K, Stallknecht DE (2010) Preva‑
lence of antibodies to type A influenza virus in wild avian species using 
two serologic assays. J Wildl Dis 46:896–911. https://​doi.​org/​10.​7589/​
0090-​3558-​46.3.​896

	52.	 Ellis JW, Root JJ, McCurdy LM, Bentler KT, Barrett NL, VanDalen KK, 
Dirsmith KL, Shriner SA (2021) Avian influenza A virus susceptibility, 
infection, transmission, and antibody kinetics in European starlings. PLoS 
Pathog 17:e1009879. https://​doi.​org/​10.​1371/​journ​al.​ppat.​10098​79

	53.	 Forrest HL, Kim J-K, Webster RG (2010) Virus shedding and potential for 
interspecies waterborne transmission of highly pathogenic H5N1 influ‑
enza virus in sparrows and chickens. J Virol 84:3718–3720. https://​doi.​org/​
10.​1128/​JVI.​02017-​09

	54.	 Munster VJ, Baas C, Lexmond P, Waldenström J, Wallensten A, Fransson 
T, Rimmelzwaan GF, Beyer WEP, Schutten M, Olsen B, Osterhaus ADME, 
Fouchier RAM (2007) Spatial, temporal, and species variation in preva‑
lence of influenza A viruses in wild migratory birds. PLoS Pathog 3:e61. 
https://​doi.​org/​10.​1371/​journ​al.​ppat.​00300​61

	55.	 Shriner SA, Root JJ, Lutman MW, Kloft JM, VanDalen KK, Sullivan HJ, White 
TS, Milleson MP, Hairston JL, Chandler SC, Wolf PC, Turnage CT, McCluskey 
BJ, Vincent AL, Torchetti MK, Gidlewski T, DeLiberto TJ (2016) Surveillance 
for highly pathogenic H5 avian influenza virus in synanthropic wildlife 
associated with poultry farms during an acute outbreak. Sci Rep 6:36237. 
https://​doi.​org/​10.​1038/​srep3​6237

	56.	 Van De Wiele A, Humeau A, Bronner A, Guillemain M, Le Loc’h G, Guérin 
J-L, Cauchard J, Mercier A, Calavas D (2017) Épisode H5N8 d’influenza 
aviaire en France en 2016–2017: quel rôle pour la faune sauvage ? Bull 
Epid Santé Anim Alim 79:27–31 (in French)

	57.	 Grear DA, Dusek RJ, Walsh DP, Hall JS (2017) No evidence of infection or 
exposure to highly pathogenic avian influenzas in peridomestic wildlife 
on an affected poultry facility. J Wildl Dis 53:37–45. https://​doi.​org/​10.​
7589/​2016-​02-​029

	58.	 Veen J, Brouwer J, Atkinson P, Bilgin C, Blew J, Eksioglu S, Hoffmann M, 
Nardelli R, Spina F, Tendi C, Delany S (2007) Ornithological data relevant 
to the spread of Avian Influenza in Europe (phase 2): further identification 
and first field assessment of Higher Risk Species. Wetlands International, 
Wageningen, The Netherlands

	59.	 Le Gall-Ladevèze C, Nouvel L-X, Souvestre M, Croville G, Hygonenq M-C, 
Guérin J-L, Le Loc’h G (2021) Detection of a novel enterotropic Myco-
plasma gallisepticum-like in European starling (Sturnus vulgaris) around 
poultry farms in France. Transbound Emerg Dis 69:e883–e894. https://​doi.​
org/​10.​1111/​tbed.​14382

	60.	 EFSA, ECDC, EURL, Adlhoch C, Fusaro A, Gonzales JL, Kuiken T, Maran‑
gon S, Niqueux É, Staubach C, Terregino C, Aznar I, Muñoz Guajardo I, 

Baldinelli F (2022) Avian influenza overview December 2021–March 2022. 
EFSA J 20:e07289. https://​doi.​org/​10.​2903/j.​efsa.​2022.​7289

	61.	 Verhagen JH, van der Jeugd HP, Nolet BA, Slaterus R, Kharitonov SP, de 
Vries PP, Vuong O, Majoor F, Kuiken T, Fouchier RA (2015) Wild bird surveil‑
lance around outbreaks of highly pathogenic avian influenza A(H5N8) 
virus in the Netherlands, 2014, within the context of global flyways. Euro 
Surveill 20:21069. https://​doi.​org/​10.​2807/​1560-​7917.​ES2015.​20.​12.​21069

	62.	 Bauzile B, Sicard G, Guinat C, Andraud M, Rose N, Hammami P, Durand B, 
Paul MC, Vergne T (2022) Unravelling direct and indirect contact patterns 
between duck farms in France and their association with the 2016–2017 
epidemic of highly pathogenic avian influenza (H5N8). Prev Vet Med 
198:105548. https://​doi.​org/​10.​1016/j.​preve​tmed.​2021.​105548

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Limited transmission of avian influenza viruses, avulaviruses, coronaviruses and Chlamydia sp. at the interface between wild birds and a free-range duck farm
	Abstract 
	Introduction
	Materials and methods
	Study site
	Sample collection
	Sampling of wild birds
	Sampling of duck flocks
	Sampling of environment

	Detection and identification of avian pathogens
	Preparation of environmental samples
	Nucleic acid extraction
	Optimization of broad range real-time PCR protocols
	Molecular detection and identification of avian pathogens

	AIV
	Avulaviruses
	Coronaviruses
	Chlamydia sp.
	Serologies for AIV and NDV

	Epidemiological and statistical analyses

	Results
	Sample collection
	Sampling of wild birds
	Sampling of duck flocks
	Sampling of environment

	Detection and identification of pathogens in wild birds
	AIV in wild birds
	Avulaviruses and coronaviruses in wild birds
	Chlamydia sp. in wild birds
	Comparison of pathogens in wild birds

	Detection and identification of pathogens in domestic ducks
	AIV in domestic ducks
	Avulaviruses in domestic ducks
	Coronaviruses in domestic ducks
	Chlamydia sp. in domestic ducks
	Comparison of pathogens in domestic ducks

	Detection and identification of pathogens in the environment of the farm
	AIV in the environment
	Avulaviruses in the environment
	Coronaviruses in the environment
	Chlamydia sp. in the environment
	Comparison of pathogens in the environment

	Comparison of avian pathogens in the three compartments

	Discussion
	Acknowledgements
	References


