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ABSTRACT

Background: Vector-borne diseases like West Nile virus (WNV) pose a global health challenge, with rising incidence and
distribution. Culex mosquitoes are crucial WNV vectors. Avian species composition and bird community diversity, along
with vector communities, influence WNV transmission patterns. However, limited knowledge exists on their impact in
southwestern Spain, an area with active WNV circulation in wild birds, mosquitoes, and humans.

Methods: To address this, we conducted a comprehensive study investigating the contributions of migratory and exotic
bird species to WNV transmission and the influence of mosquito community composition.

Results: Analysing 1194 serum samples from 44 avian species, we detected WNV antibodies in 32 samples from 11
species, four for the first time in Europe. Migratory birds had higher WNV exposure likelihood than native and exotic
species, and higher phylogenetic diversity in bird communities correlated with lower exposure rates. Moreover, in 5859
female mosquitoes belonging to 12 species, we identified WNV competent vectors like Cx. pipiens s.l. and the Univittatus
subgroup. Birds with WNV antibodies were positively associated with competent vector abundance, but negatively with
overall mosquito species richness.

Conclusions: These findings highlight the complex interactions between bird species, their phylogenetics, and mosquito
vectors in WNV transmission. Understanding these dynamics will help to implement effective disease control strategies
in southwestern Spain.
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Introduction

Vector-borne diseases, which rely on the intervention of
vector arthropods for efficient transmission from infected
to susceptible hosts, are experiencing an increase in dis-
tribution and incidence worldwide [1]. These diseases
account for over 17% of all infectious diseases and cause
more than 700,000 deaths annually, as reported by the
World Health Organisation [2]. Currently, the emergence
and incidence of many of these diseases have been
linked to global change, such as transformations in land
use, global population growth, biodiversity loss, introduc-
tion of exotic species, and climate change. All these fac-
tors contribute to the rise of vector-borne diseases by
altering the distribution and abundance of vectors and
their interactions with pathogens and hosts [3].

Mosquitoes (Culicidae) are the most important vectors
for various pathogens that cause medically significant
diseases such as chikungunya, dengue, malaria and,
more recently, West Nile fever [4]. West Nile virus (WNV),
a zoonotic arbovirus belonging to the Orthoflavivirus
genus, is the most geographically widespread mosquito-
borne flavivirus as it is present in Europe, America,
Africa, the Middle East, Western Russia, Southeast Asia,
and Australia [5]. Although WNV has been found in 65
different mosquito species [4], only certain Culex species
are efficient vectors in Europe [6,7]. Wild birds are the
primary reservoir for WNV transmission [8], with over
326 avian species implicated in the transmission [9].
Additionally, WNV can infect mammals such as horses
and humans, although they cannot transmit the disease
and only act as incidental or dead-end hosts [10].

In recent years, Spain has experienced a significant
impact from WNV, with a high number of human and
horse outbreaks [11,12]. Particularly noteworthy was the
WNV outbreak in 2020, the largest ever recorded in the
country with 77 cases in humans (including eight
deaths), in the southwest of the country [13]. Previous
studies have demonstrated active virus transmission in
Spain through detection of specific antibodies in wild
birds [14-16], horses [12,17] and humans [18,19].
Furthermore, the virus has been isolated in mosquitoes
[7,20], with species of the Cx. pipiens complex [6] and Cx.
perexiguus [11,21] playing a crucial role as vectors in the
epizootic transmission of the virus in southern Spain.

WNV transmission is influenced by avian host and
mosquito vector community composition [5]. Variation
in virus amplification arises from host species’ exposure
and competence in virus transmission, where some
avian species act as super-spreaders (e.g. the American
robin, Turdus migratorius [22]), while others have limited
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involvement (e.g. most of species belonging to the
Pelecaniformes order that developed very low viremia
levels [23]). Understanding community diversity and
individual distribution is crucial, considering species-
specific characteristics with great impact on WNV epi-
demiology such as behaviour, immune response, host
competence capacity and vector exposure. Also, investi-
gating bird community phylogenetic diversity is relevant
to elucidate the impact of closely related species with
shared phenotypic traits on WNV transmission [24].
Additionally, mosquito communities shape the temporal
and spatial patterns of the pathogens they spread, with
vector community composition influencing host range
and transmission rates [25,26]. Investigating the specific
vector species involved is of critical importance, as this
knowledge plays a key role in comprehending the
dynamics of vector communities in disease transmission.
This understanding allows us to explore how the pres-
ence of competent vectors, which are species capable of
acquiring, maintaining, and transmitting a particular
pathogen to a susceptible host during a blood meal,
can expand the overall host range and colonisation
opportunities for the pathogen [27]. Conversely, higher
species diversity within vector communities can have
the opposite effect, reducing disease amplification and
limiting its spread [28].

Changes in pathogen circulation and vector distribu-
tion are occurring at an unprecedented rate [29].
Migratory birds are considered WNV dispersers, although
their role is still debated [30]. Our study focuses on three
phylogenetically related Paleo-African long-distance
migratory species: the house martin (Delichon urbicum)
[31], the barn swallow (Hirundo rustica) [32] and the sand
martin (Riparia riparia) [33], which have different winter-
ing and breeding areas. Exotic species, some of which
can become invasive, can also act as pathogen reservoirs
[34], and are documented in the Spanish catalogue of
invasive alien species (Royal Decree 630/2013, August 2).
Southwestern Spain hosts at least three invasive bird spe-
cies, including the red avadavat (Amandava amandava)
originating from South Asia, and the cut-throat finch or
common waxbill (Astrilda astrilds) and the yellow bishop
(Euplectes afer), both native to sub-Saharan Africa. Exotic
birds may possess advantage over native species by
evading natural enemies [35] thus supporting the Enemy
Release hypothesis [36], which maintains that invasive spe-
cies can become successful invaders because they have
left behind their natural enemies (e.g. pathogens) during
the colonisation process [36]. Moreover, according to the
Evolution of Increased Competitive Ability hypothesis [37],
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which proposes that the absence of natural enemies
leads to non-native populations evolving reduced alloca-
tion to defence and greater competitive ability, exotic
species can further outcompete native species.

The primary objective of this study is to investigate
the role of migratory and exotic bird species in the
transmission of WNV within the local native avian popu-
lation, also considering the influence of mosquito com-
munity composition. Based on the distinct biology and
behavioural characteristics of the three bird groups,
higher WNV exposure rates are expected in the long-
distance migratory species compared to the exotic and
native species [38]. According to most recognised eco-
logical patterns, the latitudinal diversity gradient implies
an increase in species richness from the poles to the
tropics, including pathogens [39]. This could be provok-
ing a greater exposure to a double parasitic fauna with
active circulation of the virus at their place of origin
[40]. Additionally, we expect that an increase in the
number of competent vector species will enhance
the spread of WNV by expanding the range of suscep-
tible hosts, particularly in the presence of a greater
number of competent vector species. Indeed, vector-
host-pathogen interactions are affected by the rates of
interspecific contact between the insect and the verte-
brate, where an increase in biting frequency, would
increase pathogen transmission rates and thus the
incidence of different diseases [41].

To test our hypothesis we addressed three objectives:
1) assess the significance of phylogenetic relationships
among different species of exotic, native, and long-
distance migratory birds to determine their role as nat-
ural reservoirs of WNV; 2) investigate the relationship
between individual biological characteristics (e.g. bird
sex, age, and biometric traits), and the presence of WNV
antibodies; and 3) determine the influence of the mos-
quito vector community composition on the transmis-
sion of WNV. The findings of this study will advance our
comprehension of WNV circulation in Spain and Europe.
These insights will, in turn, guide the formulation of
efficacious strategies for the control and prevention of
vector-borne diseases, while also contributing to the
preservation of habitats and biodiversity.

Materials and methods
Study area and sampling procedure

Birds and mosquitoes were captured at five sampling
sites in Badajoz province (Extremadura, southwestern
Spain; Figure 1). Extremadura is a region of significant

importance for migratory birds, owing to its geograph-
ical location along the Eastern Atlantic flyway and the
presence of extensive reservoirs of water and
anthropogenic wetlands such as rice fields [42]. These
habitats serve as vital refuges and sources of food for
birds during their migrations [43]. Most of the sam-
pling sites were located in close proximity to the
Portuguese border and the Guadiana River. This region
is characterised by a Mediterranean climate, with tem-
perate hot dry summers, cold winters, and mild tem-
peratures during autumn and spring, with rainfall
distributed across these three seasons [44]. The peak
in mosquito activity, particularly in temperate regions
like the studied area, coincides with the highest inci-
dence of vector borne diseases, occurring from sum-
mer to autumn [45].

Wild birds were captured using mist nets during a
total of 18 sampling sessions spanning from February
to December 2020. To ensure robust sample sizes, each
location was sampled multiple times during several
months, ranging from three and five session per site,
resulting in the capture of at least more than 150 birds
at each site. Each bird was ringed with a numbered
metal ring, and its age and sex were determined based
on plumage characteristics and skull ossification [46].
Body mass was individually assessed using a digital bal-
ance with an accuracy of 0.1g. Additionally, tarsus
length was measured with a digital calliper, ensuring a
precision of 0.01 mm. Both of these variables were
included in our analysis to assess the fitness of the
birds [47]. Re-captures were not considered in this
study. A blood sample was extracted from the jugular
vein of each individual using sterile insulin syringes.
The volume of extracted blood varied depending on
the body size of each bird but never exceeded 1% of
their body mass. Blood samples were transferred to
sterile Eppendorf tubes to allow them to coagulate at
an ambient temperature, and then stored in cold boxes
during the fieldwork. In the laboratory, the coagulated
blood samples were maintained at 4°C and centrifuged
within 24h of collection at 11,000rpm (11.2g) for
10 min to separate serum and cellular fractions, which
were subsequently frozen at —80 and —20° C, respect-
ively. Following manipulation, the birds were promptly
released unharmed at the capture site.

Mosquitoes were collected from May to November
2020, with sampling occurring every 45days for a total
of five sampling sessions at each site, resulting in 25
trapping nights. A combination of three traps was used
at each site for each collection event, including BG-
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Figure 1. Geographical distribution of sampling points (1: Sagrajas, 2: B6toa, 3: Gévora, 4: Rincén de caya, and 5: Asesera) in Extremadura,
Southern Spain. This map was created by the QGIS geographic information system, version 3.30.2 (2023) (QGIS association, https://www.

qgis.org/es/site.).

Sentinel and CDC miniature light-traps, both baited with
CO,, as well as gravid traps with hay infusion [48], to
ensure a more complete sampling of the vector commu-
nity present in the area. All traps remained active for an
average duration of 15h per capture session, starting
between 5:00 pm and 9:30 pm. Insect samples were pre-
served in dry ice and stored at —80 °C until further iden-
tification. Morphological identifications at species level
were based on broadly used identification keys [49] and
insects were grouped by into pools comprising 1-25
individuals of the same species (see Bravo-Barriga et al.
[50] for further details on mosquito species identification
and treatment).

Detection of WNV antibodies in wild birds

Firstly, bird sera were screened using the blocking ELISA
kit INGEZIM West Nile COMPAC (INgenasa, Spain), accord-
ing to the manufacturer’s protocol. This ELISA kit exhibits
high sensitivity for WNV [51], but may show cross-reactiv-
ity with antibodies against closely related flaviviruses
such as USUV [17,52]. Secondly, to specifically detect
WNV-neutralising antibodies and distinguish them from
other cross-reacting flaviviruses, ELISA positive and
doubtful sera were subsequently analysed with a micro
virus—neutralisation test (micro-VNT) conducted in 96 well
microtiter plates, following the procedure described by
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210 M. FERRAGUTI ET AL.

Cyanopica cooki

Luscinia megarhynchos

Turdus merula

{ Amandava amandava } Exotic sp.
Estrilda astrild

Chloris chloris

Petronia petronia

Passer domesticus

| Parus major

Acrocephalus scirpaceus

Curruca melanocephala
{ Sylvia atricapilla

Aegithalos caudatus

o
0-1%
1-3%

_| Phylloscopus trochilus

Riparia riparia

. > 3%

_|: Hirundo rustica Migratory sp.
Delichon urbicum

Figure 2. Consensus phylogenetic tree generated with BirdTree (http://birdtree.org.) including all bird species sampled with more than 10
individuals. Categories of long-distance migrants and exotic birds are indicated in brackets, with all other species considered as native birds
by exclusion. The least square mean prevalence of WNV antibodies corrected for age and sex is highlighted in colour.

Llorente et al. [52]. Micro-VNT was carried out against
WNV (WNV E101, GenBank accession no. AF260968) and
USUV (viral strain: USUV SAAR-1776, GenBank accession
no. AY453412) for differential diagnosis. Samples yielding
neutralisation (complete absence of CPE) at dilutions of
1:10 or higher were considered positive. Detection of
neutralisation titres at least 4-fold higher in a sample
against a virus over other was considered a proof of spe-
cificity [53].

Phylogenetic and statistical analyses

To calculate the phylogenetic relationships among the
different bird communities in the studied areas, a phylo-
genetic tree was constructed by extracting 1000 bird
phylogenies from the BirdTree project (http://birdtree.
org; [54]). Subsequently, a consensus tree (Figure 2) was
generated by adopting a 50% majority-rule consensus
following the methodology described by Rubolini et al.
[55]. This consensus tree was then used to calculate the
evenness [56], a measure of bird population phylo-diver-
sity at individual level that incorporates both the phylo-
genetic relationships and the species abundance of each
assemblage in each sampled area.

Descriptive statistics, including percentages and 95%
confidence intervals, were generated for ELISA and VNT
techniques. Two generalised linear mixed models
(GLMMs) with a ‘logit’ link function and binomial distri-
bution were performed to assess the impact of bird and
mosquito predictor variables on WNV seroprevalence in
birds. Firstly, we investigated the association between
bird status (categorical variable: migratory, exotic, or
native) and WNV seroprevalence in birds from the study
areas. In this analysis, virus seroprevalence was esti-
mated using a bivariate model that employed a two-col-
umn matrix to represent the number of infected birds in
a population relative to the number of uninfected birds.
By employing the ‘cbind’ function, we examined WNV
infection while inherently controlling for sample size.
Secondly, we tested WNV infections with the following
independent variables: i) bird sex (categorical variable:
males vs. females); ii) bird tarsus length and weight (con-
tinuous variable); iii) bird community evenness (continu-
ous variable representing the phylo-diversity of the bird
population) that reflects how evenly different bird spe-
cies were distributed across the assemblage phylogeny,
taking into account whether species abundances were
biased towards any specific clade throughout the phyl-
ogeny [56]. Only bird species with more than ten
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individuals were considered to ensure the robustness of
the results [57]; iv) abundance of competent vector spe-
cies in each sampling locality and month, including
female mosquitoes belonging to the Cx. pipiens and
Univittatus subgroup (i.e. Cx. perexiguus and Cx. univitta-
tus (Table 4) [10,58]; v) abundance of non-competent
vector species (all other mosquito species captured) in
each sampling locality and month (Table 4); vi) mosquito
species richness, measured as the total number of differ-
ent species captured in each sampling locality and
month; and vii) mosquito diversity, estimated using the
Shannon index, in each sampling locality and
month [59].

Bird species, month and sampling locality were
included in all models as random factors to account for
the species-inherent sources of variability, as well as for
the temporal and geographical effects of the sampling
design. Chi-square tests were performed using an
ANOVA (Type lll), and post hoc analyses were conducted
using Tukey contrasts test when necessary. The R-square
(R?) value was calculated to provide an absolute meas-
ure of the variance explained by the models. For each
GLMM, we tested the collinearity among all independent
variables using the variance inflation factor (VIF) [60].
Due to high collinearity, mosquito diversity (VIF > 8)
removed from the model. Bird age was not
included in the GLMMs as only one juvenile presented
WNV antibody. The GLMM overdispersion was checked
using the Pearson statistic (ratio of the Pearson chi-
square to its degrees of freedom), a common method
used for assessing the deviance of goodness-of-fit statis-
tics [61]. We found no evidence of overdispersion, as all
Pearson dispersion statistics were always close to 1. All
analyses were performed using the R software (v. 4.4.2).

was

Results

A total of 1200 bird samples were analysed to detect
the presence of specific WNV antibodies. Positive and
doubtful samples in the ELISA were subsequently con-
firmed by micro-VNT, except for six samples with
insufficient volume, which were excluded from further
analyses. Therefore, the avian community data used in
this study comprised 1194 samples belonging to 44
species and 26 families (Table 1). Specifically, we ana-
lysed data from: i) 368 individuals from three migra-
tory Paleo-African species found in Extremadura
(Delichon urbicum, Hirundo rustica, and Riparia riparia);
ii) 314 individuals belonging to three established
exotic bird species in the region (Amandava
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amandava, Estrilda astrild, and Euplectes afer); and iii)
512 individuals from 38 native bird species captured
in the same sampling areas as the exotic and migra-
tory species (Table 1).

Overall, 89 samples (7,41%, 95% C.l.: 6.06—9.13) were
positive to WNV by competition ELISA, while 72 sera
(6%, 95%C.l.. 4.78-7.57) were considered doubtful.
Micro-VNT confirmed WNV-specific antibodies in 32 sam-
ples (2,68%, 95% C.l.: 1.87—3.81) from 11 different spe-
cies (four of them reported for the first time in Europe),
including 11 females and 21 males (Table 2). All the
positive birds were adults, with the exception of one
juvenile male blue tit (Cyanistes caeruleus). Seropositive
birds were detected in all sampling areas (Figure 1).
Additionally, in 14 birds USUV specific antibodies were
also detected as part of a different survey (results
described in [51]). In 32 samples, it was not possible to
differentiate between WNV and USUV, remaining as
undetermined flaviviruses.

Migratory birds showed a positive association with
specific WNV antibodies (estimate 1.325, S.E. = 0.442,
z=299, df. = 2, p=0.003). Tukey post-hoc test
revealed that migratory species had a higher likelihood
of WNV exposure compared to both native (estimate
1.325, SE. = 0442, z=2.996, df. = 2, p=0.007) and
exotic (estimate 2.243, S.E. = 0.744, z=3.014, df. = 2,
p=0.007) birds (Figure 3). Furthermore, bird commun-
ities with higher phylogenetic diversity (higher
Evenness) exhibited lower exposure rates, although this
relationship was only marginally significant (Table 3).

The mosquito community data comprised 5859
female mosquitoes belonging to 12 species (Table 4).
The overall species composition and abundance were as
follows: 4508 Culex pipiens sl, 531 Cx. theileri, 298
Univittatus subgroup (consisting of both Cx. perexiguus
and Cx. univittatus found in the same sampling areas),
273 Aedes caspius, 90 Ae. vexans, 83 Anopheles atropar-
vus, 32 Culiseta longiareolata, 14 Cs. annulata, 13 Ae. pul-
critarsis, 10 Ae. berlandi, 4 Ae. geniculatus/echinuus, and 3
Cs. subochrea. The average species richness per month
and locality was six, with a range of four to ten species.
The mean mosquito diversity was 1.6, ranging from 1.4
to 1.7. Variables associated with the mosquito commu-
nity explained the most significant portion of the vari-
ance. Specifically, we found a positive relationship
between the abundance of vector competent species
and the number of birds with WNV-specific antibodies.
Conversely, mosquito species richness showed a nega-
tive association with the number of birds exposed to
WNV (Table 3).
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Table 1. Number of birds sampled and showing specific West Nile virus (WNV) antibodies by species in Extremadura, Spain.

Scientific name Family N° sampled N° WNV specific antibodies Prevalence of antibodies (%) Bird group
Amandava amandava Estrildidae 101 0 0.00 Exotic
Estrilda astrild Estrildidae 100 0 0.00 Exotic
Euplectes afer” Ploceidae 113 2 177 Exotic
Delichon urbicum Hirundinidae 222 21 9.46 Migratory
Hirundo rustica® Hirundinidae 47 0 0.00 Migratory
Riparia riparia® Hirundinidae 99 0 0.00 Migratory
Acrocephalus scirpaceus® Acrocephalidae 16 0 0.00 Native
Aegithalos caudatus® Aegithalidae 33 0 0.00 Native
Alcedo atthis Alcedinidae 6 0 0.00 Native
Carduelis carduelis® Fringillidae 1 0 0.00 Native
Chloris chloris Fringillidae 10 0 0.00 Native
Cettia cetti Cettiidae 49 1 2.04 Native
Cisticola juncidis® Cisticolidae 1 0 0.00 Native
Cyanopica cooki Corvidae 15 0 0.00 Native
Dendrocopos major® Picidae 1 1 100.00 Native
Erithacus rubecula Muscicapidae 1 0 0.00 Native
Ficedula hypoleuca Muscicapidae 7 0 0.00 Native
Fringilla coelebs® Fringillidae 5 0 0.00 Native
Galerida cristata® Alaudidae 1 0 0.00 Native
Hippolais polyglotta® Acrocephalidae 1 0 0.00 Native
Jynx torquilla® Picidae 1 0 0.00 Native
Lanius senato Laniidae 5 0 0.00 Native
Luscinia megarhynchos Muscicapidae 12 1 833 Native
Luscinia svecica® Muscicapidae 1 0 0.00 Native
Miliaria calandra® Emberizidae 9 1 1.1 Native
Oriolus oriolus Oriolidae 3 0 0.00 Native
Parus major Paridae 15 0 0.00 Native
Passer domesticus Passeridae 83 0 0.00 Native
Passer hispaniolensis® Passeridae 53 1 1.89 Native
Passer montanus Passeridae 1 1 9.09 Native
Petronia petronia® Passeridae 10 1 10.00 Native
Phylloscopus collybita Phylloscopidae 5 0 0.00 Native
Phylloscopus trochilus® Phylloscopidae 14 0 0.00 Native
Saxicola torquatus® Muscicapidae 3 0 0.00 Native
Serinus serinus Fringillidae 4 0 0.00 Native
Streptopelia decaoct® Columbidae 1 0 0.00 Native
Sturnus unicolour Sturnidae 3 0 0.00 Native
Sylvia atricapilla Sylviidae 28 0 0.00 Native
Curruca melanocephala® Sylviidae 16 0 0.00 Native
Cyanistes caeruleus Paridae 49 1 2.04 Native
Troglodytes troglodytes® Troglodytidae 6 0 0.00 Native
Turdus merula Turdidae 31 1 3.23 Native
Turdus philomelos Turdidae 1 0 0.00 Native
Upupa epops Upupidae 1 0 0.00 Native

9Species that have been detected with WNV-specific antibodies for the first time in Europe.
bSpecies that have been detected with WNV-specific antibodies for the first time in the Extremadura region.

Discussion

Nowadays many West Nile studies in Europe are focused
on raptors [62], but seroprevalence data in these birds
may be somewhat biased towards higher values due to
the convenience sampling method employed for these
species, primarily focusing on dead individuals, or speci-
mens admitted to wildlife rehabilitation centres [63].
This is why studies like this one conducted on natural
populations of wild birds, are highly relevant for under-
standing the potential circulation of the virus and the
species that may serve as reservoirs. We analysed 21
bird species not previously studied in the WNV
endemic region of Extremadura [15,16]. New reports of
presence of specific WNV antibodies in four bird spe-
cies potentially exposed to the virus in Europe were
also provided, enhancing overall knowledge in the field
(Table 1).

Migratory birds have been suggested to be exposed
to a more diverse parasite community than sedentary
species [64]. As a result, a higher seroprevalence would
be expected in these species since they are exposed to
the virus during the breeding season in Europe, but also
during the winter, when virus circulation is minimal or
absent in European latitudes. These birds migrate to
warmer African areas where the virus circulates endem-
ically [65]. This is in line with our results for the house
martin (Delichon urbicum), which showed a high sero-
prevalence. Conversely, the anticipated higher preva-
lence in long-distance migratory species due to their
exposure to a diverse parasitic fauna does not always
hold true [66]. Indeed, the lower pathogen prevalence
found in some migratory species could be related to the
limited one-year dataset and the negative effects of
WNV infection on bird survival [67], similar to the
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Table 2. Specific WNV antibody titres detected by micro-VNT in wild birds from Extremadura, Spain.

Species name Bird group Age Sex Locality WNV micro-VNT titre
Euplectes afer Exotic Adult Female Sagrajas 1:160
Euplectes afer Exotic Adult Male Sagrajas 1:40
Delichon urbicum Migratory Adult Female Botoa 1:320
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Female Botoa 1:80
Delichon urbicum Migratory Adult Male Botoa 1:640
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:160
Delichon urbicum Migratory Adult Male Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:160
Delichon urbicum Migratory Adult Male Botoa 1:20
Delichon urbicum Migratory Adult Female Botoa 1:20
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:80
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:160
Delichon urbicum Migratory Adult Female Botoa 1:40
Delichon urbicum Migratory Adult Male Botoa 1:80
Delichon urbicum Migratory Adult Female Botoa 1:80
Delichon urbicum Migratory Adult Male Botoa 1:80
Delichon urbicum Migratory Adult Male Botoa 1:20
Cettia cetti Native Adult Male Botoa 1:40
Cyanistes caeruleus Native Juvenile Male Asesera 1:20
Dendrocopos major Native Adult Male Rincon de Caya 1:40
Luscinia megarhynchos Native Adult Male Asesera 1:40
Miliaria calandra Native Adult Male Asesera 1:40
Passer hispaniolensis Native Adult Male Sagrajas 1:640
Passer montanus Native Adult Male Sagrajas 1:160
Petronia petronia Native Adult Male Asesera 1:20
Turdus merula Native Adult Male Gévora 1:40

75

WNYV seroprevalence (%)
o
>

25

0.0

Exotic Migratory Native

Figure 3. WNV Seropositive birds by habitat category. Groups with
significant differences (p <0.05), as determined by the Tukey test,
are denoted by distinct letters.

mortality associated to malaria infection previously
reported in the house martins [68]. Variations in WNV
transmission levels at the winter quarters of these spe-
cies from year to year might influence the seropreva-
lence of migrating species. Our findings regarding the

barn swallow (Hirundo rustica) and sand martin (Riparia
riparia) also supports this observation, suggesting the
presence of species-specific factors that affect the sero-
prevalence results.

Overall, the risk of WNV invasion into susceptible com-
munities upon arrival is considered low, mainly due to the
short viremia period (less than 7 days), which limits the
possibility of covering a distance of 2000 kilometres and
arriving in Spain with a viremia level sufficient to infect a
competent mosquito [38]. However, previous studies
have shown that viral RNA, and even infectious virus par-
ticles, can persist in the organs of WNV-infected birds,
highlighting an additional potential transmission pathway
[23]. This persistence raises the possibility of accidental
predation transmission, wherein native birds may become
infected by consuming migratory birds carrying the virus
from their place of origin [23,62]. Additionally, it is impor-
tant to note that the WNV lineages circulating in Spain are
not of African origin, as they have been present in the
country for over a decade [69] indicating that new intro-
duction events are not frequent. Therefore, migratory bird
species analysed in this study, which have coexisted with
WNV for a longer period, may have developed better
defences, rendering them more resistant to the virus. A
higher number of individuals with antibodies against the
disease could potentially indicate areas with high WNV
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Table 3. Results of the generalised linear mixed models (GLMMs) testing relationships between WNV exposure and
individual characteristics of the birds (sex, tarsus length, weight), phylogenetic diversity (evenness), abundance of
competent and no competent vectors and species richness of the mosquito community. Significant relationships

(p <0.05) are highlighted in bold.

Variables Estimate (+ S.E)) X df. z p
Intercept —3.079 (2.597) 0.813 1 —1.185 0.236
Bird Bird sex: female 0.000% 0.1 1 0.000% 0.000°
Bird sex: male 0.126 (0.395) 0319 0.750
Bird tarsus length 5.642 (4.023) 2.401 1 1.402 0.161
Bird weight 0.297 (1.831) 0.214 1 0.162 0.871
Bird evenness —3.655 (2.052) 3.256 —1.781 0.075
Mosquitoes Non-competent vector abundance —2.848 (2.066) 1.960 1 -1.379 0.168
Competent vector abundance 2.138 (1.010) 4.621 1 2.117 0.034
Mosquito richness —1.074 (0.294) 13.488 1 —3.655 <0.001
R 0.649

®Reference category.

Table 4. Mosquito species collected in each sampling locality, their vertebrate feeding preference and West Nile virus (WNV) vector

competence.

Vector species Asesera  Botoa  Gévora  Rincon de Caya  Sagrajas N total Feeding preference WNV competence
Aedes berlandi 10 0 0 0 0 10 Mammophilic [78,79] No [6]
Aedes caspius 1 12 68 173 19 273 Mammophilic / Ornithophilic [80,81] No [6]
Aedes geniculatus/echinus 0 4 0 0 0 4 Mammophilic / Ornithophilic [4] No [6]
Aedes pulcritarsis 13 0 0 0 0 13 Mammophilic [82,83] No [6]
Aedes vexans 1 1 82 6 0 90 Mammophilic [4] No [6]
Anopheles atroparvus s.s 9 6 9 58 1 83 Mammophilic [84] No [6]
Culex pipiens 495 437 1174 2375 27 4508 Ornithophilic / Opportunistic [80,81,84] Yes [6]
Culex theileri 21 55 172 278 5 531 Mammophilic / Opportunistic [80,81,84] No [6]
Univittatus subgroup 19 29 10 235 5 298 Ornithophilic / Opportunistic [81] Yes [6]
Culiseta annulata 2 2 6 3 1 14 Opportunistic [80,85-87] No [6]
Culiseta longiareolata 7 13 1 1 0 32 Ornithophilic [88] No [6]
Culiseta subochrea 0 1 2 0 0 3 Ornithophilic [89] No [6]
circulation in the environment, particularly in accurately verify both hypotheses, it would be necessary

Extremadura, a region with documented active virus cir-
culation []. However, it is important to note that we did
not identify the specific WNV lineage that has infected
these migratory birds, nor the location where the infec-
tion occurred. Unlike native bird species, where the pres-
ence of antibodies suggests local circulation of the virus,
in migratory birds, the origin of antibodies cannot be
definitively determined. However, we can confirm local
circulation of the virus in our study region during 2020,
thanks to the detection of specific antibodies in a juvenile
blue tit (Cyanistes caeruleus).

According to the Enemy Release hypothesis, which sug-
gests that exotic birds, during the colonisation process,
may leave some of their pathogens behind [36], the lower
susceptibility rates found in exotic birds compared to
native birds may be explained by the presence of two
sub-Saharan exotic species, Estrilda astrild and Euplectes
afer, and the Asian Amandava amandava. Although differ-
ences in seroprevalence rates among these groups did
not reach statistical significance, it is believed that by not
allocating resources and energy to combat these patho-
gens in the invaded areas, these species can utilise the
surplus for other functions [70], gaining a biological
advantage over native species they displace. However, to

to confirm the WNV infection status of these birds in their
original populations in Africa and Asia, which represent a
limitation of our study.

Additionally, it was observed that bird communities
with higher phylogenetic diversity demonstrated lower
exposure rates, underscoring the intricate relationship
between biodiversity and disease prevalence [71,72],
likely attributable to the presence of a greater number
of non-reservoir species [73]. By incorporating phylogen-
etic information, we account for the shared evolutionary
history among species, thus yielding more precise
results [24]. The use of an evenness metric provides
insights into the distribution of evolutionary relatedness
among coexisting species, considering not only species
number and diversity but also their relative abundances.
This approach is crucial in mitigating potential biases
and unintended correlations stemming from the phylo-
genetic similarity among bird species. However, it is
important to note that the birds sampled in our study
areas did not encompass certain key species involved in
WNV transmission, such as raptors [15]. This limitation is
primarily due to constraints in our sampling method,
which may impact the results concerning phylogenetic
diversity. As we move forward, considering the crucial



role of the ecosystem services that biodiversity provides
for public health and the need to enhance habitat pro-
tection [71,72,74], it becomes imperative to broaden our
bird species sampling to gain a more comprehensive
epidemiological perspective, thereby facilitating the
development of more effective disease control
measures.

Finally, mosquito species richness showed a negative
association with the number of birds exposed to WNV,
indicating that a higher diversity of mosquito species
may lead to a dilution effect on the transmission of the
virus among bird populations. This may suggest that in
areas where seropositive birds were found, there may
be many species that are less competent (e.g. Cx. theileri
or Ae. caspius, Table 4). This result was further supported
by the positive relationship observed with the abun-
dance of the competent vector of the virus, where a
higher abundance of Cx. pipiens and Univittatus sub-
group mosquitoes increase the transmission of WNV, as
already indicated in ecological niche modelling
approach [17]. Previous studies have already identified
the significant role of species belonging to the
Univittatus subgroup, such as Cx. perexiguus, in the epi-
zootic transmission of WNV in Spain [75] or for Cx. uni-
vittatus in Portugal [76]. These mosquito species are
commonly found in natural areas, breeding in stagnant
and ephemeral ponds, swamps, streams, and paddy
fields, particularly during late summer and autumn
when their abundance peaks [45]. However, the detec-
tion of both species in peri-urban areas in this study
makes it necessary to delve into their ecology, trying to
decipher if there are differences or preferences accord-
ing to habitats. This could help improve risk models as
well as focus efforts on specific areas. Conversely, Cx.
pipiens, which was the most abundant mosquito species
captured in our study, is well-known for its involvement
in the epizootic transmission of pathogens to humans
(Table 4) [77]. This species is typically found in urbanised
areas, utilising water bodies such as cemetery vases,
small clay pots, or water outlets for oviposition, and
their larvae are frequently encountered in human-made
water bodies [49]. These findings underscore the impor-
tance of targeted surveillance in areas with a higher
abundance of specific mosquito populations. Effective
protocols for vector control programs should be imple-
mented in the breeding environment of these Culex spe-
cies to mitigate the impact of WNV and to develop
comprehensive disease control strategies in the region.

To conclude, our study sheds light on the complex
interactions among avian hosts, mosquito vectors, and
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WNV transmission dynamics in the southwestern region
of Spain. It highlights the importance of prioritising tar-
geted surveillance for WNV in specific bird species and
directing efforts of local administrations towards the
breeding environments of competent mosquito species.
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