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Abstract: Neonicotinoids are insecticides used worldwide in phytosanitary and biocidal products and veterinary pharma-
ceuticals. Recently, some restrictions and bans have been imposed due to their adverse effects on nontarget invertebrates,
including pollinators. Although they may have direct and indirect effects on wild vertebrates, few studies have assessed
exposure to these compounds in wild birds, so our knowledge remains limited. In the present pilot study we have assessed
the prevalence of seven neonicotinoid insecticides and some of their metabolites in whole blood samples from 19 European
roller (Coracias garrulus) nestlings and five adult common kestrels (Falco tinnunculus) in an area treated with neonicotinoids
to control the palm weevil (Rynchophorus ferrugineus) in southeastern Spain. One European roller nestling born in a palm
tree was positive for thiamethoxam, with a concentration of 2.26 ng mL™", but no residues of neonicotinoids or their me-
tabolites were found in adult common kestrels. Future studies are needed to elucidate potential exposure to neonicotinoids
at different times of the year. To our knowledge, this is the first report of the presence of thiamethoxam residues in whole
blood of a wild bird species after its ban in Spain. Environ Toxicol Chem 2024;43:1836-1843. © 2024 The Authors. Envi-
ronmental Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION as is dinotefuran (European Commission, 2015). Thiacloprid
authorization expired in 2020, and it has not been renewed
(European Commission, 2020). Finally, nitenpyram has never
been approved in the European Union (European Commis-
sion, 2022). Currently, acetamiprid is the only neonicotinoid
authorized for outdoor phytosanitary use in the European Union
(European Commission, 2018a, 2018e). Although these regu-
lations are likely to decrease environmental exposure and,
therefore facilitate the recovery of affected species, the effects
of such bans still need to be evaluated using an integrative
approach. Such an evaluation is needed at the present time, due
to the divided opinions on this issue. It should be noted that
bans and restrictions of pesticides often open a new exposure
scenario, whereby approximately 30% of the products are
This article includes online-only Supporting Information. sold illegally (African, Caribbean, and Pacific Group of
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Neonicotinoids are systemic insecticides used in many pest
control products and applied by a variety of methods (Jeschke
et al., 2011), which has led to a widespread use worldwide
(Simon-Delso et al., 2015). Due to adverse effects on pollinators
(Goulson et al., 2018), in 2013 the European Union restricted
the use of imidacloprid, thiamethoxam, and clothianidin for
plant protection products (European Commission, 2013), and
currently their use is only allowed in permanent greenhouses
(European Commission, 2018b, 2018c, 2018d). However, these
compounds are still authorized for professional use as biocides,
for example, in Spain (Spanish Minister of the President, 2002),

medium, provided the original work is properly cited. JPA], 2018). This illegal trade is global, moving compounds to
"These authors contributed equally to this work. many countries, but mainly to developing ones. In fact, in 2018,
* Address correspondence to pilargomez@um.es the European Union published a resolution on the impact of the
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(wileyonlinelibrary.com). illegal trade in phytosanitary products, seeds, and other agri-
DOI: 10.1002/etc.5899 cultural inputs on the economies of the ACP countries (ACP-EU
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JPA, 2018), in an attempt to take action to stop it. In the case of
neonicotinoids, the permission for indoor use can be relevant,
because the products remain available at market, leaving an
open door for emergency authorizations. In fact, in 2020 and
2021, 11 European countries (including Spain) were granted
emergency use authorizations for neonicotinoids on sugar beet
(European Food Safety Authority, 2021). In addition, several
neonicotinoids are still authorized and marketed for veterinary
and biosanitary use, which means they are a source of exposure
to wildlife.

An increasing number of studies have proved the toxicity of
neonicotinoid insecticides to birds, causing immunotoxicity,
endocrine disruption, and neurotoxicity in game farm (Gul
et al., 2019; Siddiqui et al., 2007) and wild birds (Lopez-Antia
et al., 2013, 2015; Pandey & Mohanty, 2015). Such behavioral
impairments have adverse effects on body weight and migration
due to prolonged stopovers (Eng et al., 2019). Indirect effects
are related to a reduction in prey richness and abundance,
leading to food deprivation in insectivorous species (Hallmann
et al., 2014; Kuechle et al., 2022). Indeed, recent studies have
associated the decline of insectivorous birds with high concen-
trations of neonicotinoids in the environment (Hallmann
et al., 2014; Li et al., 2020).

Exposure of wild birds to neonicotinoid insecticides has been
commonly described in liver of granivorous birds feeding on
coated seeds (MacDonald et al.,, 2018; Millot et al., 2017).
However, insectivorous birds are also susceptible to neon-
icotinoid contamination when feeding on insects that have been
exposed to these compounds (Byholm et al., 2018; Humann-
Guilleminot et al., 2021). In predatory birds, the compounds
found are the more persistent ones, such as thiacloprid or imi-
dacloprid (Humann-Guilleminot et al., 2021; Taliansky-Chamudis
et al., 2017). More recently, residues have also been detected in
seabird feathers (Distefano et al., 2022).

In the southeast of Spain lies one of the most extensive
palm grove areas in Europe, declared a UNESCO World
Heritage Site because of its historical interest. However, since
2005, an outbreak of the palm weevil (Rynchophorus ferrugi-
neus) introduced by imported palm trees poses a significant
threat necessitating several measures, including the pre-
ventive use of neonicotinoids such as imidacloprid, thiame-
thoxam (most recommended to control this insect), and
acetamiprid (Dembilio & Jaques, 2012; Estevez et al., 2011;
Ferry & Gémez, 2007; José Javier Siglienza Murcia, Technical
Department Baobab Viveros S.L., personal communication,
May 30, 2022). Nevertheless, the risk of neonicotinoids
to wildlife inhabiting this area, particularly breeding birds,
has never been assessed. To study wild bird exposure
to imidacloprid, acetamiprid, thiamethoxam, and other
neonicotinoids, we conducted a pilot study in 2021 and 2022
using two species, the European roller (Coracias garrulus) and
the common kestrel (Falco tinnunculus). Some of the neon-
icotinoid metabolic transformation products were included to
facilitate their detection. These species were selected as
candidate sentinels due to their high insect consumption
during the breeding season and their occupation of palm
trees from different habitats, which may result in varying

exposure levels to neonicotinoids. The common kestrel
inhabits urban areas, and the European roller is found in
agricultural areas.

MATERIALS AND METHODS
Study species

The European roller is a medium-sized migratory bird that
breeds in the Iberian Peninsula, mainly from May to July. It
primarily feeds on insects and occasionally preys on small
rodents (Avilés & Parejo, 2002; Catry et al., 2019). Apart from
insects, nestlings also consume other organisms such as
spiders and gastropods (Avilés & Parejo, 1997). The common
kestrel is a small falcon, resident in the lberian Peninsula. Itis a
generalist predator that can feed on a wide variety of prey
such as insects, micromammals, reptiles, and small birds,
among others (Martinez-Padilla, 2016; Orihuela-Torres
et al.,, 2017). Both bird species are considered endangered
in Spain according to the National Red Book (Spanish Orni-
thological Society, 2021).

Study area

Our study area encompassed the city of Elche (Alicante
Province, Spain) and surrounding areas, which include El
Hondo Natural Park and Santa Pola salterns Natural Park, two
Special Protection Areas for Birds in southeastern Spain
(38°11'N 0°41'W; Figure 1). Apart from the palm groves in the
urban area, the landscape is composed mainly of irrigated
crops and palm and pomegranate trees, alternating with
natural patches of Mediterranean thermophilus scrubland,
and buildings. No greenhouses are found within a 10-km
radius of the study area.

Sample collection

During the study period, a total of 19 European roller nest-
lings (2021, n=7; 2022, n=12), approximately 20 days old, were
hand captured from seven natural nests located in the agricul-
tural areas south of the city of Elche in the surroundings of the
two Natural Parks. Adult kestrels (2021, n=3; 2022, n=2) were
captured in the field, in the palm groves of the urban area of
Elche, using Bal-Chatri traps baited with mouse (Autonomic
Government permits for capture N/Ref.: PM/10.589/vj). Because
this was a pilot study, the number of samples was limited, to
avoid unnecessary disturbance to the two endangered species,
and to obtain a first approximation of exposure to the pesticides.

In both species, blood samples (<500 L for kestrels and
300 pL for rollers) were collected from the brachial vein, using a
syringe and needle, and placed in an Eppendorf tube with
heparin as the anticoagulant, following the method described
by Espin et al. (2021) and the guidelines of the European
Union Directive (European Commission, 2010) for animal
experimentation (approved by the Ethical Committee for Animal
Experimentation at the University of Murcia; code 657/2020). Al
samples were immediately transported on ice to the laboratory
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FIGURE 1: Location of the study area in southeast Spain. Circles and triangles indicate the sampling sites for European rollers and common kestrels,
respectively. Percentages of land uses corresponding to each roller nest are shown beside the map.

within hours, where they were stored and preserved at —20°C
until analysis.

Sample preparation

All blood samples were thawed immediately before proc-
essing and homogenized by vortexing. The extraction technique
was performed according to the methods described by
Taliansky-Chamudis et al. (2017) and Rial-Berriel et al. (2020),
with slight modifications. Briefly, 500pL of 1% formic acid
(Probus®), in acetonitrile (Lab-Scan®) was added to each sample
(76150 pL of whole blood) in an Eppendorf tube and vortexed
for 30s, at 35 hertz (VX-200; LabNet). The samples were then
homogenized in an ultrasonic bath (Labsonic®) during 20 min
at room temperature. After this step, a combination of salts
consisting of 150 mg magnesium sulfate and 37.5mg sodium
acetate (SupelCo; Sigma-Aldrich) was added to each sample,
which was then vigorously shaken for 20s by vortex, then by
hand for 1 min, and finally centrifuged at 1538 g for 5 min. After
centrifugation, the supernatant was collected, filtered using a
syringe with a nylon filter (pore size 0.22 pm and diameter of
13mm), and then placed in a 2-mL chromatographic vial for
chromatographic analysis.

Neonicotinoid analysis

The vials containing the filtered supematant were sent to the
laboratory of the Instituto Murciano de Investigacion y Desarrollo
Agrario y Medioambiental, Murcia, Spain, under cold conditions
for processing using the technique described by Martinez et al.
(2022). Seven neonicotinoids (imidacloprid, thiamethoxam, thia-
cloprid, acetamiprid, clothianidin, dinotefuran, and nitenpyram)

and some of their transformation products (6-chloronicotinic acid,
hydroxy-imidacloprid,  imidacloprid-urea,  imidacloprid-olefin,
thiamethoxam-urea, thiacloprid-amide, acetamiprid-acetate, and
acetamiprid-desmethyl) were analyzed using an high-perfomance
liquid chromatography system (consisting of a vacuum degasser,
autosampler, and binary pump; Agilent Series 1200, Agilent
Technologies) equipped with a reversed-phase C8 analytical
column of 150x 4.6 mm and 5-pm particle size (Zorbax Eclipse
XDB-C8) and an Agilent G6410A triple quadrupole mass spec-
trometer equipped with an electrospray ionization (ESI) interface
operating in positive ion mode. The mobile phases A and B were
acetonitrile and 0.1% formic acid in water, respectively. The
gradient program started with 10% A, constant for 5min,
followed by a linear gradient to 100% A after 35 min. After this
35-min run time, 10 min of post run time followed using an initial
10% of A. The flow rate was held constant (0.7 mL min~") during
the entire process, and 10pL of sample was injected in every
case. Fragmentor voltages and collision energies applied to the
compounds, along with their retention times and their optimized
selected reaction monitoring transitions, are described in the
Supporting Information, Table S1. Calibration curves were ana-
lyzed by spiking the pesticides (imidacloprid, thiamethoxam,
thiacloprid, acetamiprid, clothianidin, dinotefuran, and ni-
tenpyram) at 0.5 to 20ngmL™" levels into blank blood samples
obtained from healthy hens (Gallus gallus domesticus) from the
Laboratory Animals Section of the University of Murcia, with au-
thorization code CEEA 177/2015, in three replicates. Linearity
was >0.9, limits of quantification were 0.5 ng mL™" for imidaclo-
prid, thiamethoxam, thiacloprid, acetamiprid and clothianidin,
5ngmL~" for dinotefuran, and 2 ngmL™" for nitenpyram; limits of
detection were 0.16ngmL™" for imidacloprid, thiamethoxam,
thiacloprid, acetamiprid, and clothianidin, 1.67 ngmL™" for
dinotefuran, and 0.67 ngmL™" for nitenpyram; recoveries ranged

© 2024 The Authors
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from 89% to 172%, except for nitenpyram, which was approx-
imately 30% at all the spike concentrations.

Study of land use composition

To determine the relation of land use composition in the
area of the sampled birds to the detection frequency and
blood concentrations of neonicotinoids, we studied the com-
position around nests. This analysis was carried out only for
European rollers, because all the kestrels sampled were
breeding adults captured within the city of Elche, and their
hunting territories are within the urban area, (no difference in
land composition among kestrels). We established a radius of
150 m around each roller nest as a surrogate of their home
range (Avilés & Costillo, 1998), and land use composition was
determined using CORINE Land Cover (European Environment
Agency, 2018) in QGIS 3.4 (QGIS Development Team, 2022).

RESULTS AND DISCUSSION

Neonicotinoid residues in European roller and
common kestrel

Among all the compounds analyzed, only thiamethoxam
was found in one European roller nestling, at a concentration of
2.26ng mL™" and a prevalence of 5% (n=19). No neon-
icotinoid residues or their metabolites were found in common
kestrel samples.

Despite this low prevalence, the mere fact of the detection
is remarkable, given the restricted use in agricultural areas.
Therefore, this finding may indicate the presence of other ne-
onicotinoids in the environment, specifically thiamethoxam,
3 years after its restriction by the European Union to the
in permanent greenhouses (European Commission, 2018b,
2018c, 2018d).

Although the route of exposure remains unknown, the most
likely scenario for the positive chick is the ingestion of prey
contaminated with thiamethoxam. These insects, provided by
the parents, would have been exposed via biocidal products,
illegal practices for phytosanitary uses, or environmental resi-
dues of thiamethoxam. As mentioned previously in the In-
troduction, this compound was considered very effective
against the palm weevil. Although the half-life of the molecule
in the environment varies depending on the type of applica-
tion, thiamethoxam is not expected to accumulate in the soil,
but to degrade in approximately 1 year (Hilton et al., 2016).
Ingestion of treated seeds is unlikely, not only because of the
regulatory restrictions, but also because of the insectivorous
diet of the European roller. However, the diet of nestlings may
be complemented with amphibians (Meschini et al., 2009) or
reptiles (Pérez-Garcia et al., 2022), and indeed, these preys
have been found to be exposed to neonicotinoids in the field
(Keller, 2021).

The absence of thiamethoxam in the two siblings of the
positive nestling can be explained by the rapid metabolism of
this compound (4h half-life), as observed in toxicokinetic
studies in Japanese quail (Coturnix japonica; Pan et al., 2022b).

Although thiamethoxam is quickly metabolized into clothia-
nidin (in less than 10 h), none of the samples contained residues
of this molecule, probably due to the similar rapid elimination
of the metabolite (Pan et al., 2022b). In addition, the rare oc-
currence of positive animals may indicate that their exposure to
thiamethoxam is sporadic rather than continuous.

This is one of the few reports of thiamethoxam detection in
whole blood samples from a free-ranging bird, as shown in
Table 1, a summary of research on thiamethoxam exposure
in wild birds. The concentration of thiamethoxam in our study
is similar to that found in cirl buntings (Emberiza cirlus;
Fuentes et al., 2023), and higher than in other wild bird species
(Table 1).

Although it was not possible to perform a statistical analysis
due to the low prevalence, it is noteworthy that the European
roller chick with thiamethoxam hatched in an area with a pre-
dominance of palm tree plantations (82.5% in the 150-m buffer
used as the home range proxy; Supporting Information,
Table S2). This is in contrast to the other nests, which were
surrounded by palm trees interspersed with other crops such as
olives, pomegranates, and/or abandoned crops and saline
vegetation fields (Supporting Information, Table S2). Therefore,
the predominance of palm trees in the habitat of the home
range used by the parents of the positive nestling could in-
crease the risk of exposure to the neonicotinoids used against
the palm weevil.

The absence of imidacloprid and acetamiprid in kestrels is
particularly noteworthy. These substances were used in the city
of Elche, mainly against palm weevil, until 2018 (imidacloprid
and thiamethoxam) and in 2018 to 2022 (acetamiprid; José
Javier Siglienza Murcia, Technical Department Baobab Viveros
S.L., personal communication, May 30, 2022). This could be
due to the time that had elapsed between treatments and
sample collection. In the year of the sampling, acetamiprid was
applied in February through tree injection and spraying in the
urban area of Elche (José Javier Siglienza Murcia, Technical
Department Baobab Viveros S.L., personal communication,
May 30, 2022), and kestrels were trapped in June. To our
knowledge, the toxicokinetics of acetamiprid in birds are un-
known. However, acetamiprid is expected to dissipate quickly
in the environment, with a dissipation half-life in water of 4 to
7 days, and a half-life in soil of 10 to 23 days, depending on
concentration and moisture (Pitam et al., 2013). For these
reasons, if sampling had taken place shortly after neonicotinoid
applications in the study area, there would have been some
residues in kestrels blood. On the other hand, negative results
do not imply an absence of exposure to neonicotinoids. As just
mentioned, the persistence of neonicotinoids in the environ-
ment varies among molecules and types of environments
(Bonmatin et al., 2015), and the current toxicokinetic literature
suggests a rapid metabolism in birds (Bean et al., 2019; Pan
et al., 2022b). Consequently, the exposure to neonicotinoids at
other times during their lifetime cannot be excluded. In this
sense, feathers may be useful because they can reflect the
exposure during the whole growth period, in contrast to
plasma or blood concentrations (Dauwe et al., 2005; Espin
et al., 2016; Humann-Guilleminot et al., 2019).
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TABLE 1: Overview of studies that investigated thiamethoxam exposure in wild birds

Species Thiamethoxam residues Matrix Reference
Rufous hummingbird (Selasphorus rufus) 1.47 ngmL™ Cloacal fluid Bishop et al. (2018)
Anna's hummingbird (Calypte anna)

Rufous hummingbird <LOD (0.063 ng mL™") Cloacal fluid Bishop et al. (2020)

Anna's hummingbird

Calliope hummingbird (Selasphorus calliope)

Black-chinned hummingbird (Archilocus
alexandri)

Sandwich tern (Thalasseus sandvicensis)

Mediterranean gull (Ichthyaetus
melanocephalus)

Northern bobwhite (Colinus virginianus)

Blackbird (Turdus merula)

Cirl bunting (Emberiza cirlus)

Common nightingale (Luscinia megarhynchos)

Gray partridge (Perdix perdix)

Montagu's harrier (Circus pygargus)
Anna's hummingbird

Black-chinned hummingbird
Tricolored blackbird (Agelaius tricolor)

House sparrow (Passer domesticus)

Alpine swift (Tachymarptis melba)

0.36+0.03ngg™’
0.16+0.02ngg™

<LOQ (0.50 ng 9’1)
<LOD (0.012 pguL™)
2.59+1.37ngmL™"
0.06 ngmL™"
23.73ngmL™"
1.64 +0.46ngmL™"
<LOD (0.012ng mL™
<LOD (0.74ngg™"

<LOQ (2.2ngg™")
<LOD (0.74ngg™"
<LOD (0.74 ng 94)

Organic farm: 0.10 £0.56 ng g™
Integrated production: 0.87 +2.77ng g™
Conventional: 3.48 +9.16ng g™’

<LOQ (0.03ngmL™)

Feathers (mean + SD)

Liver
Blood

Feather rinsate
Carcass
Feather rinsate
Carcass
Whole liver (carcass)
Feathers (mean + SD)

Distefano et al. (2022)

Ertl et al. (2018)
Fuentes et al. (2023)

Graves et al. (2019)

Graves et al. (2023)
Humann-Guilleminot
et al. (2019)

Barn owl (Tyto alba)
Wild turkey (Meleagris gallopavo silvestris)

110-160ng mL™

Feathers Humann-Guilleminot

Plasma et al. (2021)
Food boluses

Feathers

Liver (range) MacDonald et al. (2018)

Common kestrel (Falco tinnunculus) <LOD (0.80ng mL™) Blood Rial-Berriel et al. (2020)

Barn owl

Eurasian eagle owl (Bubo bubo) <LOQ (10ng mL™") Blood Taliansky-Chamudis
et al. (2017)

Northern bobwhite Scaled quail (Callipepla <LOQ (3.42ng g'1) Blood Turaga et al. (2016)

squamata)

<LOD = below the limit of detection; <LOQ = below the limit of quantification.

Risk assessment

The interpretation of concentrations of contaminants found
in wildlife is usually difficult. First, the toxicity of neonicotinoids
to the species under study remains unknown. In addition, the
50% lethal dose varies among bird species, including for thia-
methoxam (Addy-Orduna et al., 2019; Mineau & Palmer, 2013).
However, controlled exposure studies in Japanese quail found
that thiamethoxam can induce hepatotoxicity and oxidative
DNA damage at plasma concentrations of approximately 2 to
20ng mL™" (Pan et al., 2022a). Therefore, further field studies
should include biomarkers of effects to improve risk assess-
ment for these species.

Populations of both the European roller and the common
kestrel are declining in Spain (Spanish Ornithological So-
ciety, 2021). The main threats to the European roller are the
conversion and intensification of agricultural practices, hab-
itat degradation, the disappearance of nesting sites, and
the use of pesticides (Kovacs et al., 2008). For the common
kestrel, the current major threats have been the exposure
to pesticides, shooting, electrocution, collision with wind
turbines, and traffic accidents (Martinez-Padilla, 2016).
Neonicotinoid exposure may be contributing to this decline,

with an impact on their fitness, reproduction, and survival
(Eng et al., 2019).

CONCLUSIONS

This is the first study on neonicotinoid insecticides in the
European roller and the common kestrel in southeastern Spain
after their ban, to provide information on their prevalence in
wild vertebrate species. Thiamethoxam residues in whole
blood of a free-ranging bird are seldom reported, so our study
contributes to the limited research available. Further research is
required to elucidate the risk of exposure of wild birds to ne-
onicotinoids in the southeast of Spain, and might include
feathers, plasma, and faeces as matrices, monitoring different
age stages, including other insectivorous species, analysis of
biomarkers, and attempting to sample shortly after neon-
icotinoid application in the palm groves.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5899.
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