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HIGHLIGHTS GRAPHICAL ABSTRACT

e Fur-lined nests potentially expose birds
like blue and great tit to harmful
chemicals.

o All 103 nests tested contained fipronil
and most also contained imidacloprid
and permethrin.

e The most common insecticides in bird
nests are used as veterinary drugs.
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« 2to11 compounds find per nest, with an average of 6.3

* 100% of nests contained fipronil

« Higher pestici to mortality

R T Ve « Need to reassess environmental risk for pet veterinary drugs

ARTICLE INFO ABSTRACT

Editor: Elena Paoletti The environmental impact of insecticides used as ectoparasitic treatments for companion animals is not well
understood, since they are not subject to detailed environmental risk assessment. Many of these treatments

Keywords: include active ingredients such as fipronil and imidacloprid that are banned from agricultural use in the EU.

f‘?;onlll 'd These treatments are applied topically and can remain on the animal’s fur for an extended period of time. Birds

midaclopri

(adults, eggs, and nestlings) using fur as an inner layer for their nests have the potential of being exposed

izzﬁgm dermally to these chemicals. In this study, we collected 103 nests from blue and great tits, which were lined with
Flea fur. Using UHPLC-MS/MS, we detected 17 out of the 20 insecticides we screened for, with the number of in-

Great tit secticides detected per nest ranging from 2 to 11. Fipronil, imidacloprid, and permethrin were detected in 100 %,
89.1 %, and 89.1 % of samples, respectively. The average concentration of fipronil, imidacloprid and permethrin
were respectively 115.5 ppb, 376.3 ppb, and 231.1 ppb. Dinotefuran was found at the highest concentration of
7198 ppb in a single sample. Overall, a higher number of either dead offspring or unhatched eggs was found in
nests containing a higher number of insecticides, higher total concentration of insecticides or a higher concen-
tration of fipronil, imidacloprid or permethrin, suggesting that contact exposure of eggs to insecticides in nest
lining may lead to mortality and lower reproductive success. This highlights the need for a re-evaluation of the
environmental risks associated with use of these potent and persistent insecticides on companion animals.
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1. Introduction

The use of pesticides has been identified as a driver of declines in
global bird populations since the 1960s (Carson, 1962; Mineau and
Kern, 2023; Rigal et al., 2023). While the effects of pesticide exposure on
bird populations in arable land are well-documented, the environmental
impact of similar products used as ectoparasitic treatments for animals
remains less understood. Farm livestock and companion animals such as
dogs and cats are routinely treated with chemicals such as pyrethroids
(e.g., permethrin and cypermethrin) and avermectin insecticides (e.g.,
ivermectin). Other products, including neonicotinoid insecticides like
imidacloprid (banned as a plant protection product in the EU in 2018;
European Commission, 2018a,b) and the phenylpyrazole insecticide
fipronil (banned for agricultural use in 2013; European Commission,
2019), continue to be widely used for veterinary ectoparasitic treat-
ments for pets (Maddison et al., 2008; Rust et al., 2018; Tyler et al.,
2019). These chemicals are frequently applied topically, sometimes
monthly, in the form of shampoos, spot-on treatments, sprays, or
impregnated collars (Littlewood, 1999; Dryden et al., 2000; Plant and
Lewis, 2011). An estimated 80 % of dogs and 82 % of cats are treated
against fleas using an insecticide at least once per year (PDSA, 2019).
Considering the substantial populations of cats (10.9 million), dogs (10
million; PDSA, 2019), and livestock (163.1 million poultry, sheep, cattle
and pigs; DEFRA, 2023a) in the UK alone, there is clear potential for
substantial amounts of these chemicals to enter the environment. Total
sales provided by the UK’s Veterinary Medicines Directorate (VMD)
indicate that 27.4 t of fipronil and 33 t of imidacloprid have been sold for
companion animal parasite treatment since the 1990s (VMD, 2020a,b).
Residues from these chemicals can persist on an animal’s fur for
extended periods, potentially leading to their dispersion into the envi-
ronment through shedding, swimming, or direct contact with bedding
and other animals (Craig et al., 2005; Dyk et al., 2012). Birds may be
exposed to these insecticides as some species commonly collect animal
fur to use as the soft inner layer of nests (Collias and Collias, 1984).

Several studies show that neonicotinoid insecticides used in agri-
culture can have detrimental effects on bird health. This includes
reduced clutch size, eggshell thinning, and increased mortality in
various bird species (Mineau and Palmer, 2013; Sabin and Mora, 2022),
and significant navigation impairment in white-crowned sparrows with
imidacloprid (Zonotrichia leucophrys, Eng et al., 2017, 2019). Fipronil,
when ingested via treated seeds, can reduce egg fecundation rates in red-
legged partridges (Alectoris rufa; Lopez-Antia et al., 2015a). For pyre-
throids like permethrin and cypermethrin, relevant studies have pri-
marily focused on medicinal and ectoparasitic applications on poultry,
revealing signs of toxicity such as reduced body weight and anaemia in
broiler chicks (Gallus gallus domesticus; Sharaf et al., 2010). Additionally,
adult and nestling zebra finches (Taeniopygia guttata castanotis) exposed
to permethrin-treated nests exhibited impaired breeding success
(Bulgarella et al., 2020). Permethrin, along with other insecticides used
as parasitic treatment on livestock, was associated with potential
poisoning of bearded vultures (Gypaetus barbatus) in Spain, which could
have further negative effects on the vulture’s thermoregulation abilities
(Mateo et al., 2015).

A study conducted in the Netherlands (Guldemond et al., 2019)
identified 26 different insecticides, including imidacloprid and fipronil,
in samples collected from deceased great tit chicks (Parus major). If birds
are commonly exposed to these insecticides via contaminated fur used in
nest and if this exposure impacts offspring fitness, it could have signif-
icant implications for bird conservation and ecosystem function. This
study aims to assess the presence of insecticides in fur used for nest
building in two bird species, the blue tit (Cyanistes caeruleus) and great
tit (Parus major). Additionally, it investigates the potential impact of
these chemicals on nestling health by quantifying the number of un-
hatched eggs and dead chicks in the studied nests. To the best of our
knowledge, no previous studies have been performed to detect and
quantify veterinary ectoparasitic drugs in the fur used for nest-building
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and explored the potential associated effects in these bird species.

We hypothesise that the number of unhatched eggs and/or number
of dead chicks found will be higher in nests with higher concentration
and/or number of insecticides. This study aspires to assess future
research and policy efforts to mitigate the risks posed to wildlife by
veterinary parasiticides.

2. Methods
2.1. Sample collection and preparation

Volunteers, mainly from the ‘Nesting Neighbours’ Scheme, former
‘Nest Box Challenge’ at the British Trust for Ornithology (BTO), and
from the platform Twitter were sent a questionnaire (Supplementary S1)
containing information about how to safely collect the nests from their
garden nest boxes. Nests were collected by volunteers, across all the UK
(Supplementary S2) from September to October 2020 as it is only legal
to remove them during that period (Wildlife and Countryside Act, 1981).
This is to avoid any bird disturbance during the breeding season and
ensure that no active nest is disturbed.

We focus here on blue tits and great tits since the majority of nests
received were of these species. The two tit species are widely distributed
across the UK, with a population of about 3.4 million territories for the
blue tit, and 2.4 million territories for the great tit (BTO). For both
species the nest construction is conducted by the female alone in early
spring (April) and includes materials like thin twigs and moss as a base
layer and completed with a soft lining made of feathers, fur or wool
(BTO; Britt and Deeming, 2011).

We received 237 nests (168 blue tit nests and 69 great tit nests),
along with information such as species, urbanisation level (urban/rural,
based on the participants own definition), and number of unhatched
eggs or dead chicks if volunteers were monitoring the nest for the
Nesting Neighbour Scheme at BTO. The number of unhatched eggs and
dead chicks counted by volunteers were matched with the number of
unhatched eggs and dead chicks found when processing the nests in the
laboratory (the highest number of unhatched eggs and dead chicks was
the one kept). When no information about the number of unhatched
eggs or dead chicks was given by volunteers, they were considered as
missing values (i.e., NAs). Blue tit and great tit adults tend to clean up
the nests of any unhatched egg or dead chicks before the end of the
breeding season, when nests where collected. Thus we likely underes-
timate the actual number of unhatched eggs and dead chicks of the
studied nests. We also asked volunteers if they owned pets and, if so, if
they treated them against fleas and ticks.

We also considered the presence of livestock within a 200 m radius of
the collected nests, to ensure that it would be within close vicinity of the
nest boxes, within the territory of blue and great tit, and known by the
volunteers. Catalan et al. (2011) found that blue tits had a mean territory
size ranging from 0.95 to 1.2 ha, while Naguib et al. (2022) found that
great tit had a mean territory size ranging from 0.36 to 7,47 ha, so a 200
m radius should comfortably include the entire territory of both species.
In addition, volunteers could leave a comment with any further
information.

The whole of the fur used as the inner layer of blue and great tit nests
was then collected, cleaning any tools used between each nest with
acetone to avoid crossed contamination between samples. After mixing
the total fur collected in nests, in order to homogenise the potential nest
concentration, twenty-five mg (4+2.5 mg) of fur was needed for the
analysis, to enable accurate quantification of insecticide residues, which
left us with a total of 103 nests (64 blue tit nests and 39 great tit nests),
out of which 62.1 % were from rural areas and 37.9 % from urban areas.

While it is possible for blue tits and great tits to have a second brood,
this is not a common occurrence in the United Kingdom (UK), therefore
we assume the nests were used only once by birds.
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2.2. Insecticide selection

The selection of monitored insecticides was based on the following
criteria: 1) insecticides identified as commonly used as ectoparasitic
treatments in the studied area (imidacloprid, fipronil, dinotefuran,
nitenpyram, permethrin, cypermethrin, ivermectin, chlorpyrifos, and
deltamethrin), and 2) availability of analytical methods at the testing
facility (Neuchatel Platform of Analytical Chemistry, Faculty of Sci-
ences, University of Neuchatel). Since a protocol for other neonicotinoid
insecticides (e.g., thiamethoxam, clothianidin, acetamiprid and thia-
cloprid) and some of their metabolites had already been developed at
the facility used, we included them in the study. In total, 15 insecticides
(including the 9 most widely used as ectoparasitic treatments) and 5
metabolites were monitored (Supplementary S3).

2.3. Chemicals analysis

The solvents and additives used for Ultra-High Performance Liquid
Chromatography coupled with Mass Spectrometry (UHPLC-MS/MS)
consisted of Biosolve’s LC-MS grade methanol, Biosolve’s ULC-MS grade
acetic acid and ammonium acetate, and milli-Q water. HPLC grade
acetonitrile was utilised for sample preparation. The QUEChERS salts
(Kammoun et al., 2019) employed were provided by Sigma-Aldrich,
while the C18 sorbent was from ZeoChem. Standards of most of the
insecticides were procured from Sigma-Aldrich, while sulfoxaflor was
purchased from Clearsynth, fipronil and chlorpyrifos from Toronto
Research Chemicals, and fipronil-sulfide from Honeywell. The isotopi-
cally labelled pesticides used as internal standards were: thiamethoxam-
d3, clothianidin-d3, imidacloprid-d4, acetamiprid-d3, and thiacloprid-
d4 were purchased from CDN Isotopes, while dinotefuran-d3 were ob-
tained from EQ Laboratories GmbH, nitenpyram-13C-d3 from Alsachim,
and Fipronil-13C3, cypermethrin-d5, -d5, and permethrin-d5 from
Sigma-Aldrich, and chlorpyrifos-d10, and ivermectin-d2 from Toronto
Research Chemicals.

2.3.1. Sample extraction

The method for preparing fur samples was adjusted from prior
research (Kammoun et al., 2019; Bonmatin et al., 2021). Initially, the fur
sample was finely cut and approximately 25 mg of material was put into
a 2 mL microcentrifuge tube. Two 5.6 mm UFO beads were added, and
the samples were ground for 8 min using a Retsch MM400 tissue lyser at
27 Hz. A combination of 1 mL of acetonitrile (ACN) and 25 pL of internal
standard solution, containing isotopically labelled insecticides at a
concentration of 40 ng/mL in ACN (except imidacloprid-d4 at 8 ng/mL,
and ivermectin-d2 at 80 ng/mL) was added. The tube was then agitated
in the tissue lyser for 4 min at 30 Hz. Upon centrifugation, the super-
natant was transferred to a 5 mL Eppendorf tube containing 1 g of a
QuEChERS salt mixture. To the initial tube containing the fur pellet, 700
pL of ACN was added, and the tube was agitated again for 4 min at 30 Hz.
The tube was centrifuged again, and both supernatants were combined
in the 5 mL Eppendorf tube. Then, 1.6 mL of water was added, and the
tube was vigorously hand-shaken for about a minute. The tube was
centrifuged at 6000 rpm for 5 min and the top phase was collected and
added to a 2 mL tube containing 45 mg of MgSO4 and 35 mg of C18
sorbent. The tube was agitated for about 30 s, centrifuged, and the su-
pernatant was transferred to a new 2 mL tube. The tube was partially
evaporated in a centrifugal evaporator at 5 °C until a residual volume of
50-100 pL was left. Next, 100 pL of 50 % ACN was added, the tube was
vortexed for 10 s, ultrasonicated for 1 min, centrifuged, and the super-
natant placed in a 0.2 mL PCR tube to be centrifuged again. Finally, the
supernatant was transferred to an HPLC vial fitted with a conical insert
and stored at —20 °C until analysis.

2.3.2. Sample analysis
A total of fifteen insecticides and five of their metabolites were
analysed by UHPLC-MS/MS, using an Acquity UPLC I-Class (Waters)
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coupled to a TQ-XS triple quadrupole mass spectrometer (Waters). The
separation was carried out at a flow rate of 0.4 mL/min using a Kinetex
PFP column (75 mm x 2.1 mm i.d., 2.6 pm particle size) from Phe-
nomenex, maintained at 55 °C. The mobile phases were Hy0 + 0.05 %
acetic acid and 1 mM ammonium acetate (A) and methanol (B). The
gradient program used was: 2-100 % B in 7 min, holding at 100 % B for
1.5 min, and re-equilibration at 2 % B for 2.5 min. The injection volume
was 2 pL. The triple quadrupole was operated in both positive and
negative electrospray ionization using fast polarity switching, and the
multiple reaction monitoring (MRM) mode was employed. Source pa-
rameters were as follows: capillary voltage +3 kV/-1 kV, source tem-
perature 150 °C, desolvation gas flow and temperature 1000 L/h and
450 °C, respectively, and cone gas flow 350 L/h. The system was
controlled by Masslynx 4.2 (Waters) and the data were processed in
TargetLynx (Waters). A 6-point calibration curve (0.01, 0.05, 0.1, 1, 5
and 20 ng/ml) and two blanks were prepared for each batch of samples,
and a quality control (QC) standard mixture (1 ng/mL of all pesticides
plus isotopically labelled internal standards) was run every 20 samples.
Samples that exceeded the calibration curve range were diluted 20-fold
and remeasured. A recovery experiment was performed by spiking blank
feathers (n = 5) with all insecticides at 10 part per billion (ppb), which
provided accuracies between 80 and 120 % and coefficients of variation
below 15 % for all insecticides. The limits of detection (LODs) for the
method ranged from 0.03 to 2.67 ppb (or ng/g of fur), while the limits of
quantification (LOQs) ranged between 0.08 and 8 ppb. The specific LOD
and LOQ for each insecticide are given in Supplementary S3.

2.4. Statistical analysis

We used generalised linear models (GLMs) with a Poisson Distribu-
tion. Dependent variables we investigated included: the number of dead
chicks; unhatched eggs; dead offspring (sum of unhatched eggs and dead
chicks per nest). We chose to use separate models as the total concen-
tration of compound was highly correlated with the permethrin con-
centration (correlation coefficient of 0.82), moderately correlated with
fipronil concentration (correlation coefficient of 0.41) and low corre-
lation with imidacloprid concentration (correlation coefficient of 0.27).
In more detail, the first model included the following independent
variables: the number of insecticides (defined as the total number of
insecticides, including metabolites, found per nest), the total concen-
tration of insecticides (defined as the sum concentration of all in-
secticides, including metabolites, found per nest), urbanisation level
(urban or rural), and all relevant interactions (Supplementary S4). The
second model included the following independent variables: the con-
centration of the 3 most prevalent insecticides (fipronil, imidacloprid
and permethrin; Supplementary S4). The most suitable model for each
response variable was established using a stepwise approach, by suc-
cessively removing the least significant predictors from the complete
model, starting with interactions and followed by single terms. In
addition, we used a Pearson’s Chi-square test to see if the presence of
pets or livestock was associated with habitat type (urban or rural) and
GLMs to see if either the number of compound or the total concentration
of compound found per nest was significantly different between (i) blue
tit and great tit nests or (ii) urbanisation level.

3. Results

Out of 103 nests received, 62.1 % were blue tit nests, and 37.9 %
were great tit nests, with 62.5 % of blue tit nests and 61.5 % of great tit
nests found in rural areas (Supplementary S2). Additionally, among
volunteers that provided nests, 54.4 % owned at least one dog or cat, and
83.9 % of these pets received an ectoparasitic treatment (e.g., spot-on
treatment, collar, tablets). We found that 20.71 % of the surveyed vol-
unteers treated their pets as often as monthly, while <5 % treated their
pets less frequently (e.g., every two months, 3 times a year, or twice a
year) all reported in <5 % cases. Furthermore, 51.5 % of nests were
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located within 200 m of farms with livestock. However, no significant
association was found between the presence of pets or livestock and
urbanisation levels.

3.1. Insecticide residues

Of the 15 insecticides and 5 metabolites that were screened, 17 were
detected in the nests, with all parasiticides except nitenpyram detected.
All 103 nests contained detectable insecticide residues in their fur lining,
with a minimum of 2 and a maximum of 11 insecticides found in indi-
vidual samples (average: 6.3 insecticides per nest). The total concen-
tration of insecticides ranged from 0.83 ppb to 11,043 ppb, with an
average of 899 ppb.

No significant differences were found for the number of compound or
total concentration between blue tit and great, nor between urban and
rural habitat.

The three active substances with the highest concentrations found
across fur samples were all anti-parasitic substances used either on
companion animals or livestock: dinotefuran (7198 ppb), permethrin
(6274 ppb), and cypermethrin (4260 ppb; Table 1).

The top three insecticides with the highest percentage of samples
above the LOQ (Limit of Quantification) were fipronil, imidacloprid, and
permethrin. Fipronil was present in 100 % of samples for both bird
species, with the highest concentration at 2104 ppb. Imidacloprid was
quantified in 89.1 % of blue tit nests and 87.2 % of great tit nests above
the LOQ, with a maximum concentration of 3372 ppb. Permethrin was
found over the LOQ in 89.1 % and 84.6 % of blue tit and great tit nests,
respectively (Table 1). For the metabolites, fipronil sulfone was present
in 85 % of samples at level above the LOQ.

Other insecticides monitored were less frequently quantified, with
thiacloprid, fipronil sulfide, desnitro-imidacloprid, and imidacloprid-
olefin found in approximately 30 % of samples, acetamiprid, cyper-
methrin and deltamethrin quantified in approximately 10 % of samples,
ivermectin, clothianidin, chlorpyrifos in <5 % of samples, and finally
dinotefuran, thiamethoxam and desmethyl-acetamiprid with only one
sample containing a quantifiable concentration (Table 1).

3.2. Unhatched eggs, dead chicks, and dead offspring
When considering both bird species together, a significant interac-

tion was found between total insecticide concentration in nests and
urbanisation, with a higher number of dead offspring in nests from

Table 1
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urban areas when exposed to higher insecticide concentrations (z-val-
uegr—99) = 3.29, p < 0.01, Fig. 1a, Table 2). A similar result was found
when considering the number of unhatched eggs found in all nests
samples (z-valuegr—29) = 2.17, p < 0.05, Fig. 1b, Table 2).

In great tit nests alone, we found that the number of dead offspring
was significantly higher in nests containing a higher total concentration
of insecticides (z-values—36) = 3.22, p < 0.01, Fig. 2, Table 2). A similar
tendency could be observed for the number of unhatched eggs in great
tit nest (Table 2). The number of great tit dead offspring also tended to
be higher when a higher number of compounds were detected in nests
(Table 2).

The number of dead chicks, overall, was not influenced by any of the
variable included in the models (Table 2). This was also the case for blue
tit nests when considered separately.

When looking at the influence of the concentration from the top
three insecticides found in nests for bird species combined, we found
that the number of dead offspring was significantly higher with a higher
concentration of fipronil found in nests (z-valueqs—101) = 4.55, p <
0.001, Fig. 3a, Table 3). The number of unhatched eggs was higher in
nests where a greater concentration of imidacloprid alone was found (z-
valueg—2¢) = 2.88, p < 0.001, Fig. 3b, Table 3). The number of dead
chicks showed a tendency to also be higher when a higher concentration
of imidacloprid was found in all nests (Table 3).

When looking at great tits alone, we found that the number of dead
offspring were higher in nest where fipronil concentration (z-val-
uegr—31) = 2.79, p < 0.011, Fig. 3a, Table 3) and imidacloprid concen-
tration (z-valuer—31) = 2.05, p < 0.05, Fig. 3¢, Table 3) was greater.
While the number of great tit unhatched eggs were higher when a higher
permethrin concentration was found in nests (z-valuer—151) = 2.1, p <
0.0, Fig. 3d, Table 3). No significant relationship was found between the
number of great tit dead chicks and the specific compound concentra-
tion (Table 3).

When looking at blue tit nests alone, we found a tendency for the
number of dead chicks to be higher in nest where higher imidacloprid
concentration was found (Table 3).

4. Discussion

This study assessed insecticide residues in fur samples used as nest
lining in blue tit and great tit nests with a focus on anti-parasitic drugs
used in veterinary medicine. All the 103 tested nests contained detect-
able insecticide residues. We found an average of 6.3 insecticides per

Insecticides found in nests per species (blue tit and great tit), alongside the among of samples (N), corresponding percentage of samples with concentration over the
Limit of Quantification (% > LOQ), maximum concentration (max CO), median concentration (median CO), average concentration (average CO) + Standard Error

(+£SE), all given in part per billion (ppb).

Blue tit (N = 64)

Great tit (N = 39)

Compound N % > LOQ Max CO Median CO Average CO (£SE) N % > LOQ Max CO Median CO Average CO (£SE)
Fipronil 64 100 1368.47 0.65 86.85 (29.55) 39 100 2103.64 8.24 162.39 (71.41)
Imidacloprid 57 89.06 3372.17 33.18 367.84 (94.99) 34 87.18 2376.05 43.45 390.48 (121.18)
Permethrin 57 89.06 6274.16 47.26 268.84 (121.62) 33 84.62 2324.7 38.58 165.85 (165.85)
Thiacloprid 24 37.5 2.61 0.41 0.55 (0.12) 10 25.64 0.75 0.25 0.31 (0.06)
Acetamiprid 12 18.75 22.59 0.41 2.36 (1.84) 5 12.82 1.54 0.13 0.44 (0.28)
Cypermethrin 11 10.94 4260.03 105.03 630.81 (390.95) 6 5.13 200.87 46.49 81.82 (32.09)
Deltamethrin 6 9.38 127.51 2.55 23.56 (20.79) 3 7.69 16.94 1.92 6.92 (5.01)
Ivermectin 2 3.13 130.34 121.17 121.17 (9.18) 2 5.13 1185.98 598.04 598.04 (587.95)
Clothianidin 2 3.13 0.97 0.83 0.83 (0.15) 0 - - - -

Chlorpyrifos 1 1.56 1.01 - - 1 1.56 1.21 - -
Thiamethoxam 1 1.56 0.34 - - 0 - - - -

Dinotefuran 1 1.56 7198.31 - - 0 - - - -

Fipronil sulfone 56 87.5 1598.93 8.01 100.27 (39.74) 32 82.05 635.9 12.43 84.98 (29.49)
Fipronil sulfide 35 54.69 14.59 1.24 2.66 (0.61) 19 48.72 29.7 1.52 4.73 (1.8)
Desnitroimidacloprid 27 42.19 38.43 3.54 8.25 (1.97) 21 53.85 81.25 4.61 16.16 (5.16)
Imidacloprid-olefin 18 28.13 49.72 6.27 11.22 (2.93) 13 33.33 24.46 4.18 10.54 (10.54)
Desmethyl-acetamiprid 1 1.56 0.12 - - 0 - - - -

% > LOQ: percentage of samples with a concentration above the LOQ; max CO: maximum concentration (part per billion); median CO: median concentration (ppb);

average CO: average concentration + Standard Error (ppb).
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Fig. 1. Effects of urbanisation. a) The number of dead offspring in function of the total concentration of insecticides (part per billion) found the nests of both blue tit
and great tit according to their surrounding habitat type (in blue are urban habitat, in purple are rural habitat); b) The number of unhatched eggs in function of the
total concentration of insecticides (part per billion) found in the nests of both blue tit and great tit according to their surrounding habitat type (in blue are urban
habitat, in purple are rural habitat). For visual clarity, the points are jittered, and the regression line was derived from the intercept and slope of the robust
generalised linear model.

Table 2

Summary of the robust generalised linear models looking at the influence of urbanisation, total number of insecticides and total concentration of insecticide found in
nests, either on the number of dead chicks, unhatched eggs or dead offspring found in nests either for both species pooled (blue tit and great tit), blue tit and great tit.
SE: standard-error, in bold are the p value above the 0.05 threshold.

All species

Variables Number of dead =~ Number of unhatched eggs Number of dead offspring
chicks
No significant df Slope estimates zvalue pvalue df Slope estimates zvalue  pvalue
output (SE) (SE)
Urbanisation (urban) 29 —3.6e-02 (3e-01) —0.12 0.09 99 —2.4e-05 (2e-01) —1.22 0.22
Total compound concentration (ppb) 29 —2.9e-05 (8e-05) -0.36 0.72 99 4.3e-05 (4.1e-05) 1.03 0.3
Total compound concentration (ppb) x urbanisation 29  2.8e-04 (1.3e-04) 217 0.03 99  3.1e-04 (9.4e-05) 3.29 0.001
(urban)
n = 33, robustness weight: 27 downweighted n = 103, robustness weight: 27 downweighted
Great tit
Variables Number of dead chicks Number of unhatched eggs Number of dead offspring
No significant output df Slope estimates (SE) z value p value df Slope estimates (SE) z value p value
Total number of compounds 36 1.4-e-01 (8e-02) 1.84 0.06
Total compound concentration (ppb) 12 1.8e-04 (9.2e-05) 1.95 0.05 36 2.6e-04 (8e-05) 3.22 0.001
n = 14, robustness weight: 1 downweighted n = 39, robustness weight: 13 downweighted
Blue tit

no significant output

Full model: interest variable ~ total number of compound + total concentration of compound + urbanisation + total number of compound x urbanisation + total
concentration of compound x urbanisation; df: degree of freedom; SE: standard Error; robustness weight: x observations had to be downweighted (outliers) from the
total number of observations.

nest, with the highest concentration reaching up to 7198 ppb (or ng/g of insecticides in nests, and that the number and total concentration of
fur), and fipronil being present in every nest. insecticides found in nests, along with the concentrations of fipronil,
The study reveals that nesting birds are commonly exposed to imidacloprid, and permethrin when considered separately, predicted a
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great tit

total insecticide concentration (ppb)

Fig. 2. Effects on great tit nests. The number of dead offspring found in great tit nests in relation to the total concentration of insecticides found, in parts per billion.
For visual clarity, the points are jittered, and the regression line was derived from the intercept and slope of the robust generalised linear model.

higher number of unhatched eggs and/or dead offspring for both bird
species together or great tits alone. Adult birds, eggs, and chicks may
come in direct dermal contact with these active substances via contact
with the inner nest lining made of treated fur. Birds may also ingest these
substances while handling and transporting treated fur during nest
building and preening behaviour (Jaspers et al., 2004).

Our results are not only relevant to the species studied here.
Although not all bird species use fur for nest building, a substantial
number do, especially cavity-nesting species. Previous research found
that 74 % of studied woodland bird species in central Europe incorpo-
rated fur into their nests, often from roe deer (Capreolus capreolus), and
occasionally from humans, horses, and dogs (Harnicarova and Adamik,
2016). The fur used in the studied nests is also likely to be a mix of
animal fur, whether wild, domestic or human, but this was not analysed
here. In addition, Dyk et al. (2012) found that the concentration from fur
analysed from dogs treated with Frontline® (main active ingredient
fipronil) varied depending on where the fur was collected on the dog’s
body, with concentrations higher at the neck and back of the dog
compared to the rump and side of the animal.

The acute dietary toxicities of the studied insecticides have been
tested mainly on big bird species like mallard ducks (Anas platyrhynchos)
and may not accurately represent the toxicity to smaller bird species
with differences in behaviour and ecology (Luttik et al., 2005; Gibbons
etal., 2015; Tassin de Montaigu and Goulson, 2020). In addition, dermal
exposure to insecticides in birds has been poorly studied and is, to this
day, not something that is considered during pesticide risk assessment in
Europe (EFSA, 2023). Therefore, it is not possible to assess whether we
would expect the concentrations of insecticides found in nests in our
study to harm eggs or chicks.

Overall, our results show that no sample was free from insecticides,
with fipronil detected in all samples at concentrations above the LOQ.
Fipronil’s use in agriculture has been restricted, and it is no longer

authorized for use on crops in the UK (DEFRA, 2023b). However, it is
still allowed as a veterinary drug for companion animals (e.g., Front-
line®) and occasionally for livestock (Ectonil®). Fipronil has been
associated with adverse effects on birds, including reduced levels of sex
hormones in Japanese quails (Coturnix japonica; Khalil et al., 2017), and
reduced immune responses in red-legged partridges (Alectoris rufa;
Lopez-Antia et al., 2015a).

Imidacloprid, another source of contamination in this study, was
banned from agricultural use in the European Union (EU) in 2018 and is
now only used to treat flea infestation in companion animals (e.g.,
Advocate®), strongly suggesting that this is the source of contamination.
Exposure to imidacloprid has been linked to adverse effects in birds,
causing mortality following consumption of treated seeds (Millot et al.,
2017), with sublethal doses leading to reductions in clutch size and
delayed laying date in red-legged partridges (Lopez-Antia et al., 2015b).

With the levels of fipronil and imidacloprid found in nests, there is a
notable parallel with recent findings from Perkins et al. (2021). The
authors found fipronil and imidacloprid in 98.5 % and 65.9 % in
freshwater samples across the UK with many of the studied site
exceeding their respective legal chronic toxicity limits. The authors also
emphasize that the levels observed likely originated from their veteri-
nary use on dogs and cats.

Permethrin, although banned from agricultural use since 2003, is
still used as an anti-parasiticide, primarily against mites, flies, or lice in
various livestock animals. Although less studied, it has also been asso-
ciated with adverse effects on birds, including reduced body weight in
chicken embryos and morphological abnormalities (Andleeb et al.,
2014, 2018).

The three most frequently found insecticides here are primarily used
as ectoparasitic treatments for companion animals and livestock and
have all been banned from arable agricultural use in Europe and the UK.
Nonetheless, Diepens et al. (2023) found evidence of transfer from
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Fig. 3. Effects from fipronil, imidacloprid and permethrin. a) The number of dead offspring as a function of the fipronil concentration (part per billion) found in nests
from both species (dark blue) or great tit nests alone (light blue); b) The number of unhatched eggs as a function of the imidacloprid concentration (part per billion)
found in both species nests; ¢) The number of dead offspring as a function of the imidacloprid concentration (part per billion) found in great tit nests; d) The number
of unhatched eggs as a function of the permethrin concentration (part per billion) found in great tit nests. For visual clarity, the points are jittered, and the regression
line was derived from the intercept and slope of the robust generalised linear model.

ectoparasitic-treated dogs to the environment, this included levels found
in the fur, urine and water after the dogs swam in, with some levels
exceeding water quality standard in the Netherlands. Furthermore,
fipronil concentration of brushed dog hair was found to be between
52,000 and 610,000 ng/g 24 h after the topical application of Front-
line® and were found to between 190 and 250,000 ng/g four weeks after
the application (Dyk et al., 2012).

Moreover, about 6 to 7 months (from April to October) separates the
nests being built to when they were collected for analysis, during which
time pesticide concentrations are very likely to have declined. Thus, our
data underestimate the concentration which eggs, chicks and parents
were exposed to during the breeding season. And yet, the concentration
found in the nest lining, at least for fipronil, fall within the range of
concentration found on dogs 4 weeks after being treated with Front-
line®. Furthermore, the highest concentration found was for dinote-
furan, another product primarily used as ectoparasitic treatment for
companion animal in Europe. It is commonly combined with the pyre-
throid insecticide permethrin, which was also present in the same
sample at a concentration of 3181 ppb (e.g., VECTRA 3D® and
VECTRA®).

This confirms that veterinary drugs are the most likely source of
contamination in the studied nests. Conceivably there may still be illegal
applications of old products such as imidacloprid in arable agriculture,
or persistence in the environment since legal applications ceased, which

may contaminate waterways. Permethrin is used in domestic fly spray
(Jiang et al., 2013), and fipronil in domestic ant baits. In addition, there
are certain limitations in distinguishing between internal exposure (e.g.,
blood capillaries at the hair follicle) and external exposure (e.g.,
airborne dust, rain; Yusa et al., 2015).

The study’s most concerning findings are related to the potential
impact on the reproductive fitness of great tits, as evidenced by the
number of unhatched eggs, or dead offspring in nests. It is important to
note that the offspring mortality recorded in nests is likely under-
estimated and could also be due to other factors than the presence of
insecticides in nests. Deeming (2003) found that the average hatch-
ability of 231 bird species was of 72 % (ranging between 25 and 100 %).
While changes in climate and food availability were shown to have a
significant impact of incubation behaviours and hatching, fertility,
embryonic mortality and predation could also be the cause of the mor-
tality observed here (Deeming and Du Feu, 2011).

In addition, no results were significant for blue tits. While ecologi-
cally similar, the blue tit and great tit are not as closely related as pre-
viously thought (Gill et al., 2005) and do present some differences in
nest construction. Alambiaga et al. (2020) found that blue tits tended to
use more bark and feathers in their nests, while great tits seemed to
generally use fewer feathers but more hair and fur. This could poten-
tially explain the differences between the two species we observed in our
results.
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Summary of the robust generalised linear models looking at the influence of the concentration of fipronil, imidacloprid or permethrin found in nests, either on the
number of dead chicks, unhatched eggs or dead offspring found in nests either for both species pooled (blue tit and great tit), blue tit and great tit. SE: standard-error, in

bold are the p value above the 0.05 threshold.

All species

Variables Number of dead chicks Number of unhatched eggs Number of dead offspring
df Slope estimates z p df  Slope estimates z p df Slope estimates z p value
(SE) value value (SE) value value (SE) value
Fipronil concentration (ppb) 101 6.5e-04 (1e-04) 4.55 5.35e-
06
Imidacloprid concentration 46 2e-04 (1e-04) 1.8 0.06 28  4.4e-04 (1.5e-04) 2.88 0.004
(ppb)
n = 48, robustness weight: 6 downweighted n = 30, robustness weight: 4 downweighted n = 103, robustness weight: 20 downweighted
Great tit
Variables Number of dead chicks Number of unhatched eggs Number of dead offspring
No significant output df Slope estimates (SE) z value p value df Slope estimates (SE) z value p value
Fipronil concentration (ppb) 31 4e-04 (1e-04) 2.79 0.005
Imidacloprid concentration (ppb) 31 2e-04 (1e-04) 2.05 0.03
Permethrin concentration (ppb) 11 le-03 (6e-04) 2.1 0.03

n = 13, robustness weight: 2 downweighted

n = 34, robustness weight: 17 downweighted

Blue tit

Variables Number of dead chicks Number of unhatched eggs Number of dead offspring
df Slope estimates (SE) z value p value No significant output No significant output

Imidacloprid concentration (ppb) 30 2e-04 (1e-04) 1.8 0.06

n = 32, robustness weight: 6 downweighted

Full model: interest variable ~ fipronil + imidacloprid + permethrin; df: degree of freedom; SE: standard Error; robustness weight: x observations had to be down-

weighted (outliers) from the total number of observations.

Most likely pets are more often treated during the spring and summer
months when fleas and ticks are the most active (Wright, 2017), which
coincides with most bird’s breeding season. The presence and concen-
tration of insecticides in nests, were overall associated with negative
impacts. This adds to an already long list of evidence for negative
environmental effects from pesticides, in particular fipronil and imida-
cloprid (Pisa et al., 2021).

The presence of ectoparasitic treatments in nests could have a short-
term positive effect by reducing nest parasitic load, which in turn could
benefit breeding success (Gladalski et al., 2018; Bulgarella et al., 2020).
It is additionally important to note that the observed correlations be-
tween insecticides and offspring mortality do not necessarily reflect
causality; it is plausible that the insecticide concentration and offspring
mortality could be responding to some other unknown factor. Similarly,
the volunteers participating in this study are all part of the Nesting
Neighbour challenge from the British Thrust for Ornithology and are
likely to have a particular awareness and appreciation for wildlife,
specifically birds. Our volunteers, likely have more wildlife friendly
gardens and/or are less likely to provide prophylactic flea treatment to
their pets. This could potentially introduce a bias when thinking on a
national level.

Further studies are needed to assess the potential adverse effects
associated to exposure of antiparasitic drugs through fur in nesting
birds, in a more experimental manner and/or identifying the species
provenance of the fur analysed to establish causation beyond doubt.

5. Conclusion

This research reveals that ectoparasitic treatments for pets and
livestock can serve as a route of insecticides exposure for birds, poten-
tially affecting eggs and chicks in nests. This raises questions about the
environmental impact of veterinary drugs, which seems to have been

underestimated compared to their agricultural counterparts. The study
emphasizes the need for comprehensive risk assessments of active sub-
stances, considering properties like water solubility, biodegradability,
environmental persistence, and toxicity to non-target species, as well as
dermal toxicity. It also highlights the need to assess newer veterinary
parasitic drugs and raises concerns about the common practice of
placing pet fur from grooming in gardens for birds, especially when the
animals have been treated with topical ectoparasitic treatments.
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