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H I G H L I G H T S

• Exposure of farmland birds to a

neonicotinoid seed treatment was

characterised.

• Treated cereal seeds were found on the

soil surface at all 25 farms surveyed.

• 15 species of bird were observed con-

suming clothianidin-treated seed at

seed piles.

• Clothianidinwas detected in the plasma

of 10/11 farmland bird species sampled.

• Birds consumed up to 65% of a chronic

toxicity estimate for clothianidin.
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Neonicotinoids are the largest group of systemic insecticides worldwide and are most commonly applied as ag-

ricultural seed treatments. However, little is known about the extent to which farmland birds are exposed to

these compounds during standard agricultural practices. This study uses winter cereal, treated with the

neonicotinoid clothianidin, as a test system to examine patterns of exposure in farmland birds during a typical

sowing period. The availability of neonicotinoid-treated seed was recorded post-sowing at 39 fields (25

farms), and camera traps were used to monitor seed consumption by wild birds in situ. The concentration of

clothianidin in treated seeds and crop seedlings was measured via liquid chromatography-tandem mass spec-

trometry, and avian blood samples were collected from 11 species of farmland bird from a further six capture

sites to quantify the prevalence and level of clothianidin exposure associated with seed treatments.

Neonicotinoid-treated seedswere found on the soil surface at all but one of thefields surveyed at an average den-

sity of 2.8 seeds/m2. The concentration of clothianidin in seeds varied around the target application rate, whilst

crop seedlings contained on average 5.9% of the clothianidin measured in seeds. Exposure was confirmed in

32% of bird species observed in treated fields and 50% of individual birds post-sowing; themedian concentration

recorded in positive samples was 12 ng/mL. Results here provide clear evidence that a variety of farmland birds

are subject to neonicotinoid exposure following normal agricultural sowing of neonicotinoid-treated cereal seed.

Furthermore, the widespread availability of seeds at the soil surface was identified as a primary source of
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exposure. Overall, these data are likely to have global implications for bird species and current agricultural poli-

cieswhere neonicotinoids are in use, andmay be pertinent to any future risk assessments for systemic insecticide

seed treatments.

Crown Copyright © 2020 Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Since their introduction in the early 1990s, neonicotinoid (NN) in-

secticides have grown in use and by 2014 accounted for approximately

one-third of the insecticide market worldwide (Simon-Delso et al.,

2015). NNs are the most widely used class of systemic insecticide in ag-

ricultural practice, consisting of seven commercially available com-

pounds that are applied in N100 countries (Simon-Delso et al., 2015).

The most commonly used (in descending order) are thiamethoxam,

imidacloprid and clothianidin, which are predominantly applied as

seed treatments and have been registered for use on N140 crops world-

wide (Simon-Delso et al., 2015). NNs act as agonists for the nicotinic

acetylcholine receptors in the central nervous system of invertebrates,

causing paralysis and death (Tomizawa et al., 2000), and are designed

to be taken up into xylem and distributed throughout the plant to pro-

vide long-term protection. It was assumed that these factors would pre-

dispose NNs to being less of a risk tomany non-target species compared

to older insecticides (Simon-Delso et al., 2015). However, in 2018 the

EU banned the outdoor use of imidacloprid, thiamethoxam and

clothianidin (Implementing Regulations 2018/783, 784 and 785) on

the basis of a review of risks to bee health (Bass and Field, 2018). Subse-

quently, concerns have also been raised regarding their potential effect

on other non-target species, particularly farmland birds (Pisa et al.,

2014; Goulson, 2013; Wood and Goulson, 2017).

Over the last 50 years, farmland birds have undergone substantial

population declines across Europe and North America and much of

this has been attributed to agricultural intensification (Stanton et al.,

2018; Donald et al., 2001); this will include habitat loss, seasonal shifts

in cultivation practices, and greater use of block cropping, but also an in-

crease in the proportion of rural landscapes that is treated with pesti-

cides. Historically there has been evidence of insecticides adversely

affecting birds both directly (e.g., the effect of the organochlorine DDT

on birds of prey (Newton, 1979)), as well as indirectly (e.g., decreased

food availability during the breeding season as a result of broad spec-

trum insecticides (Boatman et al., 2004)). However, the effect of sys-

temic insecticides (such as NNs) on individual birds in the field is

largely unknown. Relative toxicity to birds differs markedly between

NN compounds (Tomizawa and Casida, 2005); for example the acute

dose that is lethal to 50% of the test population (LD50) for bobwhite

quail Colinus virginianusis is 152 mg/kg/body weight for imidacloprid,

but N2000 mg/kg/body weight for clothianidin (European Food Safety

Authority, 2006). In aviary conditions, NNs are known to cause sub-

lethal effects in birds, such as adverse impacts on the reproductive sys-

tem (Lopez-Antia et al., 2013; Pandey and Mohanty, 2015; Mohanty

et al., 2017; Pandey andMohanty, 2017), alterations to the immune sys-

tem (Lopez-Antia et al., 2013), neurotoxic symptoms (Addy-Orduna

et al., 2018; Rawi et al., 2019), oxidative stress (Zeid et al., 2019) and

changes to behaviour (Eng et al., 2017; Cox, 2001); many of these

sub-lethal effects have been reported at environmentally-relevant

doses in laboratory studies using wild bird species. Furthermore,

Mineau and Palmer (2013) estimated that the ingestion of 1.3

imidacloprid- or 4.4 clothianidin-coated wheat seeds would be suffi-

cient to breach adverse reproductive end points in a small (15 g) song-

bird, based on a typical seed loading of 0.033 and 0.025 mg/g of

imidacloprid and clothianidin, respectively (Mineau and Palmer, 2013).

Many farmland birds have a high proportion of agricultural seeds

and plantmaterial in their diet (Holland et al., 2006), and so have poten-

tial for exposure to NNs applied as seed treatments through ingestion of

either treated seed or seedlings (Mineau and Palmer, 2013). The pres-

ence of pesticide active substances on potential food items highlights

the need for quantitative risk assessment as part of the authorisation

process, but the complexity of undertaking this assessment where di-

rect and substantive exposure can be expected is widely acknowledged.

The risk fromdietary exposure is assessedwithin regulatory procedures

by combining information on toxicity of the respective compound and

estimates for levels of exposure that wild birds may be subject to via

seed treatments (European Food Safety Authority, 2010). Lower tiers

of assessment will normally indicate potential risk for seed treatments,

so ‘higher tier’ assessment, such as the use of radio-tracking data and

focal species dietary data, is required to estimate the level of exposure

in farmland bird species more accurately (European Food Safety Au-

thority, 2006). Product application instructions also play an important

part in safeguarding wildlife from pesticide use. With regards to NN

seed treatments specifically, product labels state that seeds should be

buried at a minimum depth of 4 cm, and that no seed should be left

on the soil surface after drilling (Bayer Crop Science UK, 2019). Never-

theless, it is recognised that absolute compliance with this requirement

is impossible to achieve (European Food Safety Authority, 2010). The

availability of seed on the soil surface is known to be a function of

crop type, season of sowing, soil condition, sowing equipment, and loca-

tion within the field; for example, in the Netherlands, average surface

seed densities were greatest for winter wheat with standard sowing

equipment (20 and 31 seeds/m2 measured in successive seasons) and

on average there was 3.5 times more seed present on the soil surface

at the headlands compared to the field centre (de Snoo and Luttik,

2004).

To date, only a handful of studies have collected field data to inves-

tigate exposure of wild birds to agricultural seeds treated with NNs.

Studies in Canada and the US investigated the availability of treated

seed on the soil surface after drilling (McGee et al., 2018; Roy et al.,

2019), whilst the US study also measured NN concentrations in treated

seed collected from the field and reported highly variable concentra-

tions among three seed types and three NN compounds (Roy et al.,

2019). Several papers report that NN uptake in crops is highly variable

(Li et al., 2018a; Balfour et al., 2016), such that residue taken up by seed-

lings can vary between 1 and 15% of that in treated seeds (Prosser and

Hart, 2005; Alford and Krupke, 2017); for comparison, the European

Food Safety Authority recommends a default within its regulatory as-

sessment of 20% of the seed treatment being taken up by seedlings

(European Food Safety Authority, 2010). In terms of exposure of birds

to NNs, a US study documented 10 confirmed bird species and various

unidentified sparrow species feeding at experimentally-placed treated

seed piles (Roy et al., 2019), and a UK-based report observed 18 bird

species feeding on the types of crop seed that could be treated with

NNs, again using experimentally-placed seed (Prosser, 2001). A study

in Spain observed 30 species of wild bird consuming pesticide-treated

seed in newly sown fields, and reported imidacloprid exposure in par-

tridges that was not associated with the seed treatments (Lopez-Antia

et al., 2016).

NN residues have been measured in a range of avian samples, but

only from a limited number of farmland species. Thus far, NNs have

been detected in the liver, crop or eggs of four gamebird and three

columbid species (Bro et al., 2016; Millot et al., 2017; Ertl et al., 2018;

Turaga et al., 2016). NN poisonings have also been documented in

grey partridge Perdix perdix and columbid species, of which N70% (of

101 incidences and 734 mortalities) occurred during the autumn
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sowing period (Millot et al., 2017). Only three studies have measured

concentrations of NNs in avian plasma: two in raptor species (Byholm

et al., 2018; Taliansky-Chamudis et al., 2017), and one in a songbird spe-

cies (Hao et al., 2018), with 38 out of 76 individuals testing positive for

NNs across the three separate datasets. Most recently, a large study in

Switzerlandmeasured NN concentrations in the feathers of house spar-

rows Passer domesticus and found 100% prevalence of NNs (consisting of

five compounds) in 146 pooled samples collected from 62 farms across

the Swiss plateau (Humann-Guilleminot et al., 2019a).

Thus, there is evidence that a range of farmland birds have the po-

tential to be exposed to NN treated seeds and that residues of NNs can

be detected in biological samples taken from birds. To link these lines

of evidence together and form an understanding of the entire exposure

pathway for seeds treated with a NN, we conducted a field-based study

that investigated patterns of clothianidin (CLO) exposure within a typi-

cal farmland bird community, via treated winter cereal seeds sown ac-

cording to standard agricultural practice. CLO was selected as the main

NN used in treatment of winter cereal seeds in the UK at the time of

the study (37% of the 22,600 km2 of winter wheat grown in 2016 re-

ceived a CLO seed treatment; (Garthwaite et al., 2013). The objectives

of the study were to: 1) measure availability of treated seeds on the

soil surface after sowing; 2) quantify CLO concentrations in treated

seeds and seedlings collected from the field; 3) identify avian species

that may be exposed to CLO in recently sown cereal fields; and 4)mon-

itor avian blood plasma for CLO contamination in samples collected

from multiple bird species pre- and post-sowing.

2. Methods

Data were collected from 45 fields distributed across a total of 31

farms located in the regions of East Anglia (UK) and North Lincolnshire

(UK) during the autumn sowing seasons of 2015 (21 fields), 2016 (18

fields) and 2017 (6 capture sites adjacent to treated fields). These

were the two regions in the UK that annually received the greatest

mass of CLO applied as seed treatments (Garthwaite et al., 2013); the re-

gions are dominated by arable agriculture with winter cropping rota-

tions (winter cereals with break crops of oilseed rape or field beans).

Seed, seedling and bird survey data were obtained from fields in East

Anglia (only one field on a farm in any year), whilst avian blood plasma

samples were obtained from capture sites adjacent to treated fields in

Lincolnshire once licenses for the procedure had been granted. Farms

were selected using existing contacts of conservation and research

staff at the Royal Society for the Protection of Birds, supplemented by

asking those farmers for additional local contacts. Fields were then se-

lected thatwere remote from landscape features thatwould strongly in-

fluence bird abundance, such as woodland, tall trees along the margin,

or gamebird cover. Farmers were aware that researchers would be sur-

veying fields after drilling, but maintained their standard practice seed-

bed preparation and drilling methods. Tables S1A and S1B give full

details on characteristics of all sampling locations aswell as information

on all visits for sample collection.

2.1. Density of seeds on the soil surface

Surveys of seed density (expressed as number of seeds perm2 of soil

surface) were conducted across 39 fields in East Anglia sown with CLO-

dressed wheat seeds (either Redigo Deter® or Deter®; Bayer PLC, UK).

All seed treatment was carried out either by the seed supplier company

when purchased or a specialist seed treatment contractor who visited

farms to do the work. In total, 21 fields were surveyed in autumn

2015 and 18 fields in autumn 2016. Surveys took place for up to two

weeks post-sowing (on or as close as possible to days 1, 3, 6, 9 and 12,

where day 0 was within 24 h of sowing). At each visit (Table S1A), the

number of treated wheat seeds visible on the soil surface was recorded

in 60 quadrats (0.25m2), comprising 20 quadrats in the field centre and

20 quadrats at each of two field headlands; quadrats were evenly

distributed along transects diagonally bisecting the headland and field

centre, so spacing between quadrats was greater on larger fields.

2.2. Treated seed & seedling sample collection

CLO-treated wheat seeds present on the soil surface were collected

during seed density surveys (1–14 days post-sowing) from 24 fields in

East Anglia. NN-treated wheat seedlings were collected from 20 fields;

whole seedlings inclusive of roots and shoots (as extracted from soil)

were collected inweeks 2–4 and 5–13 post-sowing, covering two stages

of wheat growth (small seedlings at growth stage 10–16, and early til-

lering plants at growth stage 20–26 (Meier, 1997)). The seeds did not

include husks as standard practice is to remove husks before NN appli-

cation; the presence of the outer cuticle of the seed was not systemati-

cally recorded because it became impossible to distinguish the cuticle as

it decomposed.

Pooled samples, generally comprising of up to 10 individual seeds or

seedlings were collected from the field centres and headlands of each

field on each sampling occasion to assess inter-site variation in CLO con-

centrations; samples were collected at locations immediately adjacent

to transects for measuring surface seed density. In addition, individual

seeds and seedlings were collected and analysed separately from four

fields per sample type to assess intra-site variation in CLO concentra-

tions (Table S1A). Results from these individual samples were

recombined into a pooled sample for inclusion within statistical analy-

ses that drew on data from all fields. Seed and seedling samples were

stored at−20 °C until analysis.

2.3. Bird abundance surveys & camera trap data

Bird surveyswere undertaken on the same fieldswhere surface seed

densities were recorded. Surveys were undertaken in the months of

September to December 2015 and 2016, at the same sampling time

points used to assess surface seed densities (on or as close as possible

to day 1, 6, 9, and 12), and at a further two time points (2–4 weeks

and 5–13 weeks post-sowing) to coincide with seedling collection.

Birds utilising treated fields were recorded by: 1) scanning the entire

field on arrival and counting the number of birds present; 2) walking

along, and counting birds in field boundaries; and 3) flush countswhilst

walking field transects (maximum of three transects per field separated

by at least 100 m). The location (field boundary, centre or headland)

and number of each species observed were recorded, excluding birds

flying over the site. The locations of any seed clusters (defined as N10

seeds within a 5 × 5 cm2 area) that were spilt during standard agricul-

tural practice were also noted as part of these surveys. Motion-

sensitive infrared camera traps (Bushnell, USA) were placed at 40 of

the larger seed clusters (N100 seeds each) across 21 fields (Table S1A)

and remained active until seeds were depleted. Cameras recorded bird

feeding activity by recording 10 s of continuous video footage when

triggered by movement. On average, each camera recorded data for

4.2 days (range: 1–9 days); cameras were active between 1 and

21 days post-sowing. Camera footage was processed to obtain the fol-

lowing for each bird observed: species, time and date of observation,

time at seed cluster and the number of NN seeds (visually identifiable

by red dye) consumed. The cameras were very sensitive to movement

and almost always continued filming immediately during an active

feeding event. A conservative protocol for inferring continued con-

sumption of seed by the same individual bird was adopted, based on

minimal gap in filming (generally 0 s, but maximum 2 s) and certainty

from the film processor that they identified the same individual bird

both within and across successive clips. When it was no longer certain

that the same individual was involved (including within a single clip),

the seed consumption figures were recorded as two separate observa-

tions so seed consumption data are likely to underestimate actual

behaviour.
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CLO exposure estimated from the mean and maximum number of

seeds consumed by each species (per visit) and themean concentration

of CLOmeasured on treated seed, was compared to the no-observed ad-

verse effect-level (NOAEL) for chronic exposure and lethal dose for 50%

of individuals (LD50) for acute exposure to CLO in tested species of birds.

These toxicity endpoints were adjusted to account for differences in

body weight by taking the value given by Mineau and Palmer (2013)

for a 15 g bird at the 5% tail of sensitivity, and scaling to the average

weight of each species included in the present study (Robinson, 2005).

2.4. Collection of avian plasma samples

Plasma samples were obtained from birds captured at sites in North

Lincolnshire that were immediately adjacent to fields that had been

drilled with CLO-dressed wheat seeds treated with Redigo Deter®

(one site was within 50 m of the treated field; Table S1B). Capture

siteswere separated by an average of 22 km(range: 5–40 km) to ensure

spatial independence. Birds were sampled across the six capture sites at

two time points between September and November 2017: pre-sowing,

before any treated seed was drilled at each farm (temporal control

group), and within 2 weeks after fields were drilled (temporal treat-

ment group). Pre-sowing was defined as being before treated seeds

were drilled on the farm adjacent to the capture site (Table S1B); as

such, we cannot rule out that birds could be exposed during the pre-

sowing period if other farms in the wider landscape had already drilled

treated seed. Birds were caught between sunrise and midday, using up

to 66 m of mist-nets per visit situated along field boundaries. Birds

were extracted frommist-nets and processed following standard British

Trust for Ornithology procedures (species, age, sex and bird weight re-

corded where possible (Redfern and Clark, 2001)). Blood was taken

from designated species via brachial venepuncture under Home Office

licence (Table S2). The maximum amount of blood taken from any

bird was equal to 1% of its body mass. A health check took place prior

to blood being taken, and again prior to release. Blood was collected

and stored on ice in heparinised haematocrit tubes and centrifuged

(1000 rpm, 5 min) within 3 h of collection. Samples were stored at

−20 °C until they were analysed.

2.5. Residue analyses

In total, 111 seeds (73 pooled, 38 individual samples), 93 seedlings

(32 pooled, 61 individual samples), and 96 plasma samples from indi-

vidual birds were analysed for CLO using liquid chromatography-

tandem mass spectrometry (LC-MS/MS; see Supplementary Note 1 for

extraction and LC-MS/MS method details). Three protocols were used

during each LC-MS/MS batch run for quality control and assurance pur-

poses: 1) a deuterated internal standard was added and analysed in all

samples; 2) all batches contained a matrix-matched blank which was

analysed for CLO and the deuterated internal standard; and 3) during

analytical runs a traceable National Institute of Standards and Technol-

ogy certificated standard (Clothianidin; SPEX, London, UK) was also

analysed. The performance of themethodwas assessed for accuracy (re-

covery of the internal standards from all samples) and consistency (be-

tween-batch analyte linearity). Recovery for the total procedure was

calculated using the labelled standards and all residue data were recov-

ery corrected. Ten samples (2 seed, 5 seedling, 3 avian plasma samples)

with recoveries b60% and N120% were excluded from subsequent data

analyses. The mean (±SE) recoveries for the remaining samples were

99.9 ± 0.9% for seeds, 103.9 ± 1.2% for seedlings and 82.7 ± 1.6% for

avian plasma. The limit of detection (LOD) and limit of quantification

(LOQ) for clothianidin were 0.4 ng/g and 0.6 ng/g, respectively for

seeds and seedlings, and 0.15 ng/mL and 0.21 ng/mL, respectively for

plasma samples. The LOD was determined using three-times the

signal-to-noise ratio, and the LOQ was calculated as the LOD plus the

calculated expanded uncertainty of the method. The expanded uncer-

tainty for CLO was calculated using the Nordtet TR537 handbook

(Magnusson et al., 2012). With regards to avian plasma samples specif-

ically, there was no significant difference in the recoveries between

samples of differing volumes (20–50 μL; Kruskal-Wallis: χ23 = 1.15,

p = 0.763).

2.6. Dissipation of clothianidin on treated seeds

The residue of CLO on treated seeds exposed at the surface will de-

crease over time in response to any wash off due to rainfall or abiotic

degradation such as photolysis. The rate of this decrease was described

by deriving a first-order dissipation half-life (DT50, days) for CLO on

seed samples. First-order reaction kinetics were fitted to the change in

concentration of CLO on seeds over time across all seed samples using

Eqs. (1) and (2), where C0 and Ct are the concentrations of CLO in each

sample at time 0 and time (t), respectively, t is the number of days

post-sowing at which the sample was collected, and k is the first-

order rate constant.

Ct ¼ C0:e−kt ð1Þ

DT50 ¼
ln 2ð Þ

k
ð2Þ

2.7. Statistical analysis

Due to the heterogeneity of the data, spatial and temporal patterns

of CLO exposure were analysed using a combination of non-

parametric tests and generalised linear mixed models (GLMMs;

Table 1). The fit of all GLMMs was assessed by measuring over-

dispersion and the visual and statistical assessment of modelled versus

simulated residuals. All models were also tested for zero-inflation and

inter-correlation between fixed effects. All GLMMs except for those

modelling surface seed density were run using a negative-binomial dis-

tribution to account for over-dispersion (surface seed density was run

using a Gaussian distribution). All analyses were conducted using R (R

Core Team, 2013) and the package ‘glmmTMB’ (Brooks et al., 2017).

Two GLMMs were used to analyse parameters related to surface

seed densities and seed and seedling residuedata (Table 1). The variable

‘number of days post sowing’ was structured such that all data points

were categorised into the following five groups: 0–1, 2–4, 5–7, 8–10

and 11–14 days post-sowing and treated as an ordered factor within

the model. The variable ‘cumulative rainfall’ referred to the amount of

rain that fell at each field, in each year between the date of sowing

and date of sample collection. Rainfall datawere collected fromweather

Table 1

Summary of models used for data analyses.

Response variable Fixed effects Random

effect

Surface seed densities

Log(mean surface seed

density per field, per

survey +1)

Location within field + N days

post-sowing + year

(1|field)

Seed and seedling residue data

CLO residue in seeds Cumulative rainfall (between sowing and

sample collection) + N days

post-sowing

(1|farm)

Bird abundance data

Bird abundance (per

survey, per taxonomic

guild)

Mean surface seed density (per field, per

survey)

(1|field)

Mean surface seed density was calculated for each field and at each field location (head-

land and field centre).

CLO: clothianidin; N: number of.
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stations in the Met Office MIDAS network (Met Office, 2012), and

matched to fields based on the geographical proximity (usually within

1.6 km). Field and farm were included as random effects to account

for both field-specific influences, and any more general locational ef-

fects associated with sampling different fields from the same farm in

successive years. In these analyses, all ‘pooled’ residue data for seed

and seedling samples included the concentration of CLO obtained

from samples analysed as a pool of items (one data point per pool),

and data for samples analysed as individual items (one mean data

point per group of individual samples collected at the same field and

on the same date). For statistical analyses relating to the burden of

CLO in any sample item (seed or seedling), the total mass of CLO in

any pooled sample was divided by the number of sample items in that

pool.

To analyse bird abundance as a function of surface seed density

(Table 1), the mean surface seed density was calculated per field per

survey event and assigned to each bird abundance record (total number

of each species observed in each field at each survey event). Published

dietary data (Cramp, 1985) were then used to determine whether agri-

cultural seed is present or absent in the diet of species observed, as a

means of refining the species groups included in each avian GLMM

model. Specifically, models were run for those species where agricul-

tural seed was deemed as ‘present’ in the diet (i.e. those species

where the term ‘crop grain’ – or a specific seed to which NNs are

known to be applied, such as plants of the genus: Beta, Triticum,

Hordeum, Linum, Secale, Brassica, Avena were included in the list of

known food items; Table S3) and for those species where agricultural

seed was ‘absent’ from the diet (those species where the previously

mentioned terms were not included in the available dietary data;

Table S3). Published data were used as the basis for this dietary

categorisation to standardise the approach, but this benefit is offset by

the potential inclusion of species where grain is a relatively small pro-

portion of the total diet. A number of additional models (each

representing a specific taxonomic guild; Table S3) were then run

using a subset of species where agricultural seed was deemed to be

present in the diet. For each multi-species analysis, the dependent var-

iable was the aggregate count summed across species.

3. Results

3.1. Surface seed densities

Seedswere present on the soil surface in 38 out of 39 fields surveyed

in autumn 2015 and 2016, and in 20% (1804/8930) of quadrats; the

number of seeds recorded at the soil surface across all quadrats ranged

between 0 and 364 seeds/m2, with amean of 2.8± 12 (SE) seeds/m2. In

addition, the presence of seed clusters (N10 seeds within a 5 × 5 cm2

area) was confirmed at 31 out of 39 fields across the two years.

There was a significant difference in surface seed densities between

fields (Kruskal-Wallis: χ238 = 101.6, p b 0.001); the mean (± SE) num-

ber of seeds at each field ranged from 0.11 ± 0.07 to 12 ± 2.5 seeds/m2
.

Themean density of seeds on the soil surface after drillingwas found to

be higher at field headlands (3.7 ± 0.36 seeds/m2), compared to field

centres (0.9 ± 0.06 seeds/m2; Fig. 1). Mean surface seed density was

found to decrease significantly with the number of days post-sowing

and was positively associated with location on the headland (versus

field centre) (Table 2).

3.2. Clothianidin residue: seed & seedling samples

3.2.1. Seeds

The concentration of CLO recorded in pooled seed samples collected

within 2 weeks post-sowing varied between 0.01 and 550.9 μg/g. How-

ever, the CLO residue recorded in pooled seeds did not significantly dif-

fer between fields within the first 24 h post-sowing (Kruskal-Wallis:

χ
2
19 = 21.9, p = 0.288), or during the entire study period (Kruskal-

Wallis χ223 = 31.1, p = 0.120). CLO residue in pooled seeds decreased

with the number of days post-sowing (Table 2) with a dissipation

half-life of 4.2 days (Fig. 2A). The median CLO concentration in pooled

seeds collected within 24 h post-sowing was 254.5 μg/g (inter-quartile

range (IQR) = 173.6; n = 27), compared to 90.3 μg/g (IQR = 154.7;

n = 33) in seeds collected 2–7 days post-sowing and 48.2 μg/g

(IQR = 83.6; n = 16) in those collected 7–14 days post-sowing. There

was also a significant negative association between CLO residue in

seed samples and cumulative rainfall at each field (Table 2). The loss

of CLO from seeds sampled at the earliest compared to the latest day

post-sowing (at any onefield, in either year; n=20) yielded an average

loss of 13% of remaining residue per mm of rain.

CLO residue measured in individual seeds collected within 24 h of

sowing varied around the target application rate of 500 μg/g (calculated

from the Redigo Deter® product label, which states that 200 mL (con-

taining 50 g of CLO) should be applied to 100 kg of seed (Bayer Crop

Science UK, 2019)), with CLO concentrations ranging between 104.6

and 606.9 μg/g per seed (Fig. S1). Themean (±SE) residue in individual

seeds collectedwithin 24 h of sowingwas 278.3± 19.4 μg/g and the co-

efficients of variation for groups of individual seeds collected at each of

the four fields within this time period ranged from 22 to 39%. Individual

seeds collected 24 h post sowing contained on average 55.6% of the tar-

get application of CLO.

Fig. 1. Surface seed densities between day 0 (sowing date) and 14-days post-sowing.

Mean surface seed density per m2 was calculated across all farms (n) for days 0–1 (n =

24), 3 ± 1 (n = 20), 6 ± 1 (n = 25), 9 ± 1 (n = 20) and 12 ± 1 (and data from one

farm collected on day 14; n = 24) post-sowing, with standard error bars. Data are

shown separately for headland and field centre.

Table 2

Summaryof generalised linearmixedmodel outputs for surface seed density and seed res-

idue data collected from East Anglia.

Model Model output

Disp Est SE p-Value

Surface seed density ~ location within field + number of days post sowing + year

Location within field 0.09 0.33 0.03 b0.001

Number of days post-sowing −0.14 0.01 b0.001

Year −0.12 0.07 0.076

CLO residue in seeds ~ number of days post sowing + cumulative rainfall

Number of days post sowing 0.59 −0.10 0.06 0.088

Cumulative rainfall −0.14 0.01 b0.001

Disp: model dispersion; Est: model estimate; SE: standard error; CLO: clothianidin.

Values in bold are indicate statistical significance (p b 0.05).
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3.2.2. Seedlings

Themedian residue in pooled seedling sampleswas 1.1 μg/g (IQR: 1.4;

n=34), whichwas 122-fold lower than themedian residuemeasured in

pooled seed samples. Residue also varied greatly in pooled seedling sam-

ples across the study period (0.003–15.8 μg/g). The median residue in

pooled seedlings collected 2–4 weeks post-sowing was 1.8 μg/g (n =

17), compared to 0.5 μg/g (n = 17) for those collected 5–13 weeks

post-sowing (representative of the two seedling growth stages sampled).

The concentration of CLO decreased significantly with increasing seedling

mass (Spearman's rank correlation rs =−0.305, p = 0.003; Fig. 2B). As

with seeds, residue in seedlings did not differ significantly between fields

(Kruskal-Wallis χ217 = 18.5, p = 0.356).

The concentration of CLO measured in individual seedlings ranged

between 0.1 and 104.5 μg/g (mean: 4.8 ± 1.8 μg/g), with coefficients

of variation for groups of individual seedlings from each field ranging

between 124 and 198%. On average seedlings contained 5.9% of the

CLO residue recorded in seed samples collected 0–2 days post-sowing

(based on the mass of CLO per seed or seedling across pooled and indi-

vidual samples).

3.3. Bird survey & camera trap data

A total of 65 bird species were recorded in fields sown with treated

seed during the surveys undertaken in 2015 and 2016 (Table S3).

Songbirdsmade up the largest proportion of species observed in treated

fields throughout the study period, whilst gulls accounted for several of

the larger numbers of birds observed (Fig. S2A). Starlings Sturnus

vulgaris were the most frequently observed songbird, accounting for

48% of all observations, followed by finch species (26%), comprised of

large flocks of linnet Linaria cannabina (Fig. S2B).

A significant positive association was found between mean sur-

face seed density (calculated for each field, at each survey visit)

and bird abundance (recorded on the same field and survey visit)

for those species where agricultural crop seed was recognised as

being ‘present’ in the diet, but no association was found for those

species where crop seed was deemed ‘absent’ from the diet

(Table 3; Fig. S3A) (Cramp, 1985). When data were analysed for

taxonomic guilds that are known to consume agricultural seed,

surface seed densities were found to be positively associated with

the number of ‘other passerines’ (starling observations accounted

for 79% of data points in this guild) and buntings (comprised of

yellowhammer Emberiza citrinella and reed bunting Emberiza

schoeniclus observations; Fig. S3). Gamebirds exhibited a weaker

positive association (p = 0.083; Fig. S3), but no significant associ-

ation was detected for crows, finches, gulls or columbids (Table 3).

Fifteen bird species were observed consuming treated-seed at

seed piles (Table 4). The maximum time spent and number of

seeds consumed at a seed cluster during any single visit was

Fig. 2. A) Concentration of clothianidin (CLO) in pooled seed samples collected between 0 and 14 days post-sowing. Each data point represents a pooled sample, or themean taken from a

group of individual samples from the same site and on the same day. Blue line: curve describing dissipation of residues on seeds over time. Dashed line: dissipation half-life (4.2 days)

calculated using all sample values. B) Wet weight of single seedlings and concentration of CLO in seedling samples between days 18 and 60 post-sowing. Grey squares represent the

concentration of CLO in each seedling sample (individual and pooled). Black circles represent the weight of each seedling; data points are either the weight of an individual seedling or

an estimate of individual seedling weight calculated by dividing the weight of a pooled sample by the number of seedlings in that pool. All samples with a concentration N15 μg/g are

seedlings that were analysed individually; one outlier was removed from these data (seedling weight = 0.17 g, CLO concentration = 104.5 μg/g, collected 28 days post-sowing). (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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11 min and 15 seeds (woodpigeon Columba palumbus; Table S4).

Individual birds at seed clusters were found to consume

1.4–65.2% and b0.1–3.2% of the sub-lethal and lethal threshold for

CLO, respectively, per visit (based on the mean and maximum

number of seeds consumed and the mean concentration of CLO de-

tected on seeds in the present study – 0.016 mg/seed; Table 4); it

must be noted that these toxicity values can only be applied di-

rectly to the tested species and that other species may be more or

less sensitive. In general, smaller species (b30 g body weight)

were found to ingest a larger proportion of the amount of com-

pound required to reach either toxicity threshold compared to

larger species (N30 g body weight; Table 4).

3.4. Clothianidin residue: avian plasma samples

Significantly more avian plasma samples tested positive in the post-

sowing group (36/71, ~51%), compared to the pre-sowing control group

(4/36, ~11%; Fisher's exact: OR = 8.0, CI = 34.7, p b 0.001). Samples

were available from ten species post-sowing and nine species pre-

sowing, of which nine and two species tested positive for CLO, respec-

tively. Greenfinch Chloris chloris was the only species to test negative

in the post-sowing group, whereas blackbird Turdus merula and starling

were the only species to test positive in the pre-sowing group (3/5 and

1/1 birds tested, respectively; Table 5). All four birds that tested positive

pre-sowingwere female, whereas males and females were equally rep-

resented in samples collected post-sowing. Concentrations of

clothianidin in all positive samples ranged between 0.5 and

69,300 ng/mL, with a median value of 12.0 ng/mL (n = 40; Table 5).

The median CLO concentration in positive samples collected pre-

sowing was 3.6 ng/mL (n = 4), whereas the median in post-sowing

samples was 12.5 ng/mL (n = 36).

There was a significant difference between the concentration of CLO

found in avian plasma samples collected from sites adjacent to different

fields post-sowing (Kruskal-Wallis χ25 = 17.4, p = 0.003; Supplemen-

tary Note 2). However, there was no significant difference in the con-

centration of CLO recorded post-sowing between species (with five or

more positive samples; Kruskal-Wallis χ24 = 2.4, p = 0.662; Table 5).

For species where measurements of CLO concentration in plasma

were available, four were observed consuming treated seeds at seed

clusters (dunnock, robin Erithacus rubecula, house sparrow Passer

domesticus and chaffinch Fringilla coelebs) and five were observed in

treated fields (yellowhammer, blackbird, reed bunting, goldfinch

Carduelis carduelis and starling); all tested positive for CLO (Table S3).

Tree sparrow Passer montanus was the only species to test positive for

CTD that was not observed in treated fields in East Anglia, whereas

greenfinch was observed in treated fields in East Anglia, but did not

test positive for CLO (only one sample was obtained for analysis). Two

individuals with the highest CLO concentrations in plasma samples for

their species (yellowhammer and tree sparrow; 69,300 and 4880 ng

CLO/mL, respectively) exhibited intoxication symptoms at sampling

(fluffed up appearance, sluggish movement) and had red dye around

their bills. Both these individuals, in addition to a third (chaffinch

Fringilla coelebs; 5 ng CLO/mL in plasma) also had red faeces.

Table 3

Summary of generalised linearmixedmodel outputs for avian data. Bird abundance (up to

14 days post-sowing for specific taxonomic guilds) was modelled as a function of surface

seed densities.

Model N

species

Model output

Disp Est SE p-Value

Bird abundance ~ seed density

Species with agricultural crop seed absent

in diet

37 1.09 0.07 0.08 0.418

Species with agricultural crop seed present

in diet

34 1.27 0.26 0.07 b0.001

Bird abundance (species with agricultural seed present in diet, split by taxonomic

guild) ~ seed density

Buntings (Emberizidae) 2 0.41 0.38 0.16 0.018

Crows (Corvidae) 5 0.68 0.20 0.14 0.148

Finches (Fringillidae) 3 0.45 0.17 0.22 0.447

Gamebirds (Phasianidae) 3 0.53 0.25 0.14 0.083

Gulls (Laridae) 5 0.38 0.16 0.20 0.408

Other passerines (Alaudidae, Passeridae,

Prunellidae, Sturnidae)a
4 0.58 0.43 0.18 0.015

Pigeons & doves (Columbidae) 4 0.55 0.23 0.17 0.194

Thrushes (Turdidae) 1 0.59 0.18 0.14 0.193

See Table S3 for a full list of species included in each ‘taxonomic guild’ used for bird abun-

dance data.
a Shorelark Eremophila alpestris excluded from themodel (only one individual recorded

throughout survey period). Starlings Sturnus vulgarismade up 79% of observations in this

group. Est: model estimate; Disp:model dispersion; N: number of; obs: observations; SE:

standard error for model estimate.

Table 4

Summary of camera trap data for bird species observed consuming treated seed at seed clusters. Data are ordered by themaximumproportion (%) of the toxicity thresholds (for CLO) that

each species consumed.

English name Latin Average species weight Total individuals Seeds eaten per

individual, per event

% of CLO toxicity

threshold

reached

(meana)

% of CLO toxicity

threshold

reached (maxa)

(g) (n) Mean SE Max LD50 NOAEL LD50 NOAEL

Woodpigeon Columba palumbus 507 115 9.37 1.63 152 0.2 4.0 3.2 65.2

Dunnock Prunella modularis 21 4 2.25 0.48 3 1.1 23.3 1.5 31.1

Chaffinch Fringilla coelebs 22 14 1.36 0.17 3 0.7 13.4 1.5 29.6

House sparrow Passer domesticus 27 16 1.81 0.16 3 0.7 14.6 1.2 24.2

Feral pigeon Columba livia domestica 360 4 19.25 6.88 37 0.6 11.6 1.1 22.3

Magpie Pica pica 213 34 4.29 0.54 13 0.2 4.4 0.7 13.3

Red-legged partridge Alectoris rufa 530 48 6.42 0.78 28 0.1 2.6 0.6 11.5

Robin Erithacus rubecula 19 4 1.00 0.00 1 0.6 11.4 0.6 11.4

Jay Garrulus glandarius 167 1 7.00 n/a 7 0.4 9.1 0.4 9.1

Grey partridge Perdix perdix 490 31 5.55 0.88 20 0.1 2.5 0.4 8.9

Carrion crow Corvus corone 509 61 5.05 0.62 19 0.1 2.2 0.4 8.1

Rook Corvus frugilegus 452 8 3.88 1.38 13 0.1 1.9 0.3 6.3

Pheasant Phasianus colchicus 1200 21 6.95 1.42 22 0.1 1.3 0.2 4.0

Stock dove Columba oenas 326 1 5.00 n/a 5 0.2 3.3 0.2 3.3

Jackdaw Corvus monedula 232 2 1.50 0.50 2 0.1 1.4 0.1 1.9

LD50: median lethal dose; NOAEL: no-observed-adverse-effect level; SE: standard error of the mean.
a Calculated using the mean or maximum number of seeds consumed per visit for each species, an estimated concentration of 0.016 mg of CLO per seed (equal to the average mass of

CLO per individual seed in this study). Endpoint values for NOAEL and LD50 were obtained from Mineau and Palmer (2013), for a 15 g bird at the 5% tail of sensitivity, which were mod-

erated by the average weight for each species (obtained from the BTO (Robinson, 2005)). NOAEL in this instance refers to reproductive effects only (Mineau and Palmer, 2013).
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4. Discussion

Results from this study collectively confirmed that 21 species of

farmland bird were exposed to CLO, thus documenting exposure to an

avian community over a typical period of sowing CLO-treatedwinter ce-

reals. Exposure was identified via direct observations of CLO ingestion

via treated seed (15 species) and/or the presence of CLO residue in

plasma (10 species), in approximately one third of all species observed

in CLO-treated fields. The median concentration of CLO recorded in

plasma samples here was larger than any NN residue reported in an

avian species to date (Taliansky-Chamudis et al., 2017), except for poi-

soning incidents (Millot et al., 2017). The study took place in autumn

when alternative sources of food for farmland birds are relatively abun-

dant; it is thus possible that exposurewould be greater during sowing of

spring cereals when food is more scarce (Siriwardena et al., 2008). This

study provides evidence that seed treatments are a source of CLO expo-

sure in wild birds, and identifies multiple factors that may affect pat-

terns of exposure observed in the field.

According to application instructions provided by themanufacturer,

treated seeds are required to be buried at a depth of 4 cm and are to be

reincorporated into the soil if left on the soil surface after drilling (Bayer

Crop Science UK, 2019). Here, CLO-treated seeds and seed clusters were

available on the soil surface at the majority of fields surveyed, which is

in accordance with previous research that identified high prevalence

of wheat seed at the soil surface compared to other crop types (de

Snoo and Luttik, 2004; Roy et al., 2019). Thus there is a gap between

the regulatory expectation that treated seeds can be entirely buried,

and the agricultural reality that complete removal of treated seed

from the soil surface cannot be achieved in practice. The current study

found that treated seed was present on the soil surface in almost all

the fields surveyed across both years, whilst seed clusters were found

at 79% of fields sampled. However, the number of seeds on the soil sur-

face differed significantly between fields, suggesting non-uniformity

across drilling practices; this variability has previously been attributed

to differences in soil type or farm machinery (de Snoo and Luttik,

2004; Roy et al., 2019). Surface seeddensitywas also higher at the head-

lands compared to field centres as found in previous studies (de Snoo

and Luttik, 2004; McGee et al., 2018; Roy et al., 2019; Lopez-Antia

et al., 2016), and may be indicative of differences in localised efficiency

of farmmachinery at burying seeds at the prescribed depth (Bayer Crop

Science UK, 2019).

The median concentration of CLO on pooled samples of treated seed

collected from the soil surfacewithin the first 24 h after sowingwas 49%

lower than the target application rate (as prescribed by product labels),

and did not differ significantly between fields. However, there was high

intra-field variability in CLO concentrations on seeds collected and

analysed individually from four fields. These results tally with a similar

study that also found variable concentrations of NNs that were below

the application rate on soybean and corn seeds (Roy et al., 2019) and

may partially be attributable to seeds taking in moisture once exposed

to the external environment. The dissipation half-life for CLO on treated

seed was 4.2 days when calculated across our full sample set, which is

somewhat longer than the 2.0–2.3 days previously reported for CLO

on maize and soybean seed left on the soil surface in Minnesota, USA

(Roy et al., 2019). Dissipation is likely to proceed primarily via

photodegradation (e.g. Li et al. (2018b) reported a half-life of 13 h for

pure CLO exposed to natural sunlight) coupled with some wash off by

rainfall.

Comparatively, the amount of residue measured in seedlings was

considerably smaller than that in seeds (on average seedlings contained

only 5.9% of the CLOmeasured in treated seeds), which tallies with pre-

vious studies that have found between 1 and 15% of residue in treated

seeds is taken up by the seedling (Prosser and Hart, 2005; Alford and

Krupke, 2017); the measured value in the current study is three times

smaller than the European regulatory default for risk assessment pur-

poses (European Food Safety Authority, 2010). CLO concentrations

were negatively associated with the wet weight of individual seedlings,

presumably reflecting growth dilution of residues (see also (Balfour

et al., 2016)) as seedlings developed. Similar patterns of CLO concentra-

tionswere found in seedling samples compared to seeds, which also ex-

hibited low inter-field variability in pooled samples, but high intra-field

variability in individual samples. These results highlight the potential

for large variability in exposure arising from the consumption of either

seeds or seedlings. Data here suggest that treated seedlings are a smaller

source of exposure to farmland birds when compared with treated

seeds; however, seedlings may be more widely available in the agricul-

tural landscape as this is independent of any risk mitigation measures,

and will be a source of exposure to some herbivorous species that do

not consume seeds.

During the period 0–13 weeks post-sowing, 66 species of bird were

recorded in fields in East Anglia and Lincolnshire that were sown with

CLO-treated seeds. Of these, exposure was confirmed in some individ-

uals from 32% of all species recorded (Table S3). The species exposed

were not restricted to any one taxonomic group: plasma samples tested

positive in species of sparrow, bunting, finch and thrush, whilst species

of columbid, galliforme, corvid and passerinewere observed consuming

treated seed at spilt seed clusters. Observations relating to galliformes

and columbids are consistent with previous observations of NN poison-

ings during autumn months and the detection of NN residues in sam-

ples of liver and eggs collected from quail, partridge and pigeon (Bro

et al., 2016; Millot et al., 2017; Ertl et al., 2018; Turaga et al., 2016). Fur-

thermore, exposure was confirmed here for a similar species

Table 5

Summary of the prevalence of clothianidin (CLO) in avian samples collected post sowing and the concentrations of the compoundmeasured in individual plasma samples collected from

each species. Data are ordered bymaximumconcentrationmeasured in any one individual bird from one species (from highest to lowest). CLO prevalence post-sowing is calculated to the

nearest 1%.

Species Number of samples

pre-sowing

Number of samples

post-sowing

CLO prevalence post-sowing Residue in all positive samples (ng/mL)

Total ND POS Total ND POS % Minimum Maximum Median IQR

Yellowhammer Emberiza citrinella 0 0 0 10 3 7 70 2.0 69,300 29.4 4530

House sparrow Passer domesticus 2 2 0 5 3 2 40 6740 7500 7120 380

Tree sparrowa Passer montanus 4 4 0 9 3 6 60 3.3 4880 22.5 37.2

Chaffinch Fringilla coelebs 8 8 0 9 2 7 78 0.6 3520 29.3 1000

Dunnock Prunella modularis 8 8 0 15 10 5 30 0.5 444 3.7 54.3

Blackbird Turdus merula 5 2 3 7 2 5 71 2.4 127 9.4 8.0

Reed bunting Emberiza schoeniclus 0 0 0 6 5 1 15 3.0 3.0 3.0 n/a

Starling Sturnus vulgaris 1 0 1 0 0 0 0 2.0 2.0 2.0 n/a

Robin Erithacus rubecula 1 1 0 1 0 1 100 1.7 1.7 1.7 0.0

Goldfinch Carduelis carduelis 6 6 0 8 6 2 25 0.8 1.4 1.1 0.3

Greenfinch Chloris chloris 1 1 0 1 1 0 0 n/a n/a n/a n/a

ND: non-detect for CLO; POS: tested positive for CLO; IQR: inter-quartile range; n/a: not applicable.
a Tree sparrow was not observed in treated fields in East Anglia (Table S3) due to their restricted range (see https://app.bto.org/mapstore/specieschooser.jsp).
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composition to that in Roy et al. (2019), and 12 of the 30 species ob-

served consuming seeds treatedwith pesticides in a previous study con-

ducted in Spain (Lopez-Antia et al., 2016). This included multiple

sparrow species, such as house sparrow, which have also been reported

to be extensively exposed to NNs across the Swiss plateau (Humann-

Guilleminot et al., 2019a). Overall exposure was not limited to any spe-

cific species ecology or taxonomy, other than that the majority of spe-

cies exposed are known to have cereal grain in their diet (Table S3)

(Cramp, 1985).

The prevalence of CLO residues in plasma samples collected post-

sowing (~50%) was broadly similar to that reported previously; of the

three other studies that have measured NN residue in plasma samples

collected from wild birds, positive samples accounted for 3% (n = 30

bird of prey samples), 60% (n = 10 bird of prey samples) and 80%

(n = 36 passerine samples) of the total sample size (Byholm et al.,

2018; Taliansky-Chamudis et al., 2017; Hao et al., 2018). Comparatively,

Humann-Guilleminot et al. reported 100% prevalence of NN residue in

146 pooled house sparrow feather samples (each pool contained one

feather from three individuals) (Humann-Guilleminot et al., 2019a).

When comparing these data, differences in sample type, time of sam-

pling (in relation to exposure) and the ecology of the species investi-

gated are all likely to explain the observed variation between studies.

Firstly, pooled samples may inflate the overall exposure prevalence

compared to samples analysed from single birds. Furthermore, NN in

feathers may have been laid down over a period of several days or

weeks during moult, whereas NN residue is known to exit the blood

stream 6–8 h after the compound is ingested (Hao et al., 2018; Bean

et al., 2019). Therefore blood residues are more likely to provide a

snap-shot of exposure whilst feather residues may reflect aggregated

exposure over a longer period. Secondly, compared to passerines, it is

much less likely that birds of prey will experience primary exposure

via the direct ingestion of treated seed. This will predispose passerines

to higher levels and frequencies of exposure than predatory species.

Notably, the median and maximum concentration of CLO in plasma

recorded in the present study exceeded any previous records of NN res-

idue in avian plasma. To date, 3.28 ng imidacloprid/mL was the highest

NN concentration reported for a bird of prey plasma sample (obtained

from Eurasian eagle owl Bubo bubo (Taliansky-Chamudis et al., 2017))

and 0.17 ng imidacloprid/mL the highest NN concentration in a passer-

ine plasma sample (obtained from a white-crowned house sparrow

Zonotrichia leucophrys (Hao et al., 2018)). Here we recorded a median

concentration across all positive samples of 12 ng CLO/mL, whilst the

maximum concentration recorded (in one yellowhammer) was

69,300 ng CLO/mL. As this is the first study to measure residue of a NN

in plasma samples collected directly post-sowing (compared to those

conducted outside of the sowing season), it is possible that these data

are not unusual during this time period and may be representative of

a period of peak exposure as a result of the increased availability of

treated seed (Supplementary Note 2).

Surveys in East Anglia confirmed that surface seed densities were

significantly associatedwith bird abundance in treated fields for species

groups such as buntings and passerines, as well as gamebirds. These

abundance observations tally with those species that were seen to

have the highest concentrations of CLO in plasma samples (such as yel-

lowhammer and tree sparrow), as well as multiple gamebird species

that were observed consuming treated seeds at seed clusters. Starling

made up the largest proportion of birds observed in treated fields;

only one plasma sample was available for this generalist species, but it

yielded a positive residue of CLO. Interestingly, starling and blackbird

were the only two species to test positive for CLO pre-sowing, both of

which are migratory and highly dispersive in autumn (Cramp, 1985)

and are likely to have had access to sites outside of those sampled

where drilling had already taken place. Also of note is that species

such as goldfinch, reed bunting and blackbird are not typically known

to consume cereal seed (Holland et al., 2006), so alternative exposure

pathways aside from ingestion of treated seed should be considered.

Lopez-Antia et al. (2016) reported imidacloprid exposure in partridges

that was not associated with seed treatments, and previous research

has evidenced off-site contamination of soil, water and wild plants

with CLO originating from seed treatments (Botias et al., 2016;

Humann-Guilleminot et al., 2019b). This hypothesis is further sup-

ported by literature suggesting that NNs leach from treated seeds over

time in response to precipitation (Radolinski et al., 2019; Radolinski

et al., 2018).

Although this study confirms that birds are exposed to CLO, what re-

mains less clear is the impact that this level of exposure is likely to have

on avian fitness and health in the wild. When examining CLO toxicity

thresholds in the context of the number of seeds consumed at seed clus-

ters, one wood pigeon was found to ingest sufficient seed to reach 65%

of the generic NOAEL threshold for reproductive effects, whilst smaller

species (b30 g) were found to ingest 11 to 31% of the compound re-

quired to reach the reproductive NOAEL threshold per feeding event.

These estimations are constructed based on single visits, so could be

under-estimating exposure when considering availability of treated

seed in the broader landscape. Notably, the two individuals (one tree

sparrow and one yellowhammer) that had the highest CLO plasma con-

centrations for their species (4880 and 69,300 ng/mL, respectively) ex-

hibited intoxication symptoms at time of capture, whichwere similar to

those described in imidacloprid-dosed eared doves (Addy-Orduna et al.,

2018). These individuals also had red dye around the bill and red faeces,

indicating recent ingestion of CLO-coated seeds, as has similarly been

reported in NN poisoning incidents (Millot et al., 2017). It is likely that

the concentrations of CLO in the blood stream breached a toxicity

threshold for these individuals, although toxicological data for CLO are

not available for these particular species to confirm this.

5. Conclusion

Results here provide clear evidence that a variety of farmland birds

are subject to widespread CLO exposure following normal agricultural

sowing of treated winter cereal seed. CLO exposure was confirmed in

32% of species observed and 50% of individuals sampled in treated fields

post-sowing, with levels of exposure to CLO among the highest re-

corded for wild birds to date. The widespread availability of winter

wheat seeds at the soil surface was identified as a primary source of ex-

posure. Factors such as the variation in compound application to seed,

rainfall patterns after sowing, and differences in drilling efficiency be-

tween farms are likely to have contributed to temporal and spatial var-

iability in exposure. Whilst outdoor use of imidacloprid, thiamethoxam

and CLO has been banned in the EU, the information reported here is

likely to have implications for multiple bird species where NNs are in

use and may help to inform any future policy decisions related to this

group of insecticides. In addition, these data are pertinent to future

risk assessments through identifying consumption of treated winter ce-

real seed as a source of exposure, and thus risk, to a wide range of spe-

cies of farmland bird.

Ethics statement

All works were approved by the Animal Welfare and Ethical Review

Body at the University of York. TheHomeOffice reviewed and approved

the licence to take blood samples from species in the study (licence

number: P3AF8F232).

CRediT authorship contribution statement

Rosie J. Lennon: Conceptualization, Data curation, Formal analysis,

Investigation,Methodology, Visualization,Writing - original draft,Writ-

ing - review & editing. Will J. Peach: Conceptualization, Data curation,

Methodology, Resources, Supervision, Writing - review & editing.

Jenny C. Dunn: Investigation, Methodology, Resources, Supervision,

Writing - review & editing. Richard F. Shore: Methodology,

9R.J. Lennon et al. / Science of the Total Environment 723 (2020) 138056



Supervision,Writing - review & editing.M. Glória Pereira: Formal anal-

ysis, Resources, Supervision, Writing - review & editing. Darren Sleep:
Formal analysis. Steve Dodd: Investigation. Christopher J. Wheatley:
Data curation. Kathryn E. Arnold: Funding acquisition, Resources, Su-

pervision. Colin D. Brown: Funding acquisition, Methodology, Supervi-

sion, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influ-

ence the work reported in this paper.

Acknowledgements

The authors thank all landowners who gave permission for data to

be collected; RSPB staff and Isobel Wright (University of Lincoln) who

facilitated site access; Kerry Skelhorn, Will Kirby, Andy Bradbury and

Derek Gruar of the RSPB who collected field samples in East Anglia,

alongside SD and JCD; Nigel Butcher who helped with camera trap de-

velopment; and Stuart Britton and Vivien Hartwell who facilitated sam-

ple collection in Lincolnshire. Research was funded by the Natural

Environment Research Council (NERC; https://nerc.ukri.org/) as part

of the ACCE (https://acce.shef.ac.uk/) Doctoral Training Partnership

(grant number NE/L002450/1), and the Royal Society for the Protection

of Birds (RSPB; https://www.rspb.org.uk/) who acted as a CASE partner

for this project.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.

org/10.1016/j.scitotenv.2020.138056.

References

Addy-Orduna, L.M., Brodeur, J.C., Mateo, R., 2018. Oral acute toxicity of imidacloprid,
thiamethoxam and clothianidin in eared doves: a contribution for the risk assess-
ment of neonicotinoids in birds. Sci. Total Environ. 10 (650), 1216–1223.

Alford, A., Krupke, C.H., 2017. Translocation of the neonicotinoid seed treatment
clothianidin in maize. PLoS One 12 (3), e0173836.

Balfour, N., Carreck, N., Blanchard, H., Ratnieks, F., 2016. Size matters: significant negative
relationship between mature plant mass and residual neonicotinoid levels in seed-
treated oilseed rape and maize crops. Agric. Ecosyst. Environ. 215, 85–88.

Bass, C., Field, L., 2018. Quick guide: neonicotinoids. Curr. Biol. R761–R783.
Bayer Crop Science UK, 2019. Redgio Deter label and seed tag [Internet]. [cited July 2019].

Available from. https://cropscience.bayer.co.uk/our-products/seed-treatments/
redigo-deter/.

Bean, T.G., Gross, M.S., Karouna-Renier, N.K., Henry, P.F., Schultz, S.L., Hladik, M.L., et al.,
2019. Toxicokinetics of imidacloprid-coated wheat seeds in Japanese quail (Coturnix
japonica) and an evaluation of hazard. Environ. Sci. Technol. 53 (7), 3888–3897.

Boatman, N.D., Brickle, N.W., Hart, J.D., Milsom, T.P., Morris, A.J., Murray, A.W., et al., 2004.
Evidence for the indirect effects of pesticides on farmland birds. Ibis 146 (s2),
131–143.

Botias, C., David, A., Hill, E.M., Goulson, D., 2016. Contamination of wild plants near
neonicotinoid seed-treated crops, and implications for non-target insects. Sci. Total
Environ. 566–567, 269–278.

Bro, E., Devillers, J., Millot, F., Decors, A., 2016. Residues of plant protection products in
grey partridge eggs in French cereal ecosystems. Environ. Sci. Pollut. Res. Int. 23
(10), 9559–9573.

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A., et al.,
2017. glmmTMB balances speed and flexibility among packages for zero-inflated
generalized linear mixed modeling. R J 9 (2), 378–400.

Byholm, P., Mäkeläinen, S., Santangeli, A., Goulson, D., 2018. First evidence of
neonicotinoid residues in a long-distance migratory raptor, the European honey buz-
zard (Pernis apivorus). Sci. Total Environ. 639, 929–933.

Cox, C., 2001. Insecticide factsheet: imidacloprid. J Pestic Reform 21, 15–21.
Cramp, S., 1985. Handbook of the Birds of Europe the Middle East and North Africa. The

Birds of the Western Palearctic. Vol. I–IX. Oxford University Press, UK.
de Snoo, G.R., Luttik, R., 2004. Availability of pesticide-treated seed on arable fields. Pest

Manag. Sci. 60 (5), 501–506.
Donald, P., Green, R., Heath, M., 2001. Agricultural intensification and the collapse of

Europe’s farmland bird populations. Proc. Biol. Sci. 268 (1462), 25–29.
Eng,M.L., Stutchbury, B.J., Morrissey, C.A., 2017. Imidacloprid and chlorpyrifos insecticides

impair migratory ability in a seed-eating songbird. Sci. Rep. 7 (1), 15176.
Ertl, H., Mora, M., Boellstorff, D., Brightsmith, D., Carson, K., 2018. Potential effects of

neonicotinoid insecticides on northern bobwhites. Wildl. Soc. Bull. 42 (4), 649–655.

European Food Safety Authority, 2010. Risk assessment for birds and mammals. EFSA J. 7
(12).

European Food Safety Authority, 2006. Initial risk assessment provided by the rapporteur
member state Germany for the existing active substance IMIDACLOPRID. Draft As-
sessment Report (Public Version), pp. 793–1120 3(Annex B-9: Ecotoxicology).

Garthwaite, D., Hudson, S., Barker, I., Parrish, G.P., Smith, L., Pietravalle, S., 2013. Pesticide
Usage Survey Report 255 – Grassland & Fodder Crops in Great Britain 2013. Food &
Environment Research Agency (Fera Science Ltd.), UK.

Goulson, D., 2013. An overview of the environmental risks posed by neonicotinoid insec-
ticides. J. Appl. Ecol. 50, 977–987.

Hao, C., Eng, M.L., Sun, F., Morrissey, C.A., 2018. Part-per-trillion LC-MS/MS determination
of neonicotinoids in small volumes of songbird plasma. Sci. Total Environ. 644,
1080–1087.

Holland, J.M., Hutchison, M.A.S., Smith, B., Aebischer, N.J., 2006. A review of invertebrates
and seed-bearing plants as food for farmland birds in Europe. Ann. Appl. Biol. 148 (1),
49–71.

Humann-Guilleminot, S., Clément, S., Desprat, J., Binkowski, Ł., Glauser, G., Helfenstein, F.,
2019a. A large-scale survey of house sparrows feathers reveals ubiquitous presence
of neonicotinoids in farmlands. Sci. Total Environ. 660, 1091–1097.

Humann-Guilleminot, S., Binkowski, Ł.J., Jenni, L., Hilke, G., Glauser, G., Helfenstein, F.,
2019b. A nation-wide survey of neonicotinoid insecticides in agricultural land with
implications for agri-environment schemes. J. Appl. Ecol. 56 (7), 1502–1514.

Li, Y., Yang, L., Yan, H., Zhang, M., Ge, J., Yu, X., 2018a. Uptake, translocation and accumu-
lation of imidacloprid in six leafy vegetables at three growth stages. Ecotoxicol. Envi-
ron. Saf. 164, 690–695.

Li, Y., Li, Y., Liu, Y., Ward, T.J., 2018b. Photodegradation of clothianidin and thiamethoxam
in agricultural soils. Environ. Sci. Pollut. Res. Int. 25 (31), 31318–31325.

Lopez-Antia, A., Ortiz-Santaliestra, M.E., Mougeot, F., Mateo, R., 2013. Experimental expo-
sure of red-legged partridges (Alectoris rufa) to seeds coated with imidacloprid, thi-
ram and difenoconazole. Ecotoxicology 22 (1), 125–138.

Lopez-Antia, A., Feliu, J., Camarero, P.R., Ortiz Santaliestra, M.E., Mateo, R., 2016. Risk as-
sessment of pesticide seed treatment for farmland birds using refined field data.
J. Appl. Ecol. 53 (5), 1373–1381.

Magnusson, B., Näykk, T., Hovind, H., MK, 2012. Handbook for Calculation of Measure-
ment Uncertainty in Environmental Laboratories Report No.: NT TR 537.

McGee, S., Whitfield-Aslund, M., Duca, D., Kopysh, N., Dan, T., Knopper, L., et al., 2018.
Field evaluation of the potential for avian exposure to clothianidin following the
planting of clothianidin-treated corn seed. PeerJ 7 (6), e5880.

Meier, U., 1997. Growth Stages of Mono-and Dicotyledonous Plants. Blackwell
Wissenschafts-Verlag.

Met Office, 2012. Met Office Integrated Data Archive System (MIDAS) Land and Marine
Surface Stations Data (1853-Current). [Internet]. [cited May 2018]. Available from.
http://catalogue.ceda.ac.uk/uuid/220a65615218d5c9cc9e4785a3234bd0.

Millot, F., Decors, A., Mastain, O., Quintaine, T., Berny, P., Vey, D., et al., 2017. Field evidence
of bird poisonings by imidacloprid-treated seeds: a review of incidents reported by
the French SAGIR network from 1995 to 2014. Environ. Sci. Pollut. Res. Int. 24 (6),
5469–5485.

Mineau, P., Palmer, C., 2013. The Impact of the Nation’s Most Widely Used Insecticides on
Birds. American Bird Conservancy, USA.

Mohanty, B., Pandey, S., Tsutsui, K., 2017. Thyroid disrupting pesticides impair
thehypothalamic-pituitary-testicular axis of a wildlife bird, Amandava amandava.
Reprod. Toxicol. 71, 32–41.

Newton, I., 1979. Population Ecology of Raptors. T & AD Poyser ltd, London UK.
Pandey, S.P., Mohanty, B., 2015. The neonicotinoid pesticide imidacloprid and the dithio-

carbamate fungicide mancozeb disrupt the pituitary-thyroid axis of a wildlife bird.
Chemosphere 122, 227–234.

Pandey, S., Mohanty, B., 2017. Disruption of the hypothalamic-pituitary-thyroid axis on
co-exposures to dithiocarbamate and neonicotinoid pesticides: study in a wildlife
bird, Amandava amandava. Neurotoxicology 60, 16–22.

Pisa, L.W., Amaral-Rogers, V., Belzunces, L.P., Bonmatin, J.M., Downs, C.A., Goulson, D., et
al., 2014. Effects of neonicotinoids and fipronil on non-target invertebrates. Environ.
Sci. Pollut. Res. Int. 22 (1), 68–102.

Prosser, P., 2001. Project PN0907: Potential Exposure of Birds to Treated Seed. Central Sci-
ence Laboratory, UK.

Prosser, P., Hart, A.D.M., 2005. Assessing potential exposure of birds to pesticide-treated
seeds. Ecotoxicology 14, 679–691.

R Core Team, 2013. R: A Language and Environment for Statistical Computing.
Radolinski, J., Wu, J., Xia, K., Stewart, R., 2018. Transport of a neonicotinoid pesticide,

thiamethoxam, from artificial seed coatings. Sci. Total Environ. 618, 561–568.
Radolinski, J., Wu, J., Xia, K., Hession, W.C., Stewart, R.D., 2019. Plants mediate

precipitation-driven transport of a neonicotinoid pesticide. Chemosphere 222,
445–452.

Rawi, S., Al-Logmani, A., Hamza, R., 2019. Neurological alterations induced by formulated
imidacloprid toxicity in Japanese quails. Metab. Brain Dis. 1–8.

Redfern, C.P.F., Clark, J.A., 2001. Ringers’ Manual. British Trust for Ornithology, Thetford, UK.
Robinson, R., 2005. BirdFacts: Profiles of Birds Occurring in Britain & Ireland (BTO Re-

search Report 407). [Internet]. [cited July 2019]. Available from. http://www.bto.
org/birdfacts.

Roy, C.L., Coy, P.L., Chen, D., Ponder, J., Jankowski, M., 2019. Multi-scale availability of
neonicotinoid-treated seed for wildlife in an agricultural landscape during spring
planting. Sci. Total Environ. 682, 271–281.

Simon-Delso, N., Amaral-Rogers, V., Belzunces, L., Bonmatin, J.-M., Chagnon,M., Downs, C.,
et al., 2015. Systemic insecticides (neonicotinoids and fipronil): trends, uses, mode of
action and metabolites. Environ. Sci. Pollut. Res. Int. 22 (1), 5–34.

Siriwardena, G.M., Calbrade, N.A., Vickery, J.A., 2008. Farmland birds and late winter food:
does seed supply fail to meet demand? Ibis 150 (3), 585–595.

10 R.J. Lennon et al. / Science of the Total Environment 723 (2020) 138056



Stanton, R.L., Morrissey, C.A., Clark, R.G., 2018. Analysis of trends and agricultural drivers
of farmland bird declines in North America: a review. Agric. Ecosyst. Environ. 254,
244–254.

Taliansky-Chamudis, A., Gómez-Ramírez, P., León-Ortega, M., García-Fernández, A.J.,
2017. Validation of a QuECheRS method for analysis of neonicotinoids in small vol-
umes of blood and assessment of exposure in Eurasian eagle owl (Bubo bubo) nes-
tlings. Sci. Total Environ. 595, 93–100.

Tomizawa, M., Casida, J.E., 2005. Neonicotinoid insecticide toxicology: mechanisms of se-
lective action. Annu. Rev. Pharmacol. Toxicol. 45, 247–268.

Tomizawa, M., Lee, D., Casida, J., 2000. Neonicotinoid insecticides: molecular features con-
ferring selectivity for insect versus mammalian nicotinic receptors. J. Agric. Food
Chem. 48 (12), 6016–6024.

Turaga, U., Peper, S.T., Dunham, N.R., Kumar, N., Kistler,W., Almas, S., et al., 2016. A survey
of neonicotinoid use and potential exposure to northern bobwhite (Colinus
virginianus) and scaled quail (Callipepla squamata) in the Rolling Plains of Texas
and Oklahoma. Environ. Toxicol. Chem. 35 (6), 1511–1515.

Wood, T.J., Goulson, D., 2017. The environmental risks of neonicotinoid pesticides: a re-
view of the evidence post 2013. Environ. Sci. Pollut. Res. 24 (21), 17285–17325.

Zeid, E., Alam, R., Ali, S., Hendawi, M., 2019. Dose-related impacts of imidacloprid oral in-
toxication on brain and liver of rock pigeon (Columba livia domestica), residues anal-
ysis in different organs. Environ. Toxicol. Chem. 167, 60–68.

11R.J. Lennon et al. / Science of the Total Environment 723 (2020) 138056


