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Abstract

Pesticide residues in honey can negatively affect bee health. Although recent studies have detected neonicotinoid residues in
honeys from around the world, little is known about how residues relate to land use and vegetation composition. To investigate
potential relationships, we sampled multi-floral honey from 30 Apis mellifera hives from urban, agricultural and semi-natural
habitats (SNH), identified and quantified three neonicotinoids present (clothianidin, imidacloprid and thiacloprid) using UHPLC-
MS, and classified surrounding land use up to 5 km around hive sites. Neonicotinoids were most frequently detected in honeys
from hives in agricultural habitats, and 70% of all samples contained at least one of the three neonicotinoid compounds.
Imidacloprid was the most frequently detected neonicotinoid (found in 43% of honey samples) followed by clothianidin
(40%) and thiacloprid (37%). Almost half (48%) of samples contained at least two neonicotinoids, and two of the 30 samples
contained all three. Clothianidin and thiacloprid were more frequently detected in honeys from urban habitats, highlighting that
exposure to pesticides does not just occur in agricultural settings. This suggests that pesticide use in urban domestic, sport and

amenity contexts, given potential exposure of bees and other pollinators, needs urgent consideration.
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Introduction

Neonicotinoids are the most widely used group of insecticides
in the world, and are neuroactive insecticides causing nervous
stimulation at low concentrations, and receptor blockage, pa-
ralysis and death at higher concentrations (Goulson 2013).
They act systemically, travelling through the plant tissue,
protecting all plant parts, and providing effective pest control
(Jeschke et al. 2010; Nauen et al. 2001). However, these pes-
ticides have also been demonstrated to cause acute and
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chronic toxicity to bees. For example, non-lethal exposure of
thiamethoxam has been found to decrease the foraging suc-
cess of the Western honey bee (Apis mellifera) (Henry et al.
2012) and has been found to induce a variety of behavioural
changes (Williamson and Wright 2013). The LDsq value (le-
thal dose 50%; the dose required to kill half the members of a
tested population after a specified test duration) for honey bees
varies depending on the neonicotinoid, and ranges from 3.7 to
5 ng/bee (Wood and Goulson 2017). Although thiacloprid is
reported as being several orders of magnitude less toxic to
honey bees (thiacloprid acute oral LDs, 8.1-39 ng per bee)
compared to the other neonicotinoids (imidacloprid and
thiamethoxam acute oral LDsy = 0.004—0.005 pg per bee),
the method of application of thiacloprid (spraying as opposed
to seed dressing) may lead to higher residues in the honey
bee’s food sources (Lundin et al. 2015). Concentrations as
low as 0.003 mg/kg acetamiprid (Williamson et al. 2014),
0.08 mg/kg clothianidin (Brandt et al. 2016), 0.001 mg/kg
imidacloprid (Brandt et al. 2016), 0.29 mg/kg thiacloprid
and 0.118 mg/kg of food source thiamethoxam (Tosi and
Nieh 2017) have been shown to have negative effects on hon-
ey bees when exposed orally. There is incomplete knowledge
regarding the impacts of neonicotinoids on other organisms;
nevertheless, there is sufficient toxicity data for a wide range
of invertebrate taxa, both aquatic and terrestrial, to warrant
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caution (Pisa et al. 2015; Sohn et al. 2018; Basley and
Goulson 2018; Gibbons et al. 2015).

Five neonicotinoids are currently approved as active sub-
stances in the EU for use in plant protection products (PPP),
namely acetamiprid, clothianidin, imidacloprid, thiacloprid
and thiamethoxam (The European Commission 2018). They
can persist and accumulate in the environment (Goulson
2013) and have recently been found in organic soils and seeds
(Guilleminot et al. 2019), demonstrating their presence even
in soils to which they are not applied. Each neonicotinoid has
specific properties concerning its environmental fate (persis-
tence, biodegradability and accumulation) and specific toxic-
ity levels. For example, the reported half-lives of
neonicotinoids in soil applied as seed dressings range from
28 to 1250 days for imidacloprid (Fernandez-Bayo et al.
2009; Goulson 2013; Lundin et al. 2015) and 148-6931 days
for clothianidin (Goulson 2013; Lundin et al. 2015; Rexrode
et al. 2003). Thiacloprid is not used in seed treatments but is
common in spray application, and has a shorter half-life in soil
(3—74 days) (Lundin et al. 2015; Goulson 2013; Rexrode et al.
2003) compared to clothianidin and imidacloprid.

Due to the wide application in both agriculture and
horticulture, persistence in soil and water (Silva et al.
2019; Casado et al. 2019) and uptake by non-target plants
(e.g. wild plants and succeeding crops) (Krupke et al.
2012; Botias et al. 2015), neonicotinoids are bioavailable
to bees for most of the year (van der Sluijs et al. 2013;
Hladik et al. 2018). This has resulted in the presence of
neonicotinoids in honey. Residues of neonicotinoids have
been found in honey samples from many countries around
the world (Austria (Tanner and Czerwenka 2011), France
(Paradis et al. 2014; Lambert et al. 2013), Poland
(Barganska et al. 2013) and the USA (Mullin et al.
2010)). A recent worldwide survey of honey from all
continents has shown that these pesticides can be found
around the world, indicating their global prevalence
(Mitchell et al. 2017a). Different national regulations have
established maximum levels of pesticide residues (maxi-
mum residue levels (MRLs)—Ilevels determined to be of
concern to human health) permitted in honey (Al-Waili
et al. 2012). However, a lack of consistency in MRLs
between countries causes problems in international mar-
keting and trade (Al-Waili et al. 2012). While MRLs are
mostly observed in food trade, their legal enforcement is
rare (Wyckhuys et al. 2020). In Europe, current MRLs for
clothianidin and imidacloprid are 0.05 mg/kg and the
MRL for thiacloprid is 0.2 mg/kg. The pesticide levels
found in honey samples vary considerably and are usually
below the MRLs authorised for human consumption
(Raghunandan and Basavarajappa 2013; Mitchell et al.
2017a), unlike the pesticide residues detected in plant-
based foods (Wyckhuys et al. 2020). However, while the
levels found in honey are usually below MRLs for human

@ Springer

health, they can be higher than the concentrations which,
as discussed above, have been found to adversely impact
bee health (Mitchell et al. 2017a).

Since honey bees forage within certain distances of their
colony, i.e. are central place foragers, and forage in a radius up
to 10 km (with an average of 5.5 km around their hives)
(Beekman and Ratnieks 2000), it is likely that pesticide resi-
dues in honey vary according to the prevailing land use in the
area surrounding a hive site. For example, in a landscape that
contains large proportions of pesticide-treated crops and ara-
ble weeds attractive to insects, bees may be more likely to
collect contaminated nectar and pollen (Wood et al. 2019).
Conversely, in a landscape dominated by grasslands or
semi-natural habitats, where pesticide use is reduced, bees
are less likely to be exposed to contaminated food. European
landscapes are dominated by agriculture, two-thirds of this
being arable crops; hence, the potential for exposure is high.
The country with the highest proportion of land devoted to
agriculture is Ireland, but here grasslands dominate
(Copernicus 2018), and very few crops attractive to bees are
grown. However, since the agricultural landscape of Ireland is
highly dynamic, with parcels moving in and out of grassland
and arable crops frequently (Zimmermann et al. 2016), and
semi-natural areas exist mostly as fragments within agricultur-
ally dominated landscapes, the potential for bee exposure to
persistent chemicals, including neonicotinoids, increases
(Zimmermann and Stout 2016).

Clothianidin, imidacloprid and thiamethoxam were identi-
fied by EFSA (European Food Safety Authority) as posing a
risk to bees in 2013, and more recently, in 2018, the risks were
reviewed and confirmed by EFSA (European Food Safety
Authority) 2018). Consequently, the use of these three com-
pounds has been restricted in the EU. However, these three
active ingredients were, until 2013, approved for use on crops
grown in enclosed systems, winter cereals and in grass man-
agement in Ireland and were frequently used. In addition,
thiacloprid was also widely used (Table S1) on both soft fruit
and vegetable crops in Ireland; however, only one report ex-
ists for PPP usage on soft fruit, published in 2014 (Department
of Agriculture Food and the Marine 2014), and only one re-
port exists for its use on vegetable crops, published in 2011
(Department of Agriculture Food and the Marine 2011).
Despite the limited amount of information on pesticide inputs
in Ireland, we hypothesise that since thiacloprid has been used
on crops that are attractive to bees, we expect to find residues
of this compound in our honey samples. Conversely,
imidacloprid has only been reported for use on fodder turnip
and fodder swede crops (crops that are not usually visited by
bees) and we therefore expect residues in honey to be absent
or very low. The aims of the present study were therefore to:

(i) identify and quantify three neonicotinoids (clothianidin,
imidacloprid and thiacloprid) in Irish honeys
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(thiamethoxam was not included because it is no longer
approved for use in Ireland).

(i) determine if there is an association between their occur-
rence and the land use composition of the landscape
surrounding the hive.

Methods
Honey sampling
Thirty Irish honey samples from 30 hive sites across the island

of Ireland were collected directly from beekeepers in 2014
(Fig. 1). Once collected, all honey samples were stored in

amber containers in the fridge set to 4 °C. The hive sites were
grouped into one of three habitat categories (agriculture (n =
10), semi-natural habitats (SNH) (n = 10) and urban (n = 10))
based on the proportions of land cover surrounding each of the
hives, according to the CORINE 2012 data series (Copernicus
2018; Environmental Protection Agency 2021). The percent-
age of each habitat surrounding the hive sites to a 5-km radius
ranged from 29 to 97% for agriculture, 4-54% for SNH and
40-95% for urban across the 30 hive sites. Honeys were har-
vested either in June or July.

Neonicotinoid analysis

Neonicotinoid identification and quantification was deter-
mined by ultra-high performance liquid chromatography

Fig. 1 Location of honey
sampling sites across Ireland (n =
30). Habitat categories:
agriculture (green dot), semi-
natural habitats (SNH) (yellow
dot) and urban (red dot)
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(UHPLC), coupled with mass spectrometry detection
(hereafter referred to as LC-MS) following the method of
Mitchell et al. (2017b). Further details are given below.

Reagents and standards

All salts, solvents and standards were analytical or LC-MS
grade. LC-MS grade water, acetonitrile (ACN), formic acid,
ammonium formate, all salts used for QUEChERS and each of
the standards (clothianidin, imidacloprid and thiacloprid) were
obtained from Sigma-Aldrich, Ireland. ISOLUTE primary
secondary amine (PSA) bulk phase was purchased from
Biotage, Sweden. Isotopically labelled standards
(clothianidin-D3, imidacloprid-D4 and thiacloprid-D4) were
obtained from QMX Laboratories, UK. Millipore Millex sy-
ringe filters with hydrophobic PTFE membrane (pore size
0.22 pum and 20 mm diameter) and low-adsorption LC-MS-
certified vials and conical inserts were purchased from Sigma-
Aldrich. XBridge UPLC BEH column 4.6 x 100 mm i.d.,
3.5 um particle size using XBridge BEH C18 VanGuard
Cartridge (3.5 L 3.9 X 5 mm) and VanGuard cartridge holder
were all purchased from Waters Chromatography Ireland.

Sample preparation

Honey samples were prepared using a QUEChERS protocol
described previously (Paradis et al. 2014; Mitchell et al.
2017b). Specifically, 2.5 g of honey was weighed in a
15-mL polypropylene tube (Sparks Lab Supplies Ltd.,
Ireland) to which 9 mL of H,O:ACN (50:50, v/v) and 20 puL.
of a 500 ng/mL internal standard (IS) methanolic solution
containing the 3 labelled neonicotinoids were added. Honey
was dissolved by manual agitation and ultrasonication for
10 min and the resulting solution was transferred into a
15-mL tube containing the extraction salts (2 g magnesium
sulphate (MgSQ,), 0.5 g sodium chloride, 0.5 g sodium citrate
hydrate and 0.25 g sodium citrate sesquihydrate). One millili-
ter of H,O:ACN (50:50, v/v) was added to the first tube, and
after a brief agitation period, the remaining solution was also
transferred to the extraction salts tube. The mixture was vig-
orously shaken by hand for approximately 2 min and centri-
fuged at 4000g for 10 min. The upper phase (approx. 4.5 mL)
was collected in a second 15-mL tube containing the purifica-
tion salts (0.15 g MgSO,4 and 0.1 g PSA). After vigorous
shaking for 1 min, the tube was centrifuged at 4000g for
10 min and the supernatant (4.5 mL) recovered and dispensed
into three 1.5-mL Eppendorf tubes (Lennox Laboratory
Supplies, Ireland). The solution was evaporated until dry in
a CentriVap centrifugal evaporator (Labconco, Thermo
Scientific, Ireland) thermostated at 40 °C and the dried residue
that remained was re-suspended in 0.25 mL of methanol
(MeOH) 25%. The tubes were vortexed and filtered through
20-mm PTFE hydrophilic syringe filters (Sigma-Aldrich) into
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LC-MS vials containing 250 pL conical inserts. The final
concentration of IS was 40 ng/mL.

UHPLC-MS/MS analysis

The analysis of neonicotinoids in honey was performed on a
Dionex Ultimate 3000 RSLC (Thermo Scientific) coupled to a
LTQ XL mass spectrometer (Thermo Scientific).
Neonicotinoid separation was achieved on an XBridge
UPLC BEH column 4.6 x 100 mm i.d., 3.5 um particle size,
Waters) using a column oven at 25 °C and a flow rate of 0.3
mL/min. Mobile phase A consisted of 5 mM ammonium for-
mate with 0.05% formic acid and mobile phase B comprised
ACN with 0.05% formic acid. The following gradient pro-
gramme was used: linear increase from 10 to 80% B in 15.0
min, 80-98% B in 0.1 min, holding at 98% B for 2 min and
returning to initial conditions at 10% B in 2.0 min. The injec-
tion volume was 5 puL. The flow was deviated from the mass
spectrometer from 0.0 to 5.0 min using a 6-port diverter Valco
valve on the mass spectrometer.

For directed LC-MS/MS, an inclusion list on the LTQ XL
(Xcalibur 2.1 software release 2.1, March 31, 2011) compris-
ing of m/z, collision-induced dissociation (CID) fragmentation
energy and retention time values for the three neonicotinoids
and their associated labelled standard (retention times were
determined from previous experiments using standards)
(Table S2) were generated.

The following parameters were used for inclusion list-
dependent acquisition on the LTQ XL mass spectrometer.
MS detection was performed in positive electrospray mode
using the following parameters: capillary voltage 5 kV, capil-
lary temperature 275 °C, sheath and auxiliary gas flow (N,)
ten and three (arbitrary units), tube lens voltage 55 V. The
analysis was carried out in the ultra-zoom single ion monitor-
ing (SIM) mode in positive mode profile. The intensity thresh-
old for triggering of detected peaks was set to ten, isolation
width (m/z) 1.6, activation time of 90 ms and collision energy
was specified at 32% for all list members. The repeat count
was set to six. Neonicotinoids were identified and quantified
according to the corresponding spectral characteristics: mass,
tandem mass spectrum, characteristic retention time.

Detection, quantification and validation

The identification of eluted components was achieved by
comparing the retention time of reference standards with the
honey samples. Neonicotinoids were detected based on (a) the
characteristic fragmentation pattern and (b) calibration. For
detection based on fragmentation, quantitation was carried
out in scan mode by monitoring the response for a specific
ion in an analyte’s mass spectrum. In many cases, this ion,
termed the “quantifier” ion, is the most abundant in the spec-
trum. Other lesser abundant ions may also be monitored to aid
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in confident identification of the analyte. These are often
termed “qualifier” ions. Neonicotinoids were quantified by
internal calibration using calibration solutions prepared in
MeOH 25% at 0.25, 0.5, 1, 10, 50 and 200 pg/L. The linearity
range of the analytes, the limit of detection (LOD), the limit of
quantification (LOQ) and the recoveries for three concentra-
tion levels were determined using a three-point calibration
curve (0.25, 0.5, 1 ug/L). Above 1 ng/L, the response depart-
ed from linearity. A validation assay was performed using
methanol blanks (n = 2) before each batch was analysed.
Validation parameters are presented in Table S3. Three repli-
cates of each honey sample were analysed. Thermo Xcalibur
2.2.0 (Thermo Scientific) was employed to process the data.

Landscape analysis

Landscape composition was quantified to a 5-km radius
(based on upper end average foraging distances in Beekman
and Ratnieks 2000) around each of the 30 hive sites using the
CORINE (Co-ordinated Information of the Environment)
2012 land cover classification system (CLC). CLC is a com-
mon classification system of geo-spatial information that is
available for all European Member States. It is based on sat-
ellite images and categorises land cover into 44 classes within
three hierarchal levels (Central Statistics Office 2016). The
minimum map unit is 25 ha (241). The 2012 data were select-
ed for use because this dataset was closest to the honey harvest
dates. Land cover was classified to levels 1, 2 and 3 of the
hierarchal classes (1-3). The relationships between the detec-
tion and concentration of target analytes and the percentage of
11 land covers were assessed. These land covers include arti-
ficial surfaces (level 1), continuous urban fabric (assigned
when urban structures and transport networks are dominating
the surface area. > 80% of the land surface is covered by
impermeable features like buildings, roads and artificially sur-
faced areas, level 3), artificial non-agricultural vegetated areas
(areas voluntarily created for recreational use, includes green
or recreational and leisure urban parks, sport and leisure facil-
ities, level 2), agricultural areas (level 1), non-irrigated arable
land (cultivated land parcels under rainfed agricultural use for
annually harvested non-permanent crops, normally under a
crop rotation system, including fallow lands within such crop
rotation, level 3), pastures (lands that are permanently used (at
least 5 years) for fodder production, includes natural or sown
herbaceous species, unimproved or lightly improved
meadows and grazed or mechanically harvested meadows,
level 3), heterogeneous agricultural areas (areas of annual
crops associated with permanent crops on the same parcel,
annual crops cultivated under forest trees, areas of annual
crops, meadows and/or permanent crops which are juxta-
posed, landscapes in which crops and pastures are intimately
mixed with natural vegetation or natural areas, level 2), land
principally occupied by agriculture (areas principally

occupied by agriculture, interspersed with significant natural
or semi-natural areas (including forests, shrubs, wetlands, wa-
ter bodies, mineral outcrops) in a mosaic pattern, level 3),
forest and semi-natural areas (level 1), broad-leaved forest
(vegetation formation composed principally of trees, includ-
ing shrub and bush understorey, where broad-leaved species
predominate. level 3), and wetlands (level 1) (Copernicus
2020).

Statistical analysis

Fishers exact tests were used to compare the proportions of
honey samples containing clothianidin, imidacloprid and
thiacloprid and the proportions where at least one, two or all
three neonicotinoids were detected according to habitat type
(agriculture, SNH and urban). Mann-Whitney U tests were
used to compare differences in the area of each of the 11 land
covers according to whether each of the three neonicotinoids
was present or not. Eleven land covers were selected for anal-
ysis on the basis of their presence in at least 60% of the hive
sites. Only imidacloprid was quantifiable, as the concentra-
tions of clothianidin and thiacloprid fell below the limits of
quantification (LOQ). The relationships between the concen-
tration of imidacloprid and percentage of 11 land covers were
assessed where possible (8 samples). Correlations between
land cover and imidacloprid concentration were investigated
using Spearman’s rank-order correlation because data were
not normally distributed. All analyses were carried out in
R-3.2.5.

Results

Separation of the three neonicotinoids can be seen in Fig. S1.
The results presented here have been generated using (a) de-
tection based on fragmentation and (b) detection and quanti-
fication based on calibration. Subsequently, the relationship
between the presence and concentration of each of the three
neonicotinoids with habitat type and separately, with land
cover, was assessed.

Detection based on fragmentation

Analysis of blank samples revealed no traces of the pesticides
studied. Three neonicotinoid peaks were structurally identi-
fied by comparing retention times, ion trap mass spectrometry
data and fragment ions with those of the reference substances.
The mass spectra and characteristic fragmentation pattern of
each of the three neonicotinoids are illustrated in Figs. 2, 3,
and 4 and documented in Table 1. The fragmentation pattern
proposed here is similar to those reported previously (Xie et al.
2011; Mitchell et al. 2017b; Hou et al. 2019; Campillo et al.
2013).
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Table 1

Compound-specific UHPLC-MS/MS retention times (Rt),

quantifying transition ions (Q) and qualifier transition ions (q) for the
three neonicotinoids analysed

Analytes Rt (min) Transitions (m/z)
Clothianidin (Q) 10.96 250/169
Clothianidin (q) 250/132
Clothianidin-D3(Q) 10.96 253/172
Clothianidin-D3(q) 253/132
Imidacloprid (Q) 11.36 256/209
Imidacloprid (q) 256/175
Imidacloprid-D3 (Q) 11.36 259/213
Imidacloprid-D3 (q) 259/178
Thiacloprid (Q) 12.69 253/126
Thiacloprid (q) 253/226
Thiacloprid-D3 (Q) 12.69 256/126
Thiacloprid-D3 (q) 256/229

Imidacloprid was the most frequently detected
neonicotinoid (found in 13, 43%, of honey samples) followed
by clothianidin (12, 40%) and thiacloprid (11, 37%). The re-
sults show that 70% of all analysed samples contained at least
one neonicotinoid (clothianidin, imidacloprid and
thiacloprid). At least two neonicotinoids were detected in
48% of the samples and two of the 30 samples contained all
three neonicotinoids.

Detection and quantification based on calibration

Using detection based on calibration (i.e. LODs), the number
of honey samples where imidacloprid was detected was equal
to the number detected using identification based on fragmen-
tation (i.e. 13). However, using the calibration method,
clothianidin was only detected in four samples and thiacloprid
was not detected in any honey sample (Table 2).
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Overall, only 27% of honeys contained quantifiable
amounts of neonicotinoids and imidacloprid was the only
neonicotinoid that could be quantified (n = 8) (Table 2). The
concentration of imidacloprid ranged from 0.007 to 0.018
mg/kg. Clothianidin and thiacloprid could not be quantified
in honey samples as concentrations were < LOQ. Method
validation parameters are shown in Table S3. At all levels,
inter day precision was lower than 25%.

Relationship with landscape

At least one neonicotinoid was detected in 70% of honey
samples, of which 14% came from SNH, 43% came from
agricultural habitats and another 43% came from urban habi-
tats (Fig. Sa, Table 3). Of the two honey samples that
contained all three neonicotinoids, one of these came from
the agricultural habitat category and one came from the urban
habitat category (Fig. 5a, Table 3).

Honeys from urban habitats had the highest number of
samples where clothianidin and thiacloprid were detected.
The highest number of honey samples where imidacloprid
was detected came from hives located within the agricultural
habitat category (Fig. 5b, Table 3). Clothianidin and
thiacloprid were least frequently detected in honey samples
from SNH, while imidacloprid was detected in two samples
from SNH and two from urban habitats.

Clothianidin was more frequently detected in honeys from
urban habitats compared to SNH (p = 0.02) (Fig. Sa, Table 4).
Although clothianidin was more frequently detected in honey
samples from agricultural habitats compared to SNH, this dif-
ference was not statistically significant. Imidacloprid was
more frequently detected in honeys from agriculture habitats
compared to both SNH and urban habitats (p = 0.005, Fig. 5a,
Table 4). There was no statistically significant association
between the detection of thiacloprid and habitat category
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Fig. 2 Mass spectra and characteristic fragment pattern of clothianidin at m/z 250
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Fig. 3 Mass spectra and characteristic fragment pattern of thiacloprid at m/z 253

(Table 4); however, the number of detected samples was
highest in urban habitats (Fig. 5a). The detection of at least
one neonicotinoid was significantly higher in samples from
both agricultural and urban habitats compared to SNH (p =
0.02, Fig. 5b). Finally, no statistically significant difference
was observed between habitats when at least two
neonicotinoids were detected (Table 4).

There were significant differences in the area of nine dif-
ferent land covers surrounding the hive according to the pres-
ence or absence of one of the neonicotinoids (Table 5). In
samples where clothianidin was detected, there was signifi-
cantly less coastal wetlands in the surrounding landscape
(Table 5). Conversely, in samples where clothianidin was de-
tected, there was a greater area of artificial surfaces and artifi-
cial non-agricultural vegetated areas surrounding the hives.
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For samples where thiacloprid was detected, there were sig-
nificantly lower areas of heterogeneous agricultural areas and
by land principally occupied by agriculture surrounding hives.
Finally, for samples in which imidacloprid was detected, there
were more agricultural areas and areas of pastures surrounding
the hive, and lower areas of artificial surfaces and arable land
surrounding the hive (Table 5).

Six of the eight honeys where imidacloprid was quantified
came from the agricultural habitats category, one came from
urban habitats and one came from SNH. The highest concen-
tration of imidacloprid quantified came from the agricultural
habitat category. A moderate negative relationship was ob-
served between arable land and the concentration of
imidacloprid in honey; however, this relationship was not sta-
tistically significant (Table S4). A moderate positive
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Table 2 Individual neonicotinoids detected and/or quantified in honey
samples. The maximum concentration (Max. conc.) is given in mg/kg
together with mean, the standard deviation, LOD and LOQ. Number

detected = number of honey samples in which the pesticide was detected;
number quantified = number of honey samples in which the pesticide
could be quantified

Neonicotinoid ~ Number detected ~ Number quantified ~ Max. conc. (mg/kg) Mean (mg/kg)  SD (mg/kg) LOD (mgkg) LOQ (mg/kg)
Clothianidin 4 <LOQ <LOQ <LOQ 0.051 0.155
Imidacloprid 13 0.018 0.011 0.004 0.003 0.008
Thiacloprid 0 <LOQ <LOQ <LOQ 0.018 0.055

relationship was observed between forestry and the concen-
tration of imidacloprid; however, again, this relationship was
not statistically significant (Table S4).

Discussion

Clothianidin, imidacloprid and thiacloprid were detected in
Irish honey samples, with 70% of samples containing at least
one of these three compounds, and almost half (48%) contain-
ing residues of more than one compound. This is consistent
with Mitchell et al. (2017a) who detected neonicotinoids in
79% of European honey samples, with 45% of honey samples
having multiple neonicotinoid contamination. Although
thiacloprid was used on a number of crops in Ireland and is
available in a wide variety of products (for amateur and pro-
fessional use), it was the least frequently detected
neonicotinoid in our samples, possibly due to its shorter
half-life in soil. The more persistent imidacloprid was the most
frequently detected neonicotinoid in our study, but is the ac-
tive ingredient of only six plant protection products (PPPs)
approved for professional use in Ireland (Department of
Agriculture Food and the Marine in Ireland 2018). The fre-
quency of imidacloprid in honey samples may not be limited
to agricultural PPP use, but may also arise due to its presence
in a range of commercial products, including products for
maintaining turf for sport and recreation, in plant nurseries,
in domestic gardens and by local authorities in public parks.
For example, a recent study reported that 70% of ornamental

Table3  Number of honey samples where at least one, two, all three and
each neonicotinoid was detected according to habitat group

Agriculture SNH Urban
At least 1 neonicotinoid 9 3 9
At least 2 neonicotinoids 6 2 5
All three 1 0 1
Clothianidin 4 1 7
Imidacloprid 9 2 2
Thiacloprid 3 2 6
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plants sold in the UK as “bee friendly” contained
neonicotinoids (Lentola et al. 2017), and as not all garden
plants sold in Ireland are home grown, exposure may be
underestimated if only agricultural PPP use is considered
(Central Statistics Office 2017). Additionally, neonicotinoid
exposure can arise not only as a result of the number of prod-
ucts on the market; volume of sales must also be considered.
Clothianidin was the active ingredient of only one PPP ap-
proved for professional use in Ireland; however, four times
more of this product was applied between 2011 and 2014 than
imidacloprid and thiacloprid (Table S1). Given the wide-
spread availability of neonicotinoids in many PPPs, and their
persistence in soils and plant material, it is not surprising that
honey that originates from the nectar of plants foraged by bees
contains these pesticides.

The concentration at which neonicotinoids were found in
Irish honey was only quantifiable for imidacloprid. Although
low, the average concentration of imidacloprid found here was
higher than concentrations which have been shown to induce
negative effects on honey bees. For example, Brandt et al.
(2016) showed that oral exposure of clothianidin,
imidacloprid and thiacloprid affect the immunocompetence
of honey bees, reducing haemocyte density, encapsulation
response and the antimicrobial activity of honey bees.
Imidacloprid has also been shown to cause negative effects
on the behaviour of bumble bees (Moffat et al. 2016), and one
honey sample contained concentrations of imidacloprid ex-
ceeding the dosage concentration shown to have negative ef-
fects. Although 70% of samples tested positive for at least one
neonicotinoid, concentrations were below the admissible
limits for human consumption according to current EU regu-
lations (i.e. MRLs). Mitchell et al. (2017) found that
thiacloprid dominated the European honey samples in terms
of concentration. The concentration of thiacloprid found here
was lower than the LOQ and thus cannot be compared with
the European honey; however, the concentration in both stud-
ies is lower than the European MRL.

This is the first study to show that honey from urban areas
can be more contaminated than honey from rural areas for
some chemical residues. We found a difference in
neonicotinoid residues depending on the landscape in which
honey bees were foraging. For logistical reasons, our urban
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Fig. 5 Number of honey samples ( a)
where a each the three
neonicotinoids (clothianidin,
imidacloprid and thiacloprid) was w10
detected and b at least one, two or et
all three neonicotinoids were 5 -
detected, according to habitat type % . Agriculture
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Table 4 Associations between
habitat type (Agricultural (Ag), Number of samples with compound(s) detected Odds ratio p value
SNH and urban) and the presence .
of at least one pesticide, and At least 2 neonicotinoids
between habitat type and each of Ag/urban 6/5 0.68 1.00
the three pesticides individually Ag/SNH 62 0.18 0.17
(clothianidin, imidacloprid and g ’ ’
thiacloprid). Odds ratio and SNH/urban 2/5 027 0.35
p values were calculated using At least 1 neonicotinoid
Fisher’s exact test, n = 10 for each Ag/urban 9/9 1.00 1.00
habl.tat group. Significant p values Ag/SNH 93 0.06 0.02
are in bold
SNH/urban 39 0.06 0.02
Clothianidin
Ag/urban 4/7 0.30 0.37
Ag/SNH 4/1 0.18 0.30
SNH/urban 177 0.06 0.02
Imidacloprid
Ag/urban 9/2 27.33 0.005
Ag/SNH 92 2733 0.005
SNH/urban 22 1.00 1.00
Thiacloprid
Ag/urban 3/6 031 0.37
Ag/SNH 32 0.60 1.00
SNH/urban 2/6 0.06 0.17

Ag, agriculture; SNH, semi-natural habitat
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Table 5 Mann-Whitney U test results of each land cover that showed a
statistically significant association with one of the three neonicotinoids,
clothianidin, imidacloprid and thiacloprid. Mann-Whitney U values (U),
the number of samples containing the land cover (n), the median land
cover when the neonicotinoid was present and absent, the standardised
test statistic (Z), p value and the effect size (r) are presented

Clothianidin AS UF ANA W

U 156.5 155.5 145 24.5
n 29 29 29 23
Median when present 31.52 25.19 6.11 1.74
Median when absent 1.69 0.79 0.33 3.95
VA 2.59 2.55 227 =25
p value 0.008 0.009 0.039 0.01
r 0.48 0.47 0.42 0.52
Imidacloprid AS AA AL P

U 169.5 151.5 159.5
n 29 29 29
Median when present 421 44.6 0.44 33.83
Median when absent 7.23 17.7 9.65 7.77
p value 0.003 0.003 0.036 0.013
Z 2.87 2.14 243
r 0.53 0.4 0.82
Thiacloprid HAA A

U 24.5 34

n 29 29

Median when present 0.44 0.00

Median when absent 422 297

p value 0.001 0.004

VA -3.24 -2.83

r 0.6 0.6

AS, artificial surfaces; UF, urban fabric; ANA, artificial non-agricultural
vegetated areas; W, wetlands; AA, agricultural areas; AL, arable land; P,
pasture; HAA, heterogeneous agricultural areas; A, land principally occu-
pied by agriculture

samples were all from the east of Ireland, which is more
densely populated, while our SNH samples were mostly from
the west, where agriculture tends to be less intensive (Sullivan
et al. 2017). Thus, landscape context is potentially confound-
ed with geographical location. Nevertheless, previous studies
have also reported differences: Lambert et al. (2013) found
that chemical residues in beechive matrices (bees, beebread
and pollen) from apiaries in rural-cultivated landscapes were
more contaminated with chemical residues than urban
landscapes and islands, but the differences were not
significant. Subsequently, David et al. (2016) reported, based
on analysis of pollen in nests, that pesticide exposure of bum-
ble bee colonies in rural areas was higher than in urban areas.
Our findings suggest that there was a difference in the chem-
ical residues detected in honeys from different geographical
locations, but that the difference depended on the chemical
residue being analysed. Imidacloprid was more likely to be
detected in honeys from agricultural habitats including

@ Springer

pastures, but not arable land. Clothianidin was more likely
to be detected in honeys originating from urban areas, or land-
scapes containing a high proportion of artificial surfaces, as
well as artificial non-agricultural vegetated areas. Even though
clothianidin is used in high quantities in Ireland, most of its
use is on arable crops (winter wheat, winter barley, spring oats
and winter oats). It is therefore unexpected that it was detected
in honeys originating from both agricultural and urban areas.
The highest number of samples where thiacloprid was detect-
ed came from urban habitats, and with more heterogeneous
agricultural areas and land principally occupied by agriculture
surrounding the hive, it was less likely that thiacloprid would
be detected in the honey. In 2013, thiacloprid was the active
ingredient of five PPPs approved for amateur use (Department
of Agriculture Food and the Marine in Ireland 2013) and sold
in most garden centres. Thus, the frequency of detection of
this compound in honey samples from urban land covers may
be due to the broad range of products available on the market.

Insecticides are just one group of PPPs that can be detected in
honey. Glyphosate is the active ingredient in over 100 products
approved for use in Ireland (Department of Agriculture Food and
the Marine in Ireland 2018) and has been detected in honey from
all over the world, including Switzerland (Zoller et al. 2018),
Hawaii (Berg et al. 2018) and other US states (Rubio et al.
2014). It is not known if this chemical compound is present in
Irish honey, nor whether it varies according to the landscapes in
which hives are located. Given the frequency of application and
quantity of PPPs used in Ireland and their detection in honey
from multiple countries around the world, it is highly likely that
there are other contaminants in Irish honey; and this deserves
further investigation.

Conclusion

This research for the first time has identified the presence of
clothianidin, imidacloprid and thiacloprid in Irish honey from
a range of hive sites across a range of land use types. The
concentrations detected were below the maximum residue
level authorised for human consumption and are not thought
to risk human health. However, the presence of these
neonicotinoids in honey may have negative effects on honey
bees, and their presence in nectar may have negative effects on
other nectar-feeding insects. To our knowledge, this is the first
study to show potential exposure of honey bees to pesticides
in urban areas and the first study to find differences in the
occurrence of neonicotinoids in honey from urban and rural
areas. The authors recommend that these results should be
confirmed by further studies due to the size of the sample
dataset (n = 30) and the inability to quantify the residues of
two of the three targeted analytes. The higher proportion and
concentration of neonicotinoids in honeys from both agricul-
tural and urban habitats, compared with semi-natural or other
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land covers, suggests that highly modified environments are
more harmful for bees in terms of exposure to neonicotinoids.
Given global trends of agricultural intensification and urban-
isation, these findings are of concern. Although previous re-
sults show that urban areas have a positive relationship with
honey quality in terms of phenolic content (Kavanagh et al.
2019), this may be offset by pesticide exposure. Given that
these compounds have been shown to have adverse effects on
honey bees, wild bees and other organisms, their detection in
honey is of concern, and potential contamination routes
should be explored further.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-12564-y.
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