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Abstract

Honey bees play a pivotal role in natural and rural ecosystems by providing human and animal food sources through pollination
services. However, in cultivated areas, they can be exposed to the chemicals utilized for crop protection. Neonicotinoid insecticides
can adversely affect honey bee colonies impairing their survival, immunity and biological activities at lethal and sublethal doses.
For this reason, neonicotinoids, together with other stress factors, like pathogens (e.g. viruses and Varroa mites), climate change
and food shortage, are considered one of the causes of worldwide colony losses. Nevertheless, the natural way of entry and diffusion
of these pesticides in field colonies is not completely clear. Here, we wanted to fill this gap by studying the diffusion route of
imidacloprid and its metabolites by analysing different matrices collected from honey bee colonies used for pollination of apple
orchards, in the framework of applied Integrated Pest Management strategies. Pollen, honey bees, honey, royal jelly, bee wax and
bee bread were sampled from 6 honey bee colonies placed in two different apple orchards before blooming, exposed to chemicals
application and removed from the site after that. Samples were analysed using a liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) and gas chromatography-tandem mass spectrometry (GC-MS/MS) in order to detect imidacloprid, olefin im-
idacloprid and 5-hydroxy imidacloprid. The results demonstrate that the primary way of entrance of imidacloprid was the pollen
transported by foragers, while the main accumulation matrices were bee bread, honey and wax. These findings allow us to hypoth-
esize that the accumulation of this insecticide, especially in bee bread, the main larval food, could potentially impact negatively on

honey bee wellbeing at the adult stage. Moreover, our data could implement the honey bee colony simulator.
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Introduction

During their regular foraging activity, honey bees (Apis
mellifera L.) perform an essential ecosystem service (i.e.
pollination) for about 90% of wild flowering plant species
and 75% of the world's most common crops (Garibaldi et
al.,2011; Ollerton ef al., 2011). Thus, the evident decline
of honey bees and heavy colony losses reported in differ-
ent countries of Europe and North America (Mutinelli et
al., 2010; vanEngelsdorp and Meixner, 2010; Dainat et
al., 2012; Brodschneider et al., 2018; Gray et al., 2019),
poses a risk to the fundamental service these insects pro-
vide. Honey bees are the primary pollinators in agricul-
tural systems contributing to improving the quantity and
quality of agricultural production (Hristov ef al., 2020;
Khalifa et al., 2021). However, they are easily exposed to
pesticides used for plant protection (Schmuck et al., 2001;
Porrini and Bortolotti, 2003; Stadler et al., 2003; Dively
and Kamel, 2012; Tsvetkov et al., 2017; Douglas et al.,
2020) through direct contact with the treated and non-tar-
get contaminated plants (Koch and Weiler, 1997; David
et al.,2016; Gradish et al., 2019; Ward et al., 2020; Main
et al., 2021), pesticides polluted waters (Samson-Robert
et al., 2014; Giroux, 2019) and soils (Silva et al., 2019),
or through the contact with contaminated dust particles or
tank mixture cloud (Sanchez-Bayo and Goka, 2016;
Sanchez-Bayo et al., 2016; Rortais et al., 2017; Krahner
et al., 2021) during their flight.

Neonicotinoids are widely used insecticides (Jeschke et
al., 2011; Simon-Delso et al., 2015; Craddock et al.,
2019) applied against a broad spectrum of sucking and
certain chewing pests (Liu and Casida, 1993; Matsuda et
al., 2001; Tomizawa and Casida, 2003; Thany, 2010).
However, also beneficial insects and pollinators, such as
bumblebees and honey bees, can be harmed by these sys-
temic insecticides, potentially present in the nectar or
pollen of contaminated plants (Rortais et al., 2005;
Girolami et al., 2009; 2023; Cresswell, 2011; Simon-
Delso et al., 2015; Jiang et al., 2018). Since the 1990s
one of the most used neonicotinoids has been imidaclo-
prid (Zhang et al., 2011; Godfray et al., 2014; 2015),
which can be applied by foliar spray application, soil ap-
plication, irrigation, or seed treatment (Elbert et al., 1991;
Chmiel et al., 2020). Imidacloprid and its metabolites
may be found in hive food stores (Mullin et al., 2010; Wu
et al.,2011) and it is presumably picked up by honey bee
foragers when gathering resources such as nectar and pol-
len, transported to the hive and stored (Cresswell, 2011;
Schneider et al., 2012). Once in the hive, contaminated
food is shared among the colony components and in-
gested by larvae and adults (Nixon and Ribbands, 1952;
Farina, 1996).

Honey is the primary energy source for adult honey
bees, while bee bread is the primary source of proteins,
amino acids, fat and micronutrients. Bee bread is a mix-
ture of pollen, honey and honey bee secretion and must



be consumed in large quantities by larvae of more than
three days old and by nurse bees to produce royal jelly
(Haydak, 1943; 1970; Malone ef al., 2002).

Realistically, maximum exposure to imidacloprid is ex-
pected among adult honey bees that consume the most
significant amounts of contaminated pollen and honey.
Large amounts of pollen are consumed by nurse bees, and
to a lesser extent by larvae, whereas large amounts of
nectar are consumed by wax-producing bees, brood at-
tending bees, winter bees, and foragers (Babendreier et
al., 2004). While collecting pollen or nectar, foragers get
their bodies covered by pollen (Parker, 1981; Thorp,
2000), and topical exposure of foragers to contaminated
pollen is possible (Crenna et al., 2020). Moreover, larvae
and adults inside the hive are in contact with wax, thus a
topical exposure of larvae and honey bees to contami-
nated wax should also be taken into consideration (Wil-
mart et al., 2021). Several studies have concluded that
bees exposed to neonicotinoid pesticides, and in particu-
lar to imidacloprid, show different negative effects on
their life, health and reproduction (Anderson and Har-
mon-Threatt, 2019; Morfin et al., 2019; Inouri-Iskounen
et al., 2020; Pereira et al., 2020; Power et al., 2020).
A single most important cause of bee colony losses was
indicated as related only to pests and pathogens (Ratnieks
and Carreck, 2010) but it was hypothesized that neonico-
tinoids may decrease honey bee resistance to diseases and
parasite attacks (Maini et al., 2010). Later on, it has been
shown that exposure to neonicotinoids, namely imidaclo-
prid and clothianidin, leads to immunosuppression in
honey bees, promoting viral infections. This effect was
found at very low concentrations, well below those that
honey bees are likely to encounter in the field (Di Prisco
et al., 2013; Brandt et al., 2017). Moreover, the products
of imidacloprid environmental degradation and metabo-
lization in the honey bee body are also toxic (Goulson
and Kleijn, 2013). For instance, a primary metabolic by-
product (5-OH imidacloprid) significantly impairs short-
term and longer-term olfactory learning (Williamson and
Wright, 2013).

A study by Gooley and Gooley (2020) has outlined that
administration of field-realistic dosage of imidacloprid
for 48 hours, significantly disrupted honey bees’ non-
flight metabolic rates resulting in less available energy
for foraging and performing hive duties which in the end
could negatively affect colony health.

As mentioned above, adult honey bees can get into con-
tact with agrochemical residues present in the environ-
ment, while larvae can be exposed by prolonged close
contact with combs contaminated with pesticide residues
or by ingestion of royal jelly produced by exposed nurse
bees. The colony can consequently suffer higher brood
mortality and reduced adult lifespan (Wu et al., 2011).
Studies on the sublethal effects showed during adulthood
after sublethal exposure during larval stages are not copi-
ous, however some publications provide evidence of this
occurrence. It was shown that larvae of honey bees ex-
posed to very low doses of imidacloprid (0.04 ng/larvae)
significantly reduced subsequent adult learning by 58%-
63% compared to control bees (Bortolotti et al., 2003;
Yang et al., 2012; Matsumoto, 2013). Considering the
detrimental effect of imidacloprid on honey bee health, in
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2013 the European Community restricted its use to some
bee attractive crops such as maize, oilseed rape and sun-
flowers, after a risk assessment carried out in 2012 by the
European Food Safety Authority (EFSA, 2013). A new
evaluation was carried out by EFSA in 2018, resulting in
restriction of imidacloprid use to greenhouse productions
and expiration of its approval on December 1% 2020
(EFSA, 2018). Despite these restrictions residues of im-
idacloprid and its metabolites can be found in honey, pol-
len and bee bread (Kasiotis et al., 2023).

Moreover, even if the use of imidacloprid in agriculture
has been severely limited in Europe, the study of the ef-
fects of this chemical on honey bees and in particular of
its dislocation within the bee nests and the evaluation of
its sublethal effects can greatly contribute to the under-
standing of similar problems related to other chemicals
(Tosi et al., 2021).

Even though the adverse effects of imidacloprid on
honey bees are well known and now are evident, the nat-
ural way of entrance and diffusion of this chemical in the
honey bee colony is still not completely clear. To fill this
gap, in this study, we analysed the diffusion route of im-
idacloprid and its metabolites in the honey bee colonies
exposed to this pesticide. We monitored the content of
imidacloprid, olefin imidacloprid and 5-hydroxy im-
idacloprid in honey bee matrices reared in the apple or-
chards, where foliar application was common in the con-
text of Integrated Pest Management strategy. Data ob-
tained in this study could be used to update mathematical
models such as ApisRAM which will be used in the new
approach for the risk assessment of honey bees (Duan et
al., 2022).

Materials and methods

Six colonies of Apis mellifera carnica Pollmann, homo-
geneous in population and with sister queens, were in-
stalled in two different apple orchards (3 colonies/or-
chard) in the agricultural landscape of the Trentino
(Northern Italy) (supplemental material S1) during the
season 2012. The fields were both managed following the
Integrated Pest Management strategies and were selected
considering the intensity of imidacloprid use in terms of
the application rate per hectare: Low Impact Field (LIF:
450 ml/ha) and High Impact Field (HIF: 600 ml/ha) (sup-
plemental material S2). Additional information is detailed
in the supplemental material S3.

Colonies were installed in early April, just before the
apple blooming and were left in place for one month and
a half until being moved (June) to a natural area with no
cultivated fields and zero pesticide exposure.

Pollen, honey bees, honey, royal jelly, wax and bee
bread were sampled from each colony.

Pollen loads were collected using frontal pollen traps
fitted to the entrance of the hive in two moments: before
(April, 28™), and five days after (May, 8" in LIF and
May, 11" in HIF) the spray application of imidacloprid.
Pollen traps were removed after 48 hours and the col-
lected pollen was stored at —20 °C until analysis. Pollen
loads were destined for both multi-residual and palyno-
logical analyses. Pollen loads collected by colonies in
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Figure 1. Experimental design. The diagram reports the field activities (above the time line) and the matrices collected

(below the time line) for the entire experiment.

each data and site were pooled so that we analysed in to-
tal four pollen samples. Honey bees, honey and wax were
sampled directly from the combs every month from April
to July. Royal jelly samples were collected at the end of
July by creating an orphan colony from each original hive
used in the field trials using 5 combs with mostly capped
brood covered by their workers bees. Royal cells (42
royal cells each nucleus containing 24 h-old larvae, taken
from the mother colony using the normal grafting tech-
nique, were offered to the orphan nucleus, which raised a
number of these larvae to obtain queens and after 72
hours from the insertion of the cells, larvae were removed
and royal jelly collected. Royal jelly collected in nucleus
originated by LIF colonies and that collected in HIF col-
onies was pooled separately to obtained two royal jelly
samples.

All samples were immediately stored in dry ice to avoid
degradation of active ingredients and, after reaching the
laboratory, they were kept frozen at —20 °C until analysis.
The workflow is summarized in figure 1.

Pollen wax and honey bees were ground using a mill in
liquid nitrogen, while honey and royal jelly did not re-
quire preliminary treatment.

An aliquot of two grams of each sample was extracted
according to the method QUEChERS EN 15652. The ex-
tracts were analysed using a liquid chromatography-tan-
dem mass spectrometry (UHPLC-MS/MS) and gas chro-
matography-tandem mass spectrometry (GC-MS/MS).
Imidacloprid, olefin imidacloprid and 5-hydroxy im-
idacloprid standards were provided by Sigma Aldrich
and LGC Standards. Analyses were performed using
UHPLC-MS/MS model TSQ Quantum Access Max
(Thermo Fisher Scientific), recording two specific tran-
sitions for each pesticide, the column used was a C18 col-
umn 2.7 pm particle size 100 x 3 mm, and the mobile
phase was a gradient of 4 mM ammonium formate 0.1%
formic acid in water/ 4 mM ammonium formate 0.1%
formic acid in methanol. Analyses were also performed
in GC-MS/MS model TSQ Quantum XLS (Thermo
Fisher Scientific), with a Rxi 5 ms column.

To determine which plant species had been visited by
foragers, a two-gram representative aliquot of each sam-
ple of pollen pellet was analysed in the Fondazione Ed-
mund Mach laboratory (Trento, Italy). Each aliquot was
split into batches or subsamples according to their colour.

Then, one pollen pellet for each subsample was dispersed
in 1 mL of distilled water. The palynological analysis was
carried out on aliquots of 0.01 mL of this suspension
spread on a microscopy slide. A minimum of 500 grains
for each subsample were counted and identified accord-
ing to literature (Barth et al., 2010). The identification of
pollen types was done at a magnification of 400x or
1000x which evidenced the pollen morphology accord-
ing to Persano and Ricciardelli d’Albore (1989), groups
of 100 pollen grains were counted following 5 parallel
lines through the slide (El-Labban, 2020). Pollen profile
was obtained by summing all the data of each subsample
and was expressed as the percentage of each pollen type.

For statistical analysis, normality of the data distribu-
tion was verified with the Shapiro-Wilk test and Kolmo-
gorov-Smirnov test, while homogeneity of variance was
tested with Levene’s test.

Overall imidacloprid and metabolites concentration
differences between honey bee matrices were analysed
with One-Way ANOVA and LSD post hoc test, by con-
sidering one dependent variable (pesticide concentration)
and one independent variable (honey bee matrices).

Two-Way ANOVA and LSD post hoc test with 95% CI
of bootstrap with one dependent variable (pesticide con-
centration) and two independent variables (honey bee
matrices and time) was used to analyse the imidacloprid
and metabolites concentration differences between honey
bee matrices and concerning the sampling time. The im-
idacloprid and metabolites concentration was expressed
in ppb + expanded uncertainty.

All statistical analyses were performed by using Prism
v.5 for Mac OSX (GraphPad Software, San Diego, CA,
USA), setting the significance level at 0.05.

Results

To evaluate the level of contamination of apple orchards,
the content of imidacloprid and its metabolites in differ-
ent honey bee matrices was analysed. For each treatment
(LIF and HIF) a total of 102 samples were used for chem-
ical analyses, particularly: 24 for honey, 24 for honey bee
bodies, 24 for bee bread, 24 for wax, 4 for pollen load
and 2 for royal jelly. The overall results have shown that
in both fields (LIF and HIF) the level of imidacloprid was
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Figure 2. Average concentration of imidacloprid in honey bee matrices (bee bread, honey and wax) from LIF and HIF.
All values are expressed in ppb + standard error, and the differences have been statistically compared with One-Way
ANOVA and LSD post hoc test. Different letters indicate statistically differences between groups.
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Figure 3. Monthly average concentration of imidacloprid in honey bee matrices (bee bread, honey and wax) in both
LIF and HIF. Asterisks indicate the differences between bee bread and honey and wax, * =0.01 to 0.05, *** =0.0001
to 0.001. All values are expressed in ppb + standard error, and differences have been statistically compared with
Two-Way ANOVA and LSD post hoc test with 95% CI of bootstrap.

higher in pollen, followed by honey and wax (figure 2).
There was no imidacloprid found in honey bee bodies nor
in royal jelly in neither of the experimental fields for any
replicate time (supplemental material S4A, S4F). In both
LIF and HIF fields, there was a significant difference of
the imidacloprid concentration between honey bee matri-
ces. However, post hoc test analysis revealed that in LIF
the concentration of imidacloprid in pollen was signifi-
cantly higher than in the other matrices, while there was
no difference between honey and wax. In the HIF, the
concentration of imidacloprid in pollen was significantly
higher than in other matrices. No metabolites were de-
tected in any matrices from both experimental fields
(supplemental material S4).

In both experimental fields, the trend of imidacloprid
concentration in the bee bread was characterized by a sig-
nificant increase in time, with a peak in May (13.57 ppb
for LIF and 51.70 ppb for HIF), followed by a decrease
that reached almost zero in July (figure 3). In both LIF
and HIF field there was a significant main effect of time
and matrices on imidacloprid concentration (LIF: Two-
Way ANOVA with 95% CI of bootstrap, Fj3, 24jtime =
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3.301, p = 0.037; Fp, 24jmawrix = 7.706, p = 0.030; HIF:
Two-Way ANOVA with 95% CI of bootstrap, F3, 24jtime
= 11.818, p < 0.001; Fp2, 24jmarrix = 30.878, p < 0.001).
Moreover, there is a significant main effect of the inter-
action between time and matrices on imidacloprid con-
centration in HIF and none in LIF (LIF: Two-Way
ANOVA with 95% CI of bootstrap, F[Gﬂ 24]time x matrix —
1.473, p = 0.229; HIF: Two-Way ANOVA with 95% CI
of bootstrap, Fis, 24jtime x marix = 9.919, p < 0.001). How-
ever, LSD post hoc test analysis revealed that, on aver-
age, only the concentration of imidacloprid from bee
bread was significantly higher than the other matrices
(LIF: Two-Way ANOVA with 95% CI of bootstrap, bee
bread vs honey p = 0.002, bee bread vs wax p = 0.003;
HIF: Two-Way ANOVA with 95% CI of bootstrap, bee
bread vs honey p < 0.001, bee bread vs wax p < 0.001;
LSD post hoc analysis) (figure 3).

In pollen loads, the imidacloprid concentration in-
creased after the field treatment, passing from 15.70 ppb
and 28.40 ppb to 66.50 and 91.10 in LIF and HIF, respec-
tively (supplemental material S4E). However, the real ef-
fect of the field treatment was estimated by normalizing
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Figure 4. Average concentration of imidacloprid in bee
bread analysed before and after the field treatment for
both LIF and HIF. The percentage stands for the con-
centration increase of imidacloprid from the basal point
of the experiment, calculated as the average of the pes-
ticides detected before the field treatment (BL = back-
ground level). All values are expressed in ppb + stand-
ard error.

the concentration of imidacloprid in the bee bread after
the field treatment with the background level (BL) of im-
idacloprid already present before the field treatment. As
shown in figure 4, in the bee bread from HIF, the im-
idacloprid concentration increased by 78.80%, while
there was 18.01% in the pollen load from LIF.

Regarding palynological analysis of pollen loads before
and after treatment in LIF and HIF see table 1.

Discussion and conclusion

Data obtained in this work underline that honey bees in-
troduce imidacloprid in the hive through pollen collected
on plants and how this is accumulated in the colony ma-
trices, such as bee bread, honey, and wax. Results lead us
to draw up an interpretative model of the entranceway and
diffusion route of imidacloprid in honey bee colonies

when they are used for pollination service in apple or-
chards (figure 5A-B). The insecticide is first sprayed in
the field, outside the hive, when the apple trees are not in
blooming and it potentially reaches the wildflowers al-
ready present in the surrounding area. Foragers collect the
contaminated pollen and bring it inside the hive, where it
is mainly processed and stored as bee bread (figure 5A-B).
Imidacloprid can then persist for at least two months and
a half in matrices. The presence of high quantities of im-
idacloprid in pollen loads confirm previous published data
that found mixtures of neonicotinoids in pollen and nectar
of wildflowers growing in arable field margins, at concen-
trations that are sometimes even higher than those found
in the crop (Botias et al., 2015; Goulson et al., 2015; Ward
et al.,2020; Main et al., 2021).

Considering that the estimated content of pollen in
honey bee worker larvae could be approximate 5.4 mg
(Babendreier et al., 2004), in our experiments, a larva
born at the end of April, just after the field treatment,
could have been exposed to an imidacloprid dose of max-
imum of 0.09 ng (16.00 ppb in bee bread) and 0.14 ng
(25.50 ppb in bee bread) for LIF and HIF, respectively.
This dosage increases during the month of May with a
maximum of 0.15 ng (27.7 ppb in bee bread) for LIF and
0.35 ng (64 ppb in bee bread) for HIF, then decreases
during June with a maximum of 0.09 ng (17 ppb in bee
bread) and 0.17 ng (32 ppb in bee bread) for LIF and HIF,
respectively, and reaches zero in July. Therefore, alt-
hough the concentration per larva is not enough to cause
death, exposure to sub-lethal doses could still alter devel-
opment, behaviour and longevity of these insects in the
adult phase (Wu et al., 2011; Yang et al., 2012; Wu et
al., 2017) especially considering the prolonged contact
with contaminated wax and nectar. As a matter of fact, it
has been proved (Wu et al., 2014) that a dose and time-
dependent increase of apoptosis of the brain cells occurs
in honey bees exposed to 0.5-4.5 ng imidacloprid by trig-
gering a caspase-dependent pathway of apoptosis and au-
tophagy. It is already known that neonicotinoids, i.e. thi-
amethoxam at a dose of 4.5 ppb and clothianidin at a dose
of 1.5 ppb, significantly reduce the reproductive capacity
of honey bee drones. However, while no significant
effects were observed for male teneral (newly emerged
adult) body mass and sperm quantity, the data clearly

Table 1. Palynological analysis in pollen loads from honey bees collected before and after the field treatment in both

LIF and HIF.
% before treatment % after treatment

LIF HIF LIF HIF
Malus/Pyrus 62.43 59.88 82.22 0.91
Fraxinus sp. 20.44 14.92 5.79 89.86
Compositae T-form 13.81 23.99 8.63 0.35
Prunus sp. 1.66 - - 0.55
Papaveraceae 1.66 - - 2.78
Ericaceae - 1.21 - -
Caprifoliaceae - - 3.03 -
Geraniaceae - - - 3.43
Aesculus sp. - - - 2.12
Apiaceae - - 0.33 -
Total 100.00 100.00 100.00 100.00
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Figure 5. Interpretative model of a way of entry and diffusion of imidacloprid: (A) from the field - 1) apple trees in
production with regularly ended flowering, 2) apple trees of new planting with late flowering, 3) inter-row with
flowering herbs, 4) inter-row without flowering herbs, 5) spontaneous herbs contiguous to the orchard, 6) spontane-
ous trees or shrubs adjacent to the orchard, 7) application of crop protection products with atomizer, 8) drift effect;
(B) to the honey bee colony - 1) the foragers bring contaminated nectar and pollen “grey oval” into the hive, 2) pollen
is stored and transformed into bee bread, 3) the nectar is stored and transformed into honey, 4) mature larvae are fed
with contaminated honey and bee bread, 5) bees raised with honey and contaminated bee bread are born, 6) bee bred
with contaminated honey and bee bread secrete potential contaminated royal jelly “white oval”, 7) bees bred with
contaminated honey and bee bread secrete contaminated wax.

showed reduced drone lifespan, as well as reduced sperm
viability (percentage living versus dead) and living sperm
quantity (Straub et al., 2016). Based on the results we ob-
tained, drone larvae born in May and June were fed with
honey potentially contaminated with a maximum of 4 ppb
of'imidacloprid. Ciereszko et al. (2017) underlined the po-
tential negative impact of also this chemical on the repro-
ductive capacity of drones by reduction of sperm viability,
motility and sperm mitochondrial potential. Impairment
of queen’s fertility as also been associated to imidacloprid
exposure: queens in treated colonies exhibited reduced fe-
cundity, likely due to imidacloprid acting directly on sen-
sory and motor functions of the central nervous system
that impacted egg-laying behaviour and locomotor activ-
ity (Wu-Smart and Spivak, 2016). Moreover, a study by
Chaimanee et al. (2016) showed that sperm viability de-
creases by 50% also while stored in the spermatheca of
queens exposed to sub-lethal doses of imidacloprid (0.02
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ppm). Therefore, it is likely that also the drones sampled
in our study suffer from possible alterations of the repro-
ductive capacity, however more studies are needed to ver-
ify this hypothesis.

Regarding worker honey bees, energy and feeding re-
quirements, and consequently frequency and amount of
possible exposure to imidacloprid, are strictly connected
to the “role” attended in the hive. For nurse bees, the to-
tal amount of pollen consumed within 10 days is 65 mg
on average (Pain and Maugenet, 1966; Crailsheim et al.,
1992), while wax-producing bees require 18 mg of sugar
per day during the maximum periods of production, (To-
kuda, 1955; Taranov, 1959; Hepburn, 1986). Brood at-
tending bees need energy to maintain the brood temper-
ature around 34 °C (Simpson, 1961; Heinrich, 1985).
During the sampling period of our study, in temperate
climates, temperatures average 15-20 °C, outside the
hive and in such conditions, a brood attending bee will



consume between 50 mg (at 15 °C) and 34 mg (at 20 °C)
of sugar per day (Free and Spencer-Booth, 1959; Simp-
son, 1961) and a total of 272-400 mg of sugar over the
entire 8 day brood attendance period. During the three
months winter period, in temperate regions a “winter”
honey bee requires on average 8.8 mg of sugar per day
(equivalent to 11 mg of honey) to maintain the nest at
favourable temperatures (5-8 °C in the periphery and 15-
20 °C in the centre) (Farrar, 1952; Johansson and Jo-
hansson, 1969; Winston, 1987). Foragers will consume
32-128.4 mg of sugar for the collection of pollen and
10.4-15.6 mg of sugar for nectar collection per day to
perform their tasks (Rortais et al., 2005). Moreover, sub-
lethal exposure to neonicotinoids can possibly impair
honey bee colonies overwintering (Lu et al., 2014). Con-
sidering the results of our study, it becomes clear that the
possibilities of exposure to imidacloprid, through pollen
and honey ingestion, are likely to occur also in adult
honey bees, however in different quantities connected to
feeding habits and for long periods as suggested from the
presence of residues in honey, pollen and wax detected
until the middle of July. Unfortunately, it was not possi-
ble to verify this hypothesis as none of the honey bee
samples collected and immediately refrigerated, showed
the presence of imidacloprid contamination, possibly
due to rapid degradation of the chemical in living honey
bees (Schott et al., 2017).

Our data clearly have shown how the neonicotinoid im-
idacloprid can quickly enter into honey bee colonies
through the pollen load and be accumulated in the bee
bread, honey and wax being a potential source of sub-
lethal intoxication, mainly for the more susceptible larva
stage but also for the coming adults. We believe that this
study could contribute to completing the intricate picture
of the relation between neonicotinoids and honey bee col-
onies and could be taken into account for risk assessment
programming in the use of imidacloprid in apple orchards
pollinated by honey bee services. Our data may also be
used to implement mathematical models such as Apis-
RAM which will be used in the honey bees risk assess-
ment (Duan et al., 2022).

Acknowledgements

We are pleased to thank Francesco Nazzi and Desiderato
Annoscia (University of Udine, Italy) for their valuable
advice on setting up the experimental design.

VM and PF have contributed equally to this work and
share first authorship.

References

ANDERSON N. L., HARMON-THREATT A. N., 2019.- Chronic con-
tact with realistic soil concentrations of imidacloprid affects
the mass, immature development speed, and adult longevity
of solitary bees.- Scientific Reports, 9 (1): 3724.

BABENDREIER D., KALBERER N., ROMEIS J., FLURI P., BIGLER F.,
2004.- Pollen consumption in honey bee larvae: a step for-
ward in the risk assessment of transgenic plants.- Apidologie,
35 (3): 293-300.

BARTH O. M., FREITAS A. S., OLIVERRA A. S., SILVA R. A,
MAESTER F. M., ANDRELLA R. R. S., CARDOZO G. M. B. Q.,
2010.- Evaluation of the botanical origin of commercial dry
bee pollen load batches using pollen analysis: a proposal for
technical standardization.- Anais da Academia Brasileira de
Ciéncias, 82: 893-902.

BORTOLOTTI L., MONTANARI R., MARCELINO J., MEDRZYCKI P.,
MAINI S., PORRINI C., 2003.- Effects of sub-lethal imidaclo-
prid doses on the homing rate and foraging activity of honey
bees.- Bulletin of Insectology, 56 (1): 63-67.

Borias C., DAVID A., HORWOOD J., ABDUL-SADA A., NICHOLLS
E., HILL E., GOULSON D., 2015.- Neonicotinoid residues in
wildflowers, a potential route of chronic exposure for bees.-
Environmental Science and Technology, 49 (21): 12731-
12740.

BRANDT A., GRIKSCHEIT K., SIEDE R., GROSSE R., MEIXNER M.
D., BUCHLER R., 2017.- Immunosuppression in honeybee
queens by the neonicotinoids thiacloprid and clothianidin.-
Scientific Reports, 7: 4673.

BRODSCHNEIDER R., GRAY A., VAN DER ZEE R., ADJLANE N.,
BALLIS A., BRUSBARDIS V., CHARRIERE J. D., CHLEBO R.,
COFFEY M. F., DAHLE B., DE GRAAF D., DrRAZIC M. M., Ev-
ANS G., FEDORIAK M., FORSYTHE I., GREGORC A., GRZEDA
U., HETZRONI A., KAUKO L., KRISTIANSEN P., MARTIKKALA
M., MARTIN-HERNANDEZ R., MEDINA-FLORES C. A., MUTI-
NELLI F., RAUDMETS A., RYZHIKOV V. A., SIMON-DELSO N.,
STEVANOVIC J., UzZUNOV A., VEISNZES F., WOHL S., ZAMMIT-
MANGION M., DANIHLIK J., 2018.- Multi-country loss rates
of honey bee colonies during winter 2016/17 from the
COLOSS survey.- Journal of Apicultural Research, 57 (3):
452-457.

CHAIMANEE V., EVANS J. D., CHEN Y., JACKSON C., PETTIS J. S.,
2016.- Sperm viability and gene expression in honey bee
queens (Apis mellifera) following exposure to the neonico-
tinoid insecticide imidacloprid and the organophosphate aca-
ricide coumaphos.- Journal of Insect Physiology, 89: 1-8.

CHMIEL J., DAISLEY B., PITEK A., THOMPSON G., REID G., 2020.-
Understanding the effects of sublethal pesticide exposure on
honey bees: a role for probiotics as mediators of environmen-
tal stress.- Frontiers in Ecology and Evolution, 8: 22.

CIERESZKO A., WILDE J., DIETRICH G. J., SIUDA M., BAK B., Ju-
DYCKA S., HALINA KAROL H., 2017.- Sperm parameters of
honeybee drones exposed to imidacloprid.- Apidologie, 48:
211-222.

CRADDOCK H. A., HUANG D., TURNER P. C., QUIROS-ALCALA
L., PAYNE-STURGES D. C., 2019.- Trends in neonicotinoid
pesticide residues in food and water in the United States,
1999-2015.- Environmental Health, 18 (1): 7.

CRrRAILSHEIM K., SCHNEIDER L. H. W., HRASSNIGG N., BUHL-
MANN G., BROSCH U., GMEINBAUER R., SCHOFFMANN B.,
1992.- Pollen consumption and utilization in worker honey-
bees (Apis mellifera carnica): dependence on individual age
and function.- Journal of Insect Physiology, 38 (6): 409-419.

CRENNA E., JOLLIET O., COLLINA E., SALA S., FANTKE P., 2020.-
Characterizing honey bee exposure and effects from pesti-
cides for chemical prioritization and life cycle assessment.-
Environmental International, 138: 105642.

CRESSWELL J. E., 2011.- A meta-analysis of experiments testing
the effects of a neonicotinoid insecticide (imidacloprid) on
honey bees.- Ecotoxicology, 20 (1): 149-157.

DAINAT B., VANENGELSDORP D., NEUMANN P., 2012.- Colony
collapse disorder in Europe.- Environmental Microbiology
Reports, 4 (1): 123-125.

DAvID A., BoTias C., ABDUL-SADA A., NICHOLLS E., ROTH-
ERAY E. L., HILL E. M., GOULSON D., 2016.- Widespread con-
tamination of wildflower and bee-collected pollen with com-
plex mixtures of neonicotinoids and fungicides commonly
applied to crops.- Environment International, 88: 169-178.

185



D1 Prisco G., CAVALIERE V., ANNOSCIA D., VARRICCHIO P.,
CaPrIO E., NAzz1 F., GARGIULO G., PENNACCHIO F., 2013.-
Neonicotinoid clothianidin adversely affects insect immunity
and promotes replication of a viral pathogen in honey bees.-
Proceedings of the National Academy of Sciences of the
United States of America, 110 (46): 18466-18471.

DIVELY G. P., KAMEL A., 2012.- Insecticide residues in pollen
and nectar of a cucurbit crop and their potential exposure to
pollinators.- Journal of Agricultural and Food Chemistry, 60
(18): 4449-4456.

DouGLAS M. R., SPONSLER D. B., LONSDORF E. V., GROZINGER
C. M., 2020.- County-level analysis reveals a rapidly shifting
landscape of insecticide hazard to honey bees (Apis mellifera)
on US farmland.- Scientific Reports, 10 (1): 797.

DuaN X., WALLIS D., HATIINA F., SIMON-DELSO N., BRUUN
JENSEN A., ToPPING C. J., 2022.- ApisRAM formal model de-
scription.- EFSA Supporting Publications, 19 (2): EN-7184.

EFSA, 2013.- Conclusion on the peer review of the pesticide
risk assessment for bees for the active substance imidaclo-
prid.- EFSA Journal, 11 (1): 3068.

EFSA, 2018.- Conclusion on the peer review of the pesticide
risk assessment for bees for the active substance imidacloprid
considering the uses as seed treatments and granules.- EF'SA
Journal, 16 (2): 5178.

ERiD. M., NIEH J. C., 2012.- A nicotinic acetylcholine receptor
agonist affects honey bee sucrose responsiveness and de-
creases waggle dancing.- Journal of Experimental Biology,
215:2022-2029.

ELBERT A., BECKER B., HARTWIG J., ERDELEN., 1991.- Im-
idacloprid a new systemic insecticide.- Pflanzenschutz-Na-
chrichten Bayer, 44: 113-136.

EL-LABBAN M., 2020.- Beekeepers' guide for pollen identifica-
tion of honey.- Mohammad El-Labban, Lebanon.

FARINA W. F., 1996.- Food-exchange by foragers in the hive - a
means of communication among honey bees?- Behavioral
Ecology and Sociobiology, 38: 59-64.

FARRAR C. L., 1952.- Ecological studies on overwintered honey bee
colonies.- Journal of Economic Entomology, 45 (3): 445-449.

FREE J. B., SPENCER-BOOTH Y., 1959.- The longevity of worker
honey bees (4pis mellifera).- Proceedings of the Royal Ento-
mological Society of London. Series A, General Entomology,
34: 141-150.

GARIBALDI L. A., AIzEN M. A., KLEIN A. M., CUNNINGHAM S.
A.,HARDER L. D., 2011.- Global growth and stability of agri-
cultural yield decrease with pollinator dependence.- Proceed-
ings of the National Academy of Sciences of the United States
of America, 108 (14): 5909-5914.

GIROLAMI V., MAZZON L., SQUARTINI A., MORI N., MARZARO
M., D1 BERNARDO A., GREATTI M., GIORIO C., TAPPARO A.,
2009.- Translocation of neonicotinoid insecticides from
coated seeds to seedling guttation drops: a novel way of in-
toxication for bees.- Journal of Economic Entomology, 102
(5): 1808-1815.

GIrROLAMI V., TOFFOLO E. P., MAZZON L., ZAMPIERI F., LEN-
TOLA A., GIORIO C., TAPPARO A., 2023.- Effect of repeated in-
takes of a neonicotinoid insecticide on the foraging behav-
iours of Apis mellifera in field trials.- Environmental Science
and Pollution Research, 30: 12257-12268.

GIROUX 1., 2019.- Présence de pesticides dans I’eau au Québec:
portrait et tendances dans les zones de mais et de soya - 2015
a 2017.- Ministére de I’Environnement et de la Lutte contre
les changements climatiques, Direction générale du suivi de
I’état de I’environnement, Québec, Canada.

GODFRAY H. C., BLACQUIERE T., FIELD L. M., HAILS R. S.,
PETROKOFSKY G., POTTS S. G., RAINE N. E., VANBERGEN A.
J., MCLEAN A. R., 2014.- A restatement of the natural science
evidence base concerning neonicotinoid insecticides and in-
sect pollinators.- Proceedings of the Royal Society B: Biolog-
ical Sciences, 281: 20140558.

186

GODFRAY H. C., BLACQUIERE T., FIELD L. M., HAILS R. S.,
PotTs S. G., RAINE N. E., VANBERGEN A. J., MCLEAN A. R.,
2015.- A restatement of recent advances in the natural science
evidence base concerning neonicotinoid insecticides and in-
sect pollinators.- Proceedings of the Royal Society B: Biolog-
ical Sciences, 282: 20151821.

GOOLEY Z. C., GOOLEY A. C., 2020.- Exposure to field realistic
concentrations of imidacloprid at different ambient tempera-
tures disrupts non-flight metabolic rate in honey bee (A4pis
mellifera) foragers.- Bulletin of Insectology, 73 (2): 161-170.

GOULSON D., KLEIN D., 2013.- An overview of the environ-
mental risks posed by neonicotinoid insecticides.- Journal of
Applied Ecology, 50 (4): 977-987.

GOULSON D., NicHOLLS E., BoTiAs C., ROTHERAY E. L., 2015.-
Bee declines driven by combined stress from parasites, pesti-
cides, and lack of flowers.- Science, 347 (6229): 1255957.

GRADISH A. E., VAN DER STEEN J., ScOTT-DUPREE C. D.,
CABRERA A. R., CUTLER G. C., GOULSON D., KLEIN O., LEH-
MANN D. M., LUCKMANN J., O'NEILL B., RAINE N. E., SHARMA
B., THOMPSON H., 2019.- Comparison of pesticide exposure
in honey bees (Hymenoptera: Apidae) and bumble bees (Hy-
menoptera: Apidae): implications for risk assessments.- En-
vironmental Entomology, 48 (1): 12-21.

GRAY A., BRODSCHNEIDER R., ADJLANE N., BALLIS A., BRUS-
BARDIS V., CHARRIERE J. D., CHLEBO R., COFFEY M. F., COR-
NELISSEN B., DA COSTA C. A., CSAKI T., DAHLE B., DANIHLIK
J., DRAZIC M. M., EVANS G., FEDORIAK M., FORSYTHE I., DE
GRAAF D., GREGORC A., JOHANNESEN J., KAUKO L., KRISTI-
ANSEN P., MARTIKKALA M., MARTIN-HERNANDEZ R., ME-
DINA-FLORES C. A., MUTINELLI F., PATALANO S., PETROV P.,
RAUDMETS A., RyzHIKOV V. A., SIMON-DELSO N., STEVA-
NOVIC J., TOPOLSKA G., UZUNOV A., VEISNAES F., WILLIAMS
A., ZAMMIT-MANGION M., VICTORIA SOROKER V., 2019.-
Loss rates of honey bee colonies during winter 2017/18 in 36
countries participating in the COLOSS survey, including ef-
fects of forage sources.- Journal of Apicultural Research, 58
(4): 479-485.

HAYDAK M. H., 1943.- Larval food and development of castes
in the honeybee.- Journal of Economic Entomology, 36 (5):
778-792.

HAYDAK M. H., 1970.- Honey bee nutrition.- Annual Review of
Entomology, 15: 143-156.

HEINRICH B., 1985.- The social physiology of temperature reg-
ulation in honeybees, pp. 393-406. In: Experimental behav-
ioral ecology and sociobiology (HOLLDOBLER J. M.,
LINDAUER G., Eds).- Sinauer Associates Inc., Sunderland,
USA.

HEPBURN H. R., 1986.- Honeybees and wax: an experimental
natural history.- Springer Verlag, Berlin, Germany.

Hristov P., NEOV B., SHUMKOVA R., PALOVA N., 2020.- Signif-
icance of Apoidea as main pollinators. Ecological and eco-
nomic impact and implications for human nutrition.- Diver-
sity, 12: 280.

INOURI-ISKOUNEN A., SADEDDINE-ZENNOUCHE O., MOULOUD
M. N., KEBIECHE M., IGUER-OUADA M., 2020.- In vitro effects
of imidacloprid on honey bee sperm: evaluation using com-
puter-aided sperm analysis (CASA).- Journal of Apicultural
Research, 59 (4): 343-349.

JESCHKE P., NAUEN R., SCHINDLER M., ELBERT A., 201 1.- Over-
view of the status and global strategy for neonicotinoids.-
Journal of Agricultural and Food Chemistry, 59 (7): 2897-
2908.

JIANG J., MA D., Zou N., YU X., ZHANG Z., Liu F.,, MU W,
2018.- Concentrations of imidacloprid and thiamethoxam in
pollen, nectar and leaves from seed-dressed cotton crops and
their potential risk to honeybees (4pis mellifera L.).- Chemo-
sphere, 201: 159-167.

JOHANSSON T. S. K., JOHANSSON M. P., 1969.- Wintering.- Bee
World, 50 (3): 89-100.



KAsioTis K. M., ZAFEIRAKI E., MANEA-KARGA E., ANASTASI-
ADOU P., MACHERA K., 2023.- Pesticide residues and metab-
olites in Greek honey and pollen: bees and human health risk
assessment.- Foods, 12 (4): 706.

KHALIFA S. A. M., ELSHAFIEY E. H., SHETAIA A. A., EL-WAHED
A.A.A., ALGETHAMI A. F., MUSHARRAF S. G., ALAIMIM. F.,
ZHAO C., MASRY S. H. D., ABDEL-DAIM M. M., HALABIM. F.,
KA1 G., AL NAGGAR Y., BISHR M., DiIAB M. A. M., EL-SEEDI
H. R., 2021.- Overview of bee pollination and its economic
value for crop production.- /nsects, 12 (8): 688.

KocHH., WEIBER P., 1997.- Exposure of honey bees during pes-
ticide application under field conditions.- Apidologie, 28 (6):
439-447.

KRAHNER A., HEIMBACH U., STAHLER M., BISCHOFF G., PISTO-
RIUS J., 2021.- Deposition of dust with active substances in
pesticides from treated seeds in adjacent fields during drill-
ing: disentangling the effects of various factors using an 8-
year field experiment.- Environmental Science and Pollution
Research, 28: 66613-66627.

LiuM.Y.,CasIDAJ. E., 1993.- High affinity binding of [3H]im-
idacloprid in the insect acetylcholine receptor.- Pesticide Bi-
ochemistry and Physiology, 46 (1): 40-46.

Lu C., WARCHOL K. M., CALLAHAN R., 2014.- Sub-lethal expo-
sure to neonicotinoids impaired honey bees winterization be-
fore proceeding to colony collapse disorder.- Bulletin of In-
sectology, 67 (1): 125-130.

MAIN A. R., WEBBE. B., GOYNE K. W., ABNEY R., MENGEL D.,
2021.- Impacts of neonicotinoid seed treatments on the wild
bee community in agricultural field margins.- Science of To-
tal Environment, 786: 147299.

MAINI S., MEDRZYCKI P., PORRINI C., 2010.- The puzzle of
honey bee losses: a brief review.- Bulletin of Insectology, 63
(1): 153-160.

MALONE L. A., TREGIDGA E. L., TopD J. H., BURGESS E. P. J.,
PHILIP B. A., MARKWIC N. P., POULTON J., CHRISTELLER J. T.,
LESTER M. T., GATEHOUSE H. S., 2002.- Effects of ingestion
of a biotin-binding protein on adult and larval honey bees.-
Apidologie, 33 (5): 447-458.

MATSUDA K., BUCKINGHAM S. D., KLEIER D., RAUH J. J.,
GRAUSO M., SATTELLE D. B., 2001.- Neonicotinoids: insecti-
cides acting on insect nicotinic acetylcholine receptors.-
Trends in Pharmacological Sciences, 22 (11): 573-580.

MATsuMOTO T., 2013.- Reduction in homing flights in the
honey bee Apis mellifera after a sublethal dose of neonico-
tinoid insecticides.- Bulletin of Insectology, 66 (1): 1-9.

MORFIN N., GOODWIN P. H., CORREA-BENITEZ A., GUZMAN-NO-
VOA E., 2019.- Sublethal exposure to clothianidin during the
larval stage causes long-term impairment of hygienic and for-
aging behaviours of honey bees.- Apidologie, 50: 595-605.

MULLIN C. A., FRAZIER M., FRAZIER J. L., ASHCRAFT S., SI-
MONDS R., VANENGELSDORP D., PETTIS J. S., 2010.- High lev-
els of miticides and agrochemicals in North American apiar-
ies: implications for honey bee health.- PLoS ONE, 5 (3):
e9754.

MUTINELLIF., COSTA C., LODESANI M., BAGGIO A., MEDRZYCKI
P., FORMATO G., PORRINI C., 2010.- Honey bee colony losses
in Italy.- Journal of Apicultural Research, 49 (1): 119-120.

NixoN H. L., RIBBANDS C. R., 1952.- Food transmission within
the honeybee community.- Proceedings of the Royal Society
B: Biological Sciences, 140 (898): 43-50.

OLLERTON J., WINFREE R., TARRANT S., 2011.- How many
flowering plants are pollinated by animals?- Oikos, 120 (3):
321-326.

PAIN J., MAUGENET J., 1966.- Recherches biochimiques et phy-
siologiques sur le pollen emmagasiné par les abeilles.- Les
Annales de I’Abeille, 9 (3): 209-236.

PARKER F. D., 1981.- How efficient are bees in pollinating sun-
flowers?- Journal of the Kansas Entomological Society, 54
(1): 61-67.

PEREIRA N. C., DiNiz T. O., TAKASUSUKI M. C. C. R., 2020.-
Sublethal effects of neonicotinoids in bees: a review. Scien-
tific Electronic Archives, 13 (7): 142-152.

PERSANO ODDO L., RICCIARDELLI D’ALBORE G., 1989.- No-
menclatura melissopalinologica.- Apicoltura, 5: 63-72.

PORRINI C., BORTOLOTTI L., 2003.- Proceedings of 8" interna-
tional symposium of the ICP-BR bee protection group “Haz-
ards of pesticides to bees”, Bologna, Italy, September 4-6,
2002.- Bulletin of Insectology, 56 (1): 1-206.

POWER K., MARTANO M., ALTAMURA G., MAIOLINO P., 2020.- His-
topathological findings in testes from apparently healthy drones
of Apis mellifera ligustica.- Veterinary Sciences, 7 (3): 124.

RATNIEKS F. L. W., CARRECK N. L., 2010.- Clarity on honey bee
collapse?- Science, 327 (5962): 152-153.

RoRTAIS A., ARNOLD G., HALM M. P., TOUFFET-BRIENS F.,
2005.- Modes of honeybees exposure to systemic insecti-
cides: estimated amounts of contaminated pollen and nectar
consumed by different categories of bees.- Apidologie, 36 (1):
71-83.

RORTAIS A., ARNOLD G., DORNE J. L., MORE S. J., SPERANDIO G.,
STREISSL F., SZENTES C., VERDONCK F., 2017.- Risk assessment
of pesticides and other stressors in bees: principles, data gaps
and perspectives from the European Food Safety Authority.-
Science of The Total Environment, 587-588: 524-537.

SAMSON-ROBERT O., LABRIE G., CHAGNON M., FOURNIER V.,
2014.- Neonicotinoid-contaminated puddles of water repre-
sent a risk of intoxication for honey bees.- PLoS ONE, 9:
e108443.

SANCHEZ-BAYO F., Goka K., 2016.- Impacts of pesticides on
honey bees, In: Beekeeping and bee conservation (DECHECHI
CHAMBO E., Ed.).- IntechOpen Limited, London, UK, doi:
10.5772/62487

SANCHEZ-BAYO F., GOULSON D., PENNACCHIO F., NAzzI F., GOKA
K., DESNEUX N., 2016.- Are bee diseases linked to pesticides? -
A brief review.- Environment International, 89-90: 7-11.

ScHMUCK R., SCHONING R., STORK A., SCHRAMEL O., 2001.-
Risk posed to honeybees (Apis mellifera L, Hymenoptera) by
an imidacloprid seed dressing of sunflowers.- Pest Manage-
ment Science, 57 (3): 225-238.

SCHNEIDER C. W., TAUTZ J., GRUNEWALD B., FucHs S., 2012.-
RFID tracking of sublethal effects of two neonicotinoid in-
secticides on the foraging behavior of Apis mellifera.- PLoS
ONE, 7 (1): €30023.

SCHOTT M., BISCHOFF G., EICHNER G., VILCINSKAS A., BUCH-
LER R., MEIXNER M. D., BRANDT A., 2017.- Temporal dynam-
ics of whole body residues of the neonicotinoid insecticide
imidacloprid in live or dead honeybees.- Scientific Reports, 7
(1): 6288.

SiLvA V., MoL H. G. J., ZOMER P., TIENSTRA M., RITSEMA C. J.,
GEISSEN V., 2019.- Pesticide residues in European agricul-
tural soils- a hidden reality unfolded.- Science of the Total
Environment, 653: 1532-1545.

SIMON-DELSO N., AMARAL-ROGERS V., BELZUNCES L. P.,
BONMATIN J. M., CHAGNON M., DowNs C., FURLAN L., GIB-
BONS D. W., Giorio C., GIroLAMI V., GOULSON D.,
KREUTZWEISER D. P., KRUPKE M., LIESS M., LONG E.,
MCFIELD M., MINEAU P., MITCHELL E. A. D, MORRISSEY C.
A., NOOME D. A, PisA L., SETTELE J., STARK J. D., TAPPARO
A., VAN Dyck H., VAN PRAAGH J., VAN DER SLuus J. P.,
WHITEHORN P. R., WIEMERS M., 2015.- Systemic insecticides
(neonicotinoids and fipronil): trends, uses, mode of action and
metabolites.- Environmental Science and Pollution Research,
22 (1): 5-34.

SIMPSON J., 1961.- Nest climate regulation in honey bee colo-
nies.- Science, 133 (3461): 1327-1333.

STADLER T., MARTINEZ GINES D., BUTELER M., 2003.- Long-
term toxicity assessment of imidacloprid to evaluate side ef-
fects on honey bees exposed to treated sunflower in Argen-
tina.- Bulletin of Insectology, 56 (1): 77-81.

187



STRAUB L., VILLAMAR-BOUzA L., BRUCKNER S., CHANTA-
WANNAKUL P., GAUTHIER L., KHONGPHINITBUNJONG K.,
RETSCHNIG G., TROXLER A., VIDONDO B., NEUMANN P., WIL-
LIAMS G. R., 2016.- Neonicotinoid insecticides can serve as
inadvertent insect contraceptives.- Proceedings of the Royal
Society B: Biological Sciences, 283 (1835): 20160506.

TARANOV G. F., 1959.- The production of wax in the honeybee
colony.- Bee World, 40 (5): 113-121.

THANY S. H., 2010.- Neonicotinoid insecticides: historical evo-
lution and resistance mechanisms.- Advances in Experimental
Medicine and Biology, 683: 75-83.

THORP R.W., 2000.- The collection of pollen by bees.- Plant
Systematic and Evolution, 222: 211-223.

TOKUDA Y., 1955.- Experimental studies on beeswax produc-
tion by the honeybee colonies. Beeswax yield by the honey-
bee colonies under sugar syrup feeding [in Japanese].- Bulle-
tin of the National Institute of Agricultural Sciences Chiba
Series G (Animal Husbandry), 11: 111-133.

ToMiZAWA M., CASIDA J. E., 2003.- Selective toxicity of neon-
icotinoids attributable to specificity of insect and mammalian
nicotinic receptors.- Annual Review of Entomology, 48: 339-
364.

TosiS.,NieHJ. C., BRANDT A., COLLI M., FOURRIER J., GIFFARD
H., HERNANDEZ-LOPEZ J., MALAGNINT V., WILLIAMS G. R., SI-
MON-DELSO N., 2021.- Long-term field-realistic exposure to a
next-generation pesticide, flupyradifurone, impairs honey bee
behaviour and survival.- Communications Biology, 4 (1): 805.

TSVETKOV N., SAMSON-ROBERT O., SooD K., PATEL H. S.,
MALENA D. A., GATWALA P. H., MACIUKIEWICZ P., FOURNIER
V., ZAYED A., 2017.- Chronic exposure to neonicotinoids re-
duces honey bee health near corn crops.- Science, 356 (6345):
1395-1397.

VANENGELSDORP D., MEIXNER M. D., 2010.- A historical re-
view of managed honey bee populations in Europe and the
United States and the factors that may affect them.- Journal
of Invertebrate Pathology, 103: S80-S95.

WARD L. T., HLADIK M. L., GUzMAN A., WINSEMIUS S., BAU-
TISTA A., KREMEN C., MILLS N. J., 2020.- Pesticide exposure
of wild bees and honey bees foraging from field border flow-
ers in intensively managed agriculture areas.- Science of the
Total Environment, 831: 154697.

WILLIAMSON S. M., WRIGHT G. A., 2013.- Exposure to multiple
cholinergic pesticides impairs olfactory learning and memory
in honeybees.- Journal of Experimental Biology, 216 (10):
1799-1807.

WILLIAMSON S. M., WILLIS S. J., WRIGHT G. A., 2014.- Expo-
sure to neonicotinoids influences the motor function of adult
worker honeybees.- Ecotoxicology, 23 (8): 1409-1418.

WILMART O., LEGREVE A., ScipPO M. L., REYBROECK W., UR-
BAIN B., DE GRAAF D. C., SPANOGHE P., DELAHAUT P., SAE-
GERMAN C., 2021.- Honey bee exposure scenarios to selected
residues through contaminated beeswax.- Science of the Total
Environment, 772: 145533.

WINSTON M. L., 1987.- Biology of the honey bee.- Harvard Uni-
versity Press, Harvard, USA.

WulJ. Y., ANELLI C. M., SHEPPARD W. S., 2011.- Sub-lethal ef-
fects of pesticide residues in brood comb on worker honey
bee (Apis mellifera) development and longevity.- PLoS ONE,
6 (2): e14720.

Wu Y. Y., ZHou T., WUBIE A. J., WANG Q., Da1 P., Jia H.,
2014.- Apoptosis in the nerve cells of adult honeybee (4pis
mellifera ligustica) brain induced by imidacloprid.- Acta En-
tomologica Sinica, 57 (2): 194-203.

WuM. C,CHANG Y. W,, LUK. H,, YANG E. C., 2017.- Gene
expression changes in honey bees induced by sublethal im-
idacloprid exposure during the larval stage.- Insect Biochem-
istry and Molecular Biology, 88: 12-20.

WU-SMART J., SPIVAK M., 2016.- Sub-lethal effects of dietary
neonicotinoid insecticide exposure on honey bee queen fe-
cundity and colony development.- Scientific Reports, 6:
32108.

YANGE. C.,CHANG H. C., WU W.-Y.,CHEN Y. W., 2012.- Im-
paired olfactory associative behavior of honeybee workers
due to contamination of imidacloprid in the larval stage.-
PLoS ONE, 7 (11): e49472.

ZHANG W., JIANG F. B., Ou J. F., 2011.- Global pesticide con-
sumption and pollution: with China as a focus.- Proceedings
of the International Academy of Ecology and Environmental
Sciences, 1: 125-144.

Authors’ addresses: Gennaro D1 PRISCO (corresponding au-
thor: gennaro.diprisco@ipsp.cnr.it), Institute for Sustainable
Plant Protection, The Italian National Research Council (IPSP-
CNR), piazzale E. Fermi 1, 80055 Portici, Naples, Italy; Piotr
MEDRZYCKI, Roberto COLOMBO, Giorgia SERRA, Michela Bol,
CREA-AA, Council for Agricultural Research and Economics,
Research Center for Agriculture and Environment, via di Cor-
ticella 133, 40128 Bologna, Italy; Valeria MALAGNINI, Paolo
FONTANA, Livia ZANOTELLI, Gino ANGELI, Fondazione Ed-
mund Mach, via Edmund Mach 1, 38098 San Michele
all'Adige, Trento, Italy; Karen POWER, Department of Veteri-
nary Medicine and Animal Productions, University of Naples
“Federico 11, via F. Delpino 1, 80137 Naples, Italy.

Received October 21, 2022. Accepted May 5, 2023.

(Supplemental material available at http://www.bulletinofinsectology.org/Suppl/vol76-2023-179-188malagnini-suppl.pdf)

188


mailto:gennaro.diprisco@ipsp.cnr.it



