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Abstract

Background: Large amounts of insecticide-containing dusts produced from abrasion of the seed dressing can be
released into the atmosphere during sowing operations. Neonicotinoid pesticides, introduced in the 1990s for several
crops, are the leading products for seed-coating treatments in many countries. Neonicotinoid containing dusts can
be effectively intercepted by bees in flight over the sowing field, inducing lethal acute effects, so that restrictions in
the use of the main neonicotinoids have been adopted in the European Union. This led to the consequent introduc-
tion of replacement insecticides for seed-coating, i.e. methiocarb and thiacloprid, despite the lack of information on
both the toxicity and the exposure scenarios for honeybees.

Results: In this study, a laboratory apparatus was developed in order to quantify the toxicity of the dusts produced
from the abrasion of the seed coating. This quantification is based on (i) an airstream transporting coating particles
into an exposure chamber; (i) exposure of bees to reproducible and measurable concentrations of insecticide, and
(iii) direct measurement of the exposure dose on single bees. The method allowed us to perform in vivo experiments
of honeybee exposure to provide toxicity data in more realistic exposure conditions. In fact, the formulation rather
than the active principle alone can be tested, and the exposure is through dusts rather than a solution so that specific
absorption behavior can be studied in representative environmental conditions. The method was used to quantify
the acute toxicity (LDs) of dusts obtained from the abrasion of corn seeds coated with clothianidin, thiacloprid and
methiocarb.

Conclusions: Our results show that, surprisingly, the replacement insecticide methiocarb has a toxicity (LDs;=421-
693 ng/bee) in the same order of magnitude as clothianidin (LDs,=113-451 ng/bee) through this specific exposure
route, while thiacloprid (LDgy=16.9-1 0 ng/bee) has a significantly lower acute toxicity. Moreover, dusts containing
methiocarb and clothianidin show a significant increase in toxicity when, after exposure, bees are kept under high
humidity conditions. This suggests that the method here presented can be used to obtain complementary toxicity
data in the risk assessment procedure for the authorization of new seed-coating insecticides or new formulations.

Keywords: Systemic insecticides, Neonicotinoids, Methiocarb, Seed coating, Abrasion dusts, Honeybees, Pollinator
insects, Acute toxicity, Exposure measurement

Background

Since their introduction in the 1990s, neonicotinoid
insecticides have become one of the most important
pesticide classes partly replacing carbamates, organo-
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the vascular system of the plant. They can be applied to
crops in different ways: spray, granular and/or seed coat-
ing. The latter is a well-established technique to apply
pesticides directly to the seed, before sowing, in order
to protect the plant in the early stage of growing. Seed-
coating with insecticides grew dramatically between 1990
and 2008, reaching 1 billion dollars in 2008 with neoni-
cotinoids accounting for 93% of the share [2]. Nowadays,
the global pesticide-coating market continues to grow
and it has approached 1.8 billion dollars in 2019 [3].

The large worldwide use of neonicotinoids is causing
a widespread environmental contamination [4-6], with
dangerous effects on different invertebrate species and
the consequent reduction of biodiversity [7-10]. Par-
ticular attention has been posed to honeybees, because
they are a highly valued resource used for bee products
production and crop pollination [11]. Furthermore, their
population is decreasing in many countries of Europe
and North America [12—-14]. Managed honeybee colo-
nies are influenced by many factors: habitat loss, diseases,
parasites and pesticides [15-17]. Regarding the effect
of pesticides on non-target invertebrates, there are sev-
eral studies investigating and shedding light on sublethal
toxic effects of neonicotinoids [18—27]. Nevertheless, the
extent and importance of sublethal effects are still under
debate in the scientific community because they are more
difficult to quantify in the field due to the presence of
co-factors and co-stressors. For example, in a monitor-
ing study in Northern Germany no effects were observed
on honeybee colonies exposed to flowering oilseed rape
grown from seeds coated with clothianidin + B-cyfluthrin
[28, 29]. It is worth noticing that in the case of oilseed
rape, sowing occurs in the autumn and flowering only
months later in the spring. This means that, by the time
of flowering, residues level of seed-coating insecticides in
nectar and pollen are low (ppb level) and in fact this large
field study did not detect the seed-coating insecticides in
nectar and pollen collected by the honeybees [28, 29].

Restrictions on the use of neonicotinoids and fipronil
were introduced in several European countries (France,
Germany, Swiss, Slovenia and Italy) since 2008, in order
to protect bees and other non-target insects. From
December 2013, the European Union (EU) banned clo-
thianidin, imidacloprid, thiamethoxam and fipronil as
seed-coating product for cereal crops (with the exception
for winter ones) and their spray application in bee attrac-
tive crops [30, 31]. An extension of this ban was approved
by the EU Commission in 2018 [32—-34].

Despite enforced restrictions [35], seed coating is
still used worldwide for the cultivation of many differ-
ent crops like corn, soybeans, wheat and cotton, also by
using supposedly less toxic replacement insecticides like
thiacloprid (neonicotinoid) and methiocarb (carbamate).
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About the active ingredient applied to the seed, only
approximately 5% is taken up by the crop while most of it
remains in the soil and leaches to ground/surface waters
[36—43]. Furthermore, the drilling machine used for sow-
ing releases into the atmosphere particulate matter pro-
duced from abrasion of seed coatings, that contains 1-2%
of the total amount of pesticide applied in the field [44].
This dust falls on the surrounding vegetation causing the
contamination of wild plants growing at the field mar-
gins [45, 46], but they can contaminate also larger areas
[47, 48]. Moreover, honeybees approaching the drilling
machine during sowing collect particulate matter con-
taining high doses of pesticides and lethal acute effects
were observed in the exposed honeybees [44, 49-52]. In
Europe, Canada and the US several cases of colony loss
related to corn sowing were observed, where beekeepers
have reported huge and rapid mortality in their hives due
to emission of dust containing insecticides (see Krupke
et al. [51], Pistorius et al. [53], the following reviews [54,
55] and references therein). More recently, after the neo-
nicotinoid bans and the introduction of new coatings and
sowing technologies aimed to reduce seed abrasion, mas-
sive spring colony losses were observed in northeastern
Italy. Again, it has been hypothesized that exposure of
honeybees to insecticide-containing dusts released dur-
ing corn sowing may be the cause of mortality [56].

In the literature, there are many studies about the
acute toxicity of neonicotinoids to honeybees [57].
Contact lethal dose (LDs;) is usually established with
topical applications of alcoholic solution containing
the pesticides to the dorsal thorax [58] or spraying
pesticide on leaves later used for bee exposure [59].
Recently, a method to quantify the toxicity of dusts
from coated seeds was developed, but the particulate
matter was applied to plants and not directly to hon-
eybees [60]. Furthermore, this method is based on field
trials to assess the dust toxicity, which carry limita-
tions concerning the achievement of controlled and
reproducible exposure conditions. To the best of our
knowledge, there are no laboratory methodologies
to apply particulate matter obtained from abrasion of
seeds directly to honeybees under “reproducible expo-
sure conditions” In order to fill this gap, in this study,
an easy method to perform tests of particulate matter
toxicity to honeybees has been developed. Our purpose
was to simulate in controlled conditions in the labora-
tory the exposure of honeybees to dusts produced from
seed-coating fragmentation, in order to reproduce what
would happen in the field to flying bees approaching
the cloud of particles produced by the drilling machine.
Noteworthy, the method includes also the determina-
tion of the exposure dose (ng of insecticide/bee) by
chemical analysis of single bees.
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After method development, the toxicity of dusts con-
taining the insecticides clothianidin, thiacloprid and
methiocarb was evaluated. Clothianidin has been chosen
as a reference because it is the most used neonicotinoid
pesticide [2], whereas thiacloprid (neonicotinoid) and
methiocarb (carbamate) were introduced in Europe as
replacement insecticides for seed coating after the neo-
nicotinoids ban and they are considered as bee friendly.

Experimental section

A new method was developed to assess the toxicity of
insecticide-containing dusts toward honeybees by simu-
lating in the laboratory the exposure of honeybees fly-
ing through the cloud of particles emitted by the drilling
machine in the field. The method is based on an appara-
tus to produce dusts from abrasion of seeds coated with
insecticides, the exposure of honeybees to insecticides
containing dusts in an exposure chamber, and the direct
measurement of exposure dose on single bees.

Seeds, insecticides and bees

Corn seeds coated with different pesticides were used:
Poncho® (Bayer Cropscience, clothianidin 1.25 mg/seed)
supplied in 2009 and 2010 by A.LS. (Italian seed asso-
ciation) courtesy of MiPAAF (Ministry of Agriculture,
Food and Forestry) for the research project APENET;
Sonido® (Bayer Cropscience, thiacloprid 1.0 mg/seed)
and Mesurol® (Bayer Cropscience, methiocarb, 1.25 mg/
seed) purchased in 2014. All seeds were coated also with
the fungicide Celest® XL (Syngenta, Fludioxonil and
Metalaxyl-M). Apis mellifera L. (hybrid ligustica and car-
nica) for the toxicity tests were caught every day. Com-
ing from an urban hive, they were attracted with a water/
sugar mixture, gently sucked into a tube, and kept in
small cages.
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Particulate matter production and characterization

The air stream containing seed-coating particles was gen-
erated by surface abrasion of 10-60 seeds introduced in
a 100-mL flask connected to a rotary evaporator (Fig. 1)
working at 300 rpm. A glass tube was introduced into the
flask and connected with: (i) the external exposure cham-
ber; (ii) a © 37-mm filter holder for the sampling of total
suspended particles (TSPs) on glass fiber filters (Omega
Specialty Instrument Co.); (iii) a pump (Zambelli ZB1
timer, Milan, Italy; aspiration airflow 10-20 L min~Y).
The end of the glass tube was placed in the middle of the
flask, closed by metallic wire mesh (100 um) to avoid the
introduction of large particles in the airflow line.

The exposure chamber was a plastic tube (@ 15 mm,
20 c¢m length) that can host up to 10 bees. Its ends are
protected by a plastic gauze to avoid the escape of bees
along the airflow. A similar tube may be connected after
the exposure chamber to host the sampling line of an
optical particle counter (OPC).

In order to optimize the concentration of the insecti-
cides in the airflow for the toxicity tests, many trials using
different numbers of seeds, mixing times and flow rates
were performed. In these preliminary tests, TSP filters
were sampled at regular interval of 5 or 10 min during
the seed mixing in order to determine the insecticide
concentration in the airflow and its variability.

The size distribution of the particulate matter in the
exposure chamber was measured with an OPC (Grimm
model 1.108) in the 0.23-32 um diameter range. Further-
more, TSPs were sampled on polycarbonate filters (Mil-
lipore, @ 37 mm) to evaluate the size distribution using
low-vacuum scanning electron microscopy—energy-dis-
persive spectrometry (SEM-EDS; FEI instrumentation,
model Quanta 200).

The abrasion potential (Table 1) was assessed by mix-
ing 12 seeds for 2 h with an airflow of 20 L min~*. TSP
sampled at the filter were weighed and then analyzed

exhaust

air inlet

rotary evaporator

Exposure chamber

TSP filter pump

Fig. 1 Apparatus for the exposure of honeybees to a controlled stream of insecticide-containing particles produced by seed-coating abrasion
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by ultrahigh performance liquid chromatography with a
diode array detection (UHPLC-DAD) to quantify both
the total particulate matter and the insecticide concen-
tration. Seeds and filters were kept for 2 days at 20 °C and
50% relative humidity before and after the experiments,
as suggested in the Heubach methodology to quantify
dust emissions [61].

Toxicity tests

The number of seeds and the mixing time before hon-
eybee exposure were optimized to reach the desired
pesticide concentration in the airflow for the toxicity
tests (Table 1). Different formulations may have differ-
ent abrasion potential and therefore may require specific
optimization before honeybee exposure tests. During the
toxicity tests, eight insects were inserted in the exposure
chamber and exposed to insecticide-bearing dusts for 1
or 2 min in an airflow of 10 L min~". Before and after the
honeybee exposure tests, at least one particulate matter
sample was collected to quantify the pesticide concen-
tration in the airflow during the exposure tests. After
exposure, two honeybees were put at —20 °C for 1 h
and then analyzed to quantify the insecticide dose. The
other six honeybees were put in a clean cage to perform
the mortality test, using the same procedure described
in Girolami et al. [50]. Briefly, honeybees were fed with
honey to exclude death from starvation and they were
kept at two different humidity conditions: room humid-
ity (40-60% RH) and high humidity (>90% RH). After
24 h, dead honeybees were counted in every cage. A cage
with six non-exposed honeybees was used as control in
each experiment, and no mortality was observed. Addi-
tional control experiments using non-coated seeds were
performed and no mortality was observed. Regarding a
possible oral uptake of the insecticide by these caged
honeybees, it should be noted that bees are not attracted
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by seed-coating material and licking activity was never
observed.

Statistical analysis

LD;, values were estimated by plotting log dose versus
probit [62, 63]. The XLSTAT software was used for the
LDj, calculation and the likelihood ratio test was used to
evaluate the goodness of the probit model used for data
fitting.

Insecticide chemical analysis on dusts and on single bees

For the quantification of the insecticide dose two
bees were analyzed for each exposure test. A single
bee was introduced in a 10-mL test tube, extracted
with 1 mL of methanol in ultrasonic bath for 15 min
at room temperature. This treatment was repeated
after addition of 1 mL of water. The final solution
was analyzed by UHPLC-DAD, after filtration with
0.2-pm syringe filters (Phenomenex, RC). For deter-
mination of the insecticide concentration in the air-
flow, half filter was extracted and analyzed with the
same procedure used for bees. A UHPLC-DAD ana-
lytical method was optimized for the determination
of each single seed-coating insecticide. The method
used a Shimadzu Prominence UFLC-XR chromato-
graph equipped with a Shimadzu SIL 20AC-XR auto
sampler, Shimadzu SPDM20A UV-vis diode array
detector (DAD), and a Shimadzu XR-ODS II (2.2 pum,
2 mm x 100 mm) analytical column with a Phenom-
enex (ODS 4 mm x 2 mm) guard column. The follow-
ing instrumental parameters were used: eluent flow
rate of 0.3 mL min~', with a water—acetonitrile gra-
dient elution, 5 pL of injection volume, 35 °C column
temperature. For clothianidin gradient elution was:
0-1.5 min, 27% acetonitrile; 1.5-2.7 min, linear gradi-
ent to 100% acetonitrile; 2.7-5.0 min, 100% acetoni-
trile. For thiacloprid gradient elution was: 0—2.0 min,

Table 1 Comparison of the abrasion potential of seeds coated with different insecticides and the optimized condition

used for honeybee exposure experiments

Seed-coating Year Active principle

Abrasion potential

Condition used for honeybee exposure

insecticide of production
Particulate Insecticide mass (mg) Number  Mixing Concentration £ SD
matter mass of seeds  time (min) (ug/m?3)
(mg)
Poncho® 2010 Clothianidin 283+£0.13 1.30£0.30 6 15 767 +£117
30 142+£32
Mesurol® 2014 Methiocarb 0.31+£0.02 0.13740.006 6 5 167 £52
Sonido® 2014 Thiacloprid <0.1° (1.024093)-1073 60 100 8562+848

For clothianidin, two different settings were used in order to apply high and low doses

2 Insufficient particulate matter mass for an accurate gravimetric quantification

b Average insecticide concentration in the airflow = standard deviation
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32.5% acetonitrile; 2.0-2.5 min linear gradient to
100% acetonitrile; 2.5—4.5 min, 100% acetonitrile. For
methiocarb gradient elution was: 0-3.0 min, linear
gradient from 10% to 20% acetonitrile; 3.0-3.5 min,
linear gradient to 50% acetonitrile; 3.5—5.0 min, linear
gradient to 100% acetonitrile; 5.5-8.5 min, 100% ace-
tonitrile. Detector signals at A=269 nm for clothian-
idin, at A=244 nm for thiacloprid and at A=202 nm
for methiocarb were used for analytes quantification.
Instrumental calibration (external) was performed by
analysis of 0.05-10 mg L™! standard solutions of each
analyte in 50% water—methanol.

Chemicals for the preparation of the standard solu-
tions of clothianidin, thiacloprid and methiocarb were
purchased from Fluka (Pestanal, purity >99.7%). Meth-
anol (VWR) and acetonitrile (Riedel-de-Haen) were
of HPLC grade. Water was purified using a Millipore
Milli-Q equipment.
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Result and discussion

Particulate matter size distribution

The size distribution of the dusts produced in the experi-
mental apparatus was mainly characterized by coarse
particles with a mode centered around 5-7.5 pm in
diameter (Fig. 2). Besides large particles, there was also
a significant production of fine particles with diameter
of 1-2 pm. The observed size distribution is comparable
with the one previously measured in field experiments of
sowing of corn seeds from the same batch [44]. There-
fore, this setup can be used to obtain in laboratory a par-
ticulate matter comparable to that released by the drilling
machine.

Production of particulate matter from coated seeds

As expected, a different behavior in the particulate mat-
ter production was observed for seeds coated with dif-
ferent insecticides. In particular, corn seeds coated with
clothianidin produced more dusts compared with seeds
coated with methiocarb and thiacloprid (Table 1). This is

50

45

a m Particulate matter

Blank
40

35

30

25

20

PM concentration (pg/m?)

TIA

distribution

Fig. 2 a Size distribution of particulate matter produced from abrasion of corn seeds coated with thiacloprid, measured by OPC. The blank
concentrations refer to the abrasion device working without seeds. b SEM images of seed-coating particles that confirm their coarse size
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related to the different coating technologies of seeds that ~ concentration and exposure time of the honeybees could
have changed during the past years. In fact, new coatings  be used to modify the insecticide doses, because a clear
have a better resistance to abrasion and this improvement  correlation between the exposure to dusts and their col-
has an important ecological impact [61, 64, 65]. Anyway, lection by honeybees was observed for each insecticide
the assessment of seed-coating abrasion potential is not tested (Fig. 3). Applied doses ranged between few ng to
the goal of this study, but it had important implication in ~ hundreds of ug of insecticide in the form of suspended
the optimization of the experimental settings to reach the  particulate matter. This wide range allowed us to quan-
desired concentrations when seeds coated with different  tify the effect of pesticides with different toxicity (e.g.
pesticides were used. clothianidin and thiacloprid). The reproducibility of the
For all the tested seeds, the insecticides concentration = method was good enough to modulate the doses applied
in the airflow reached a stable value, after an initial ris- to honeybees by acting on the experimental parameters.
ing period. Therefore, it was possible to modulate the =~ However, chemical analysis remains necessary for the
concentration in the airflow of a particular insecticide accurate quantification of the applied dose (Additional
by changing the number of mixed seeds. However, due file 1: Table S1-S3).
to the different toxicities of each insecticide the best It is appropriate to underline that the large exposure
number of seeds had to be optimized for each of them doses used in the tests with thiacloprid induce the con-
(Table 1). Different number of seeds required also dif- comitant exposure to very high doses of all other seed-
ferent mixing time to reach a stable concentration. By  coating components, including the fungicide. In view
changing the number of seeds and mixing time it is pos-  of the negligible acute toxicity of these components
sible to obtain a wide range of insecticide concentration  (with respect to the active principle) and the no effect
in the airflow. Toxicity tests started only when an appro-  observed up to 11 ug/bee of thiacloprid administered
priate and stable concentration of dusts was reached. The  (see next section), these exposure condition represent an

207 Clothianidin [] 2,04 Methiocarb | 40 q Thiacloprid
3 3 3]
S 15 S 154 * < 30
) > )
= = . = 254 .
8 1,04 g 1,0 8 20 .
=) ° =]
= = 15 .
) g S .
2 05 o 05+ g 10+
o v=0.1547x+0,082 3 y=0,173x+0,0336 o 5 y=0,141x+ 1,0682
A * 7 ReZosg7 A2 R?=0,722 A R?=0,8107
0,010 2 . > \ 0,0 : \ 0 T T Y
"o 5 10 0 5 10 0 100 200 300
Emitted mass (ng) Emitted mass (ng) Emitted mass (ug)
Fig. 3 Amount of insecticide (i.e. the exposure dose) measured on honeybees exposed to different streams of seed-coating dusts, characterized
by different concentration of particles. The emitted mass represents the total amount of insecticide produced in each exposure experiment and
collected on the filter placed at the end of the exposure chamber. It was calculated as insecticide concentration (ug/mg) - airflow (m*/min) -
exposure time of the honeybees (min). Significant linear relationships (dose vs emitted amount) were obtained for all insecticides (F test, p <0.0001)

Table2 LD;, values (toward honeybee, contact) of seed-coating particles produced from corn seeds coated
with insecticides and computed using the probit regression model

Seed-coating Active principle RH? (%) n¢ LDs, (ng/bee) CI9 (95%) Slope +SE

insecticide

Poncho® Clothianidin 40-60 162 451 341-654 2.0640.31
>90 96 113 71-149 291+0.71

Mesurol® Methiocarb 40-60 126 693 537-873 3.4940.69
>90 91 421 357-491 73£16

Sonido® Thiacloprid b 186 16.9-10° (105-30.9)-10° 1.03£0.18

Air humidity, after exposure, affects the acute toxicity of powders containing clothianidin and methiocarb
@ Air relative humidity

5 No differences were observed at different humidity levels

¢ Total number of insects tested

9 Confidence intervals for LD,
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“experimental control” for the exposure tests with clo-
thianidin and methiocarb in which the observed lethal
effect must be associated to the dose of insecticide with
a non-significant contribution of the fungicide or other
components of the seed coating.

Particulate matter toxicity

The developed method has been applied to the quantifi-
cation of the contact toxicity to honeybees of dusts pro-
duced from corn seeds coated with insecticides (Table 2).
Our results show that, surprisingly, the replacement
insecticide methiocarb has a toxicity (LDg,=421-
693 ng/bee) in the same order of magnitude as clothia-
nidin (LDs,=113-451 ng/bee) through this specific
exposure route, while thiacloprid (LD,=16.9-10> ng/
bee) has a significantly lower acute toxicity. Furthermore,
for clothianidin and methiocarb an effect of the air rela-
tive humidity to dust toxicity was observed. Honeybees
kept at high relative humidity (>90%) after exposure to
particulate matter showed toxic effects at lower doses,
compared with honeybees kept at room air humid-
ity (40-60%). This is in agreement with previous results
obtained during field experiments [50]. This effect was
not observed with thiacloprid, therefore, for this particu-
lar insecticide, data collected at high and room humidity
were in agreement. Moreover, dusts containing thiaclo-
prid resulted to be only slightly toxic to honeybees and
high doses were necessary to observe acute toxic effects.
Because of this lower toxicity, data collected with thiaclo-
prid were less precise and it may be possible that humid-
ity effect cannot be correctly observed. Furthermore,
when such high amounts of thiacloprid were applied
to honeybees, their ability to clean themselves from
the dusts was clearly observed, but deeper studies are
needed to quantify the phenomenon. In addition, further
experiments are necessary to understand why air relative
humidity increases dust toxicity. Our hypothesis is that
high air relative humidity negatively affects the honeybee
cleaning ability from dusts or increases the absorption
of the active principle through the cuticle. Thanks to the
method presented here, it will be possible to better inves-
tigate this phenomenon.

As for the possible oral uptake of the insecticide by hon-
eybees during the 24 h of the toxicity test (from particles
on the cage mate or on the cage walls), we want to empha-
size that bees are not attracted by seed-coating material
and licking activity was never observed. Furthermore, the
much higher oral toxicity (with respect the contact one)
manifested by these insecticides represents a good indica-
tion of the scarce significance of the oral uptake.

Concerning the toxicity of different active principles,
our results show that powders produced from seeds
coated with clothianidin are highly toxic to honeybees,
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especially in the worst (high relative humidity) condi-
tions. Instead, dusts containing thiacloprid are much
less toxic and unrealistically high doses were required to
observe acute toxic effects. This result is in agreement
with the contact toxicity observed with topical applica-
tion of neonicotinoid alcohol solutions [58] and they
confirm that the toxicity of the insecticide thiacloprid to
honeybees is relatively low in comparison with the other
two active ingredients. It is worth noticing that LD val-
ues here reported are different (e.g. significantly higher
for clothianidin) from those obtained by topical applica-
tion of alcoholic solutions [58, 66] due to the different
exposure route and absorption efficiency.

Surprisingly, the toxicity of dusts containing methio-
carb is only slightly lower of that containing clothiani-
din, but significantly higher than that of dusts containing
thiacloprid. It is worth noticing that, during field experi-
ments, honeybees flying close to the drilling machine col-
lected approximately 500 ng/bee of insecticide [50]. Our
results show that these doses of clothianidin and methio-
carb can have severe toxic effects and therefore they sup-
port the hypothesis that massive colony losses recently
observed in northeastern Italy may be associated to
exposures of honeybees to methiocarb-containing dusts
released during corn sowing.

This method could be used to quantify powder toxic-
ity also for other pollinators like bumblebees and solitary
bees. This is an important factor because new data have
pointed out that pesticide effects could be very different
for different pollinators. As an example, the study from
Rudlof et al. [67] showed no effects on honeybees of
seed-coating with the neonicotinoid clothianidin and the
non-systemic pyrethroid B-cyfluthrin applied to oilseed
rape seeds, but, conversely, they observed reduced wild
bee density, solitary bee nesting, and bumblebee colony
growth. Furthermore, this method is comparable with
realistic field conditions and allows quantification of the
toxicity of each pesticide used for seed coating without
the concern of expensive field experiments.

Conclusions

A new method was presented here for the quantification
of the toxicity to honeybees of particulate matter produced
from abrasion of corn seeds coated with insecticides. A
wide range of doses could be applied, therefore is possible
to evaluate the toxicity of pesticides with different char-
acteristics. Mortality tests confirmed that clothianidin is
highly toxic to honeybees, especially in the worst condi-
tions (high humidity). The obtained LD;, explains how
relatively low doses of the insecticide, easily reached dur-
ing sowing in the field [50, 68], may cause high mortality
in honeybees. Instead, particulate matter containing thia-
cloprid are less toxic and so they probably do not represent



Lentola et al. Environ Sci Eur (2020) 32:93

a threat for honeybees. Surprisingly, the toxicity of the
replacement insecticide methiocarb as dusts is much more
similar to that of clothianidin and it could be harmful for
honeybees through exposure of particulate matter emitted
by the drilling machine during normal sowing operations.
This result suggests that recent colony losses observed in
northeastern Italy may be caused by methiocarb-contain-
ing dusts emitted during corn sowing. In view of a better
risk assessment procedure [35, 69] for the authorization
of new seed-coating insecticides or new formulations,
together with the quantification of the abrasion capability
of the seeds complementary toxicity data can be obtained
by the method here presented.
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