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Insect species richness and abundance has declined rapidly over the last few decades.
Various stressors, such as the conversion of natural habitats, climate change, land-
use intensification, agrochemicals and pathogens, are thought to be major factors in
this decline. We treated female bees of two common pollinator species in Europe,
Osmia bicornis and Bombus terrestris, with a field-realistic dose of the neonicotinoid
clothianidin. We tested its effects on the foraging behavior of O. bicornis under semi-
natural conditions and on the antennal sensitivity of both bee species to common floral
volatiles by using electroantennography. Clothianidin negatively affected the foraging
behavior in O. bicornis by decreasing the number of flowers visited per foraging flight
and by increasing the time per flower visit and the searching time between two flowers.
It also decreased the antennal sensitivity to 2-phenylethanol in the two bee species.
Thus, clothianidin is clearly a threat for bees via its effects on their foraging behavior and
antennal sensitivity and is hence probably detrimental for pollination and the reproductive
success of bees.
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INTRODUCTION

Biodiversity, especially species richness, abundance and the distribution of pollinators is globally
declining (Potts et al., 2010; van der Sluijs et al., 2013; Godfray et al., 2014; Goulson et al., 2015;
Hallmann et al., 2017). The limited availability of food and nesting resources and the occurrence
of parasites and pathogens, climate change, and pesticides are considered to be the main drivers of
this decline (Goulson et al., 2015). With regard to pesticides, the use of neonicotinoids is a major
threat for the most important agents in pollination, namely honeybees, bumblebees, and solitary
bees (Elbert et al., 2008; Godfray et al., 2014).

The intensification of agriculture has transformed the agrochemical landscape and resulted in
a massive overuse of pesticides in recent years (Casida and Durkin, 2013; Gross, 2013; van der
Sluijs et al., 2013). Among the neonicotinoids, imidacloprid, thiamethoxam, and clothianidin (a
breakdown product of thiamethoxam) are the most toxic (Scott-Dupree et al., 2009; Stokstad,
2013; Botías et al., 2015). They have been used as a seed coating or have been applied via foliar
or soil treatment until their ban in Germany by the end of 2020 (Elbert et al., 2008; Fent, 2013).
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However, the EU Pesticides Database has revealed that some
of these banned neonicotinoids are still authorized for use at
national level in a few European countries. Because of their
long persistence in soil, neonicotinoids can be detected even in
untreated plants and soil over years (Hopwood et al., 2012; Botías
et al., 2015). Neonicotinoids target the central nervous system
of insects in which they act as an agonist of insect nicotinic
acetylcholine receptors (nAChR) at the postsynaptic membrane
in the nervous system; however, they are not degraded by
acetylcholine esterase as is the natural transmitter acetylcholine
(Tomizawa and Casida, 2005; Elbert et al., 2008; Fent, 2013;
Fischer et al., 2014). Acetylcholine is a highly important
transmitter and is suggested to play an important role during
transmission from olfactory receptor neurons via the antennal
lobe to the mushroom bodies (Fischer et al., 2014). Because of
their higher affinity and higher selectivity for insect nAChR over
vertebrate nAChR, neonicotinoids are more toxic to insects, as
has been clearly shown by the much higher lethal doses (LD50)
recorded for vertebrates (Jeschke and Nauen, 2008; Matsuda
et al., 2011; Uneme, 2011). In addition to their direct lethal effects,
they also exhibit sublethal effects that do not directly cause death
in animals (Artz and Pitts-Singer, 2015).

Many of the adverse effects of neonicotinoids have been
demonstrated in honeybees. Treatment with clothianidin
significantly reduces the life span of Apis mellifera workers
(Sgolastra et al., 2015; Tsvetkov et al., 2017). Furthermore,
Tomé et al. (2012) and Williamson et al. (2014) have found a
sublethal effect and confirmed that low doses of clothianidin
affect the motor function and the walking behavior in adult
neotropical stingless bees and honeybees. Interestingly, two
other studies in honeybees and in Osmia cornuta have revealed
no effects of neonicotinoids on locomotion or even increased
locomotive activity (El Hassani et al., 2008; Jin et al., 2015).
Neonicotinoids also seem to affect memory and learning by
damage to the central nervous system in bees (Tomé et al.,
2012; van der Sluijs et al., 2013). In a cognition experiment
with O. cornuta, Jin et al. (2015) have found a blockage of
memory retrieval for learned cues guiding to a food source
after neonicotinoid treatment. Further, neonicotinoids affect
foraging success, with the treatment of various bee taxa resulting
in less directed flights and a lower pollen and nectar foraging
efficiency (Desneux et al., 2007; Hopwood et al., 2012; van
der Sluijs et al., 2013; Feltham et al., 2014; Fischer et al.,
2014; Tan et al., 2014; Tison et al., 2016). In contrast, in the
bumblebee Bombus terrestris, thiamethoxam does not appear
to affect the total length of foraging flights or searching time
between two flowers (Stanley and Raine, 2016). However, field
experiments and even experiments carried out under semi-
field conditions to determine the effects of neonicotinoids on
wild bees under natural conditions are scarce. Rundlöf et al.
(2015) have performed a huge field study and found a reduced
density of wild bees, reduced nesting activity near treated
fields and negatively affected colony growth in B. terrestris.
Since all of the bee species have a function as pollinators, we
need to understand the effects of neonicotinoids on foraging
behavior and pollination. Moreover, the amount of pollen
that females collect affects larval fitness and reproductive

success (Radmacher and Strohm, 2010; Seidelmann, 2014;
Stanley et al., 2015).

In social insects, semiochemicals are crucial for maintaining
the colony (Ayasse and Jarau, 2014). Insect pheromones such
as cuticular hydrocarbons (CHCs) or cuticular lipids play a
key function and are vital for sustaining the intra-colonial
network; pheromones regulate and control worker reproduction
and underpin behavioral patterns such as mating or worker
reproduction in social insects (Ayasse and Jarau, 2014). In
social insects, scent not only has an intraspecific function in
communication, but also plays an important role in foragers
finding their host plants. In solitary and social insects, floral
scent is thought to be a major cue for discriminating and
identifying different flowers (Schiestl, 2015). It also serves as a
cue enabling bees to distinguish between rewarding and non-
rewarding flowers and even the amount of reward that is
present within a flower (Dötterl and Vereecken, 2010; Schiestl,
2015). Bees perceive a multitude of semiochemicals via chemical
receptors that are located on their antennae (Kaib, 2003). The
semiochemical signal is then transmitted via the antennal lobe
to the mushroom bodies (Heisenberg, 1998). Here, acetylcholine
is intimately involved in transmission (Fischer et al., 2014).
However, the effects of neonicotinoids on antennal sensitivity,
and especially on receptor level, are poorly investigated and only
a few studies are available (i.e., Tappert et al., 2017).

Although wild bees and bumblebees are clearly as important
as honeybees in terms of pollination, most studies on the effects
of neonicotinoids have focused on various honeybee species and
have been performed under laboratory conditions (Michener,
2000; van der Sluijs et al., 2013; Godfray et al., 2014). Only a
few studies have focused on solitary bee species but most have
shown negative effects after insecticide treatment (Artz and Pitts-
Singer, 2015; Jin et al., 2015; Sgolastra et al., 2015). In order to
increase our knowledge concerning the effects of neonicotinoids
on wild bees, we have studied the effects of clothianidin on the
foraging behavior and antennal sensitivity in the red mason bee
Osmia bicornis and the buff-tailed bumblebee B. terrestris. Both
O. bicornis, the most abundant solitary bee of the genus Osmia
in Central Europe, and B. terrestris are important pollinators
in orchards and plantations (Westrich and Dathe, 1997; Gruber
et al., 2011). We have treated female bees of both species with
field-realistic and sub-lethal doses of clothianidin and looked for
differences in their foraging behavior and antennal sensitivity
to various floral volatiles. We have also tested floral volatiles
in both species and a pheromone component in B. terrestris,
because both play important roles in colony maintenance and the
finding of host plants.

We hypothesized that clothianidin would negatively affect
the foraging behavior of female O. bicornis. We expected that
the number of flowers per foraging flight would decrease and
the time per flower and the time between two flowers would
increase after clothianidin treatment. Because flower morphology
might influence flower handling time, we chose two plant
species that differed in their floral morphology, namely one
Asteraceae (Crepis biennis) and a Ranunculaceae (Ranunculus
spp.). We further hypothesized a negative effect of clothianidin
on the sensitivity of antennal scent receptors in both O. bicornis
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and B. terrestris and expected that clothianidin would decrease
antennal sensitivity in both species.

MATERIALS AND METHODS

Study Species
The female O. bicornis LINNAEUS 1778 that were used in both
experiments were reared in trap nests in the Botanical Garden at
Ulm University. Cocoons that had overwintered in a cardboard
box at 6◦C in a refrigerator were placed into small rearing cages
or flight cages (24.5 × 24.5 × 24.5 cm). After hatching and
mating, female bees were able to start their own brood in wooden
nesting blocks (49.5 × 20 × 17.5 cm) that had holes (diameter
7 mm) drilled into them. The bees were allowed to feed ad libitum
on a 50% sugar solution, namely a dilution of two-thirds of a
73% sugar solution of API-Invert R© (Südzucker AG, Mannheim,
Germany) and one-third water. We added 3 g potassium sorbate
and 1 g citric acid per 1 l of sugar solution as a preservative.
We offered the sugar solution on small pieces of foam in a
Petri dish, which was replaced every second or third day. During
recordings of the foraging flights of the bees in the flight cages, we
removed the Petri dish with the sugar solution. For the antennal
sensitivity experiments, bees that had hatched in small flight cages
in the laboratory were allowed to mate before they were used for
electrophysiological recordings.

For the antennal response experiment, we also used female
B. terrestris LINNAEUS 1758 reared in the laboratory at Ulm
University. After mating and hibernation at 6◦C for 10–12 weeks,
queens were allowed to found new colonies (for details, see
Rottler-Hoermann et al., 2016). As for O. bicornis, the bumble
bees were fed ad libitum on a 50% sugar solution and additionally
on fresh pollen (Koppert Biological Systems, Germany), which
was replaced every 2 days. The new colonies were kept in wooden
boxes (39 × 16.5 × 16 cm) with two separated compartments at
a temperature of 27 ± 2◦C and a relative humidity of 60–70%
under constant darkness. The founding queens of all colonies
were originally derived from commercial colonies (Koppert
Biological Systems, Germany).

Clothianidin Treatment
To ensure that all bees were treated with a field-realistic amount
of clothianidin [(E)-1-(2-chloro-1,3-thiazol-5-ylmethyl)-3-
methyl-2-nitroguanidine], we chose a concentration of 0.75 ng
(1 Osmia Equivalent OE) clothianidin per bee for O. bicornis (Jin
et al., 2015) and 2.55 ng (1 Bombus Equivalent BE) for B. terrestris.
We diluted clothianidin (>98.0%, Sigma-Aldrich, Hamburg,
Germany) in the respective amount in acetone (>99.8%,
Sigma-Aldrich, Hamburg, Germany). For the experiment we
used the pure compound instead of a formulation to avoid
any potential effects of additives. Test solutions were stored in
brown screw-cap micro-vials (CZT, Kriftel, Germany) at 6◦C in
a refrigerator to prevent photolysis ([EPA] U.S. Environmental
Protection Agency., 2003).

Because the controlled uptake of clothianidin was important
to ensure that the same conditions were experienced by all bees,
we did not feed them with clothianidin via the sugar solution

(see Tan et al., 2014; Jin et al., 2015). Instead, we applied 1 OE/1
BE clothianidin solution or acetone to the soft skin between
the last sternite and tergite of the abdomen of each individual
(Tappert et al., 2017). This topical application was used as it
was comparable with foliar spray treatment in the field, spray
experiments with clothianidin having been shown to be the most
toxic for O. lignaria (Scott-Dupree et al., 2009). We conducted
the experiments 1 day after treatment.

Measuring the Effects of Clothianidin
Foraging Behavior of Osmia bicornis
Foraging flights of O. bicornis (N = 22) were recorded
simultaneously in two flight cages (3.00 × 2.00 × 2.20 m) in
the Botanical Garden of Ulm University with one flight cage for
each treatment. We conducted the experiments between May
and June 2017 at comparable ambient air temperatures in the
morning since the activity of bees rapidly decreased at high
air temperatures. Ranunculus spp. and C. biennis, which were
derived from a wild meadow in the Botanical Garden, served as
a pollen and nectar source and were randomly distributed within
the flight cage. Because flower morphology influences handling
time, we tested two different plant species, namely Ranunculus
spp. (Ranuculaceae) and C. biennis (Asteraceae). The two plant
species differ clearly in their flower morphology and are within
the broad food spectra of O. bicornis and B. terrestris. Plants
remained in the same position within the flight cages until they
wilted (maximum 2 days). For each bee, we recorded the time
that they interacted with a flower. In addition, we registered the
number of visited flowers, their species identity, and the time
between visits from one flower to the next (searching time) per
3-min period. We chose this constant time, because completed
foraging flights representing the period that the bees were absent
from the nest, with no resting phase but under constant foraging,
were rare. To facilitate the recordings, bees were labeled with
an individual color code (Revell, Bünde, Germany) on the
mesonotum. Foraging behavior after neonicotinoid treatment
was only performed with O. bicornis because similar studies with
B. terrestris have previously been performed (see Stanley and
Raine, 2016) and have not revealed any effects of neonicotinoid
treatment on their foraging behavior.

Antennal Sensitivity of Osmia bicornis and Bombus
terrestris
We performed Electroantennographic analysis (EAG) at Ulm
University. EAG is a good method to show the summed receptor
potential and thus the response to an odorant at the periphery
of the olfactory system (Schiestl and Poll, 2002). We diluted
two floral semiochemicals, namely 2-phenylethanol (99%, Sigma-
Aldrich, St. Louis, MO, United States) and linalool (racemic
mixture, 97%, Sigma-Aldrich, St. Louis, MO, United States),
which are common occurring volatile organic compounds
(VOCs) of flowers (Knudsen et al., 1993, 2006), to various
concentrations in hexane. One µl of the respective compound
was diluted in 999 µl hexane (98%, Merck, Darmstadt, Germany)
to produce the first test solution (dilution of 10−3). For the
following dilution stages, the first test solution (dilution of 10−3)
served as a stock solution and was diluted, respectively, to obtain
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dilutions of 10−4, 10−5, 10−6, and 10−7. This series of five
different dilution stages was only applied to O. bicornis. For
B. terrestris, we only used three dilutions (10−3, 10−5, and
10−7) because preliminary studies had shown that differences
in the antennal response were only found at a dilution of 10−3.
Furthermore, we also tested ethyl palmitate (ethyl hexadecanoate,
99%; Sigma-Aldrich, St. Louis, MO, United States), which is a
pheromone component in bumblebees (Rottler-Hoermann et al.,
2016), at three concentrations (dilutions of 10−3, 10−5, and 10−7)
as a third volatile. In social insects, in particular, pheromones
play an important role and are indispensable in maintaining
intra-colonial communication and the regulation and control
of reproduction (Ayasse and Jarau, 2014). Hexane served as a
control in all the experiments. All test solutions were stored in
screw-cap micro-tubes (CZT, Kriftel, Germany) at –20◦C.

For EAG analysis, we cut off the right antenna of a female
bee (N = 40 for O. bicornis and B. terrestris, respectively) at the
scapus with spring-scissors. Detached antennas were cut at the
first and last segment of the flagellum with a razorblade. Using
two micromanipulators (Märzhäuser Wetzlar GmbH & Co. KG,
Wetzlar, Germany), we mounted each antenna between two
borosilicate glass capillaries (GC150TF-10, Harvard Apparatus
Ltd., Edenbridge, United Kingdom) filled with insect Ringer’s
solution (5 g NaCl, 0.42 g KCl, and 0.19 g CaCl2 · 2H2O dissolved
in 1 l demineralized water) and connected to gold electrodes.
The electrode at the base of the antenna was grounded, while
the electrode at the tip was connected to a signal acquisition
controller (Intelligent Data Acquisition Controller IDAC 2,
Ockenfels SYNTECH GmbH, Kirchzarten, Germany) to record
differences in receptor potential. The antenna was placed in front
of a glass tube that directed a humidified air stream (volume
30 ml/min) toward the antenna and prevented it from rapidly
drying out. Scents were applied to the antenna in a constant
order (2-phenylethanol, linalool, ethyl palmitate for B. terrestris)
with increasing concentration, which means decreasing dilution,
and starting with 2-phenylethanol. At the beginning, between the
first and second scent compound being presented to O. bicornis,
between the second and third scent compound being presented
to B. terrestris and at the end of each test series, we applied
hexane and air individually to the antenna in order to normalize
data and to correct for possible losses in sensitivity over time.
For the stimulus, 10 µl of the respective solution was added
to a filter paper strip (VWR International, Leuven, Belgium)
and, after evaporation of the solvent for 1 min, the filter paper
was inserted into a Pasteur pipette (150 mm, Soda Lime Glass,
VWR International, Darmstadt, Germany). For each stimulus
measurement, the Pasteur pipette was connected via a silicone
tube to a stimulus controller (Syntech Stimulus Controller CS-
05, Ockenfels SYNTECH GmbH, Kirchzarten, Germany) that
delivered air puffs (30 ms, 25 ml/s) onto the antenna. Antennal
responses were analyzed by Syntech EAG software EAGPro (v
2.0, Syntech, Hilversum, Netherlands).

Statistical Analysis
All statistical analyses were conducted with R (version 3.5.2,
R Core Team, 2018). We compared recorded data of the

neonicotinoid group and the control group of foraging flights
(number of flowers per foraging flight, time between two flowers,
time per flower visit and time per C. biennis flower and
Ranunculus spp. flower) using a Mann–Whitney U test, since
the data were not normally distributed. For a comparison of
antennal responses, we first normalized the responses by using
EAGPro software to correct for possible changes in the sensitivity
of an antenna. Response to hexane was set as a response of
100%, whereas all other responses were calculated as values
relative to hexane and were log-transformed. We calculated linear
mixed-effect models (LME) for each compound by using the
lme function from the nlme package (version 3.1-137, Pinheiro
et al., 2014). Treatment and concentration were set as fixed
factors, individual as a random factor. We ran a post hoc test
by using the function glht (General Linear Hypotheses) from
the multcomp package (version 1.4-16, Hothorn et al., 2008).
All model assumptions were validated and were sufficient. A t-
test followed by a Benjamini–Hochberg correction was used
to analyse the response to a certain compound at a certain
concentration compared with hexane (100%). If one of the
tested scent compounds at a certain concentration showed a
significantly higher response than hexane, we assumed that the
bees were able to detect that substance at that concentration
(Brandt et al., 2017).

RESULTS

Foraging Behavior
Clothianidin altered the foraging behavior in O. bicornis females
(Figure 1 and Table 1). During a time period of 3 min,
females treated with clothianidin visited fewer flowers than
untreated bees (Figure 1A, Mann–Whitney U test: W1,21 = 97.5,
p = 0.016) and the searching time was significantly longer
(Figure 1B, Mann–Whitney U test: W1,21 = 9, p < 0.001).
Clothianidin had no effect on the average handling time per
flower (Mann–Whitney U test: W1,16 = 18, p = 0.093). Bees
treated with clothianidin exhibited a significantly longer flower
visiting time for Ranunculus spp. (Figure 1C, Mann–Whitney
U test: W1,16 = 7, p = 0.006) as compared with C. biennis.
For C. biennis flowers, flower handling time was the same for
untreated and treated bees (Figure 1C, Mann–Whitney U test:
W1,16 = 36, p = 1).

Antennal Sensitivity
A comparison of antennal responses of O. bicornis to 2-
phenylethanol and linalool revealed no treatment-dependent
differences (Table 2). Antennal responses to 2-phenylethanol
(LME: F1,4 = 434.448, p < 0.001) and linalool (LME:
F1,4 = 467.743, p < 0.001) were significantly different for
concentration (Table 2). Further, a combined effect of treatment
and concentration was detected for 2-phenylethanol (LME:
F1,4 = 3.861, p < 0.01). To validate whether a bee can
detect a given compound at its respective concentration,
we compared the antennal responses with the response to
hexane, which was set 100% (Supplementary Table 2). For 2-
phenylethanol, the responses to the dilutions 10−4 and 10−3
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FIGURE 1 | Comparison of the effect of clothianidin treatment on various parts of the foraging flights of Osmia bicornis. (A) Average number of visited flowers per
bee. (B) Average time between two flowers (searching time) per bee. (C) Average time per flower separated for both plant species Crepis biennis and Ranunculus
spp. Boxes represent the 1st and 3rd quartiles, the median is shown as a solid line. Whiskers show the confidence interval of 95%. Outliers are plotted as individual
dots. Different capital letters indicate significant differences between the control (n = 11) and the clothianidin (n = 11) treatment groups.

TABLE 1 | Comparison of various parts of the foraging flights of clothianidin-treated and untreated Osmia bicornis females by means of t-tests.

Control Clothianidin N W P

Mean SD Mean SD

Number of flowers 24.8 7.6 16.2 9.8 22 97.5 0.016

Searching time [sec] 2.5 1.4 7.1 3.2 22 9 <0.001

Time per flower [sec] 5.3 3.0 9.0 4.8 22 45 0.332

Time per Ranunculus spp. flower [sec] 3.4 2.3 9.4 5.2 17 7 0.006

Time per Crepis biennis flower [sec] 7.1 5.8 8.9 7.1 17 36 1

For each part of the foraging flights, the mean and standard deviation are given for the control group and clothianidin treatment group. Significant differences between
the two groups are given in bold.

were significantly higher in both treatment groups compared
with hexane (Figure 2). For the concentration 10−5, only the
antennal response of the bees in the control group was higher
than that for hexane (t-test: t19 = 3.3057, p < 0.01). Thus,
bees without clothianidin treatment were able to detect these
higher concentrations, whereas clothianidin-treated bees could
not. Responses to the two lowest concentrations did not differ
from hexane, either in the control group or in the treatment
group. For linalool, the responses to the concentration 10−4 and
10−3 were also significantly higher in both treatment groups
compared with hexane and thus were detectable by the bees,
whereas the remaining concentrations were not (Figure 2).

We found similar results for B. terrestris. Antennal responses
revealed no treatment-dependent differences (Table 3).
Antennal response differed significantly by concentration
for 2-phenylethanol (LME: F1,2 = 71.895, p < 0.001), linalool
(LME: F1,2 = 85.003, p < 0.001) and ethyl palmitate (LME:
F1,2 = 11.851, p < 0.001). As for O. bicornis, an interactive
effect of treatment and concentration on the antennal response
was present for 2-phenylethanol (LME: F1,2 = 3.578, p < 0.05)
and ethyl palmitate (LME: F1,2 = 4.32, p < 0.05). With
regard to 2-phenylethanol and ethyl palmitate, the antennal
response in the control group was significantly higher than
that for hexane at all concentrations, whereas it was only
significantly higher for the concentration 10−3 in bees of the
treatment group (Figure 3 and Supplementary Table 4). Thus,

B. terrestris without clothianidin treatment were able to detect
2-phenylethanol and ethyl palmitate at lower concentrations
than clothianidin-treated bees. Linalool was only detectable in
the highest concentration 10−3 in both groups, with and without
clothianidin treatment.

DISCUSSION

The results of our behavioral experiments showed that treatment
with a field-realistic dose of clothianidin negatively affected the
foraging behavior of O. bicornis. Treated bees visited significantly
fewer flowers than the control group and exhibited a significantly
longer searching time between two flowers and a longer visiting
time on Ranunculus spp. flowers. The EAG analyses showed
a decreased sensitivity of antennal scent receptors for 2-
phenylethanol in O. bicornis and B. terrestris and in the sensitivity
for ethyl palmitate in B. terrestris. Thus, bees treated with
clothianidin on average were not able to detect 2-phenylethanol
and ethyl palmitate at small concentrations, unlike bees that were
not exposed to clothianidin.

Foraging Behavior
In our study, treated females spent a longer time on a flower
and needed more time to reach the next flower resulting in
lower visitation rates. Bees may need more time per flower, if
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TABLE 2 | Results of linear mixed-effect models (LME) for the antennal responses of clothianidin-treated O. bicornis females to two different scent compounds, namely
2-phenylethanol and linalool, in comparison with an untreated control.

2-Phenylethanol Linalool

d.f. F P d.f. F P

Treatment (T) 1 1.179 0.285 1 0.668 0.419

Concentration (C) 4 434.448 <0.001 4 467.743 <0.001

T × C 4 3.861 <0.01 4 0.360 0.837

Significant effects are given in bold.

FIGURE 2 | Comparison of the effect of clothianidin treatment on antennal responses of O. bicornis (N = 40) to 2-phenylethanol and linalool. White boxes represent
the control group treated with acetone; the clothianidin treatment group is shown by gray boxes. Boxes represent the 1st and 3rd quartiles, the median is shown as
a solid line. Whiskers show the minimum and maximum range of values no further than the 1.5-fold inter-quartile range from the respective hinge. Outliers are plotted
as individual dots, extreme outliers as stars. Hexane (response 100%) is shown as a broken line. Different letters indicate significant differences between
concentrations for each odor compound within the control (capital letters) or clothianidin (small letters) group. Asterisks (p < 0.05) indicate significant differences
compared with hexane (n.s.: p > 0.05).

TABLE 3 | Results of LME for the antennal responses of clothianidin-treated Bombus terrestris females to three different scent compounds, namely 2-phenylethanol,
linalool, and ethyl palmitate, in comparison with an untreated control.

2-Phenylethanol Linalool Ethyl palmitate

d.f. F P d.f. F P d.f. F P

Treatment (T) 1 1.321 0.258 1 0.072 0.79 1 1.477 0.232

Concentration (C) 2 71.895 <0.001 2 85.003 <0.001 2 11.851 <0.001

T × C 2 3.578 <0.05 2 0.582 0.561 2 4.326 <0.05

Significant effects are given in bold.

they have problems with handling flowers, particularly while
collecting pollen and nectar. A possible explanation is that
bees have problems with learning how to manipulate flowers
(Stanley and Raine, 2016). They face a blockage of memory
retrieval (Jin et al., 2015) for learned handling strategies,
thereby increasing their handling time for flowers. The lower
flower visitation rates that we found in clothianidin-treated
O. bicornis females in our study were also observed in a former
investigation after the treatment of bees with thiamethoxam

(Stanley et al., 2015; Stanley and Raine, 2016). Furthermore, if
females try to gain the same amount of pollen per flower from
a certain plant species, they may need more time to exploit
a flower if they experience problems manipulating it. To test
this, future studies should focus on pollen foraging efficiency
after neonicotinoid treatment by weighing bees before and after
pollen-collecting flights.

In our experiments, we used two different plant families,
Asteraceae (C. biennis) and Ranuculaceae (Ranunculus spp.) in
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FIGURE 3 | Comparison of the effect of clothianidin treatment on antennal responses of Bombus terrestris (N = 40) to 2-phenylethanol, linalool and ethyl palmitate.
White boxes represent the control group treated with acetone; the clothianidin treatment group is shown by gray boxes. Boxes represent the 1st and 3rd quartiles,
the median is shown as a solid line. Whiskers show the minimum and maximum range of values no further than the 1.5-fold inter-quartile range from the respective
hinge. Outliers are plotted as individual dots, extreme outliers as stars. Hexane (response 100%) is shown as a broken line. Different letters indicate significant
differences between concentrations for each odor compound within the control (capital letters) or clothianidin (small letters) group. Asterisks (p < 0.05) indicate
significant differences compared to hexane (n.s.: p > 0.05).

order to test whether the effect of clothianidin treatment is
different depending on flower morphology. Bees treated with
clothianidin spent more time handling Ranunculus flowers than
bees in the control group. For C. biennis, which has composite
flowers, handling time did not differ in our experiments. In
Ranunculus spp. flowers, bees have to find the pollen in the center
of each flower, whereas in the composite flowers of C. biennis,
they can pick pollen from the whole flower head. This shows
that bees have problems in handling flowers, depending on the
complexity of a flower. A more than two-fold increase in the
flower visiting time of B. terrestris after neonicotinoid treatment
was observed in a study using the complex flowers of Lotus
corniculatus (Stanley and Raine, 2016). Further, the authors
mentioned that bumble bees experimentally exposed to a chronic
dose of thiamethoxam learnt how to manipulate these complex
flowers much more slowly than untreated bees.

In addition to the longer handling time of flowers by treated
O. bicornis females, our study clearly showed that the time for
searching for a new flower was also increased. To visit a further
food source, bees have to fly from one flower to another, if
these are not arranged in inflorescences. One reason for the
increasing searching time is a disruption of the physical ability
to fly. Tosi et al. (2017) have described an alteration in flight
ability in honeybees after thiamethoxam treatment, which leads
to decreased flight duration, distance and velocity. In further
studies, honeybees treated with neonicotinoids also showed less
well directed flights; this is a possible explanation for an increase
in searching time and thus a decrease in the number of visited
flowers (van der Sluijs et al., 2013; Fischer et al., 2014; Tison
et al., 2016). In particular, the homing flights of honeybees and
thus their navigation were affected in these studies. The longer
searching times shown by our treated bees also suggest that

their navigation skills are reduced within their three-dimensional
surroundings. Disorientation after treatment with neonicotinoids
might be the result of disturbed memory and learning behavior as
shown in former studies (Desneux et al., 2007; Fent, 2013; van
der Sluijs et al., 2013). Because flowers with nectar and pollen
are an unreliable food source, bees rely on their memory to find
good resources (Gross, 2013). Bees also clearly use floral traits
such as color, shape and scent plus landmarks to find valuable
food sources such as flowers (Gross, 2013; Knauer and Schiestl,
2015). Thus, a blockage of memory retrieval for learned cues
that guide the bee to a food source might increase searching
time (Jin et al., 2015). The effects of the increasing handling
time and increasing searching time result in an increase of the
total time of a foraging flight and, thus, the risk of pollinators
being confronted with potential predators also increases. The
reason for disturbed memory and olfactory learning might be
a disturbance of the mushroom bodies, which are important in
olfactory learning and which have been shown to be reduced in
volume after neonicotinoid treatment (Heisenberg, 1998; Rybak
and Menzel, 2010; Tomé et al., 2012; Fent, 2013). However, we
have not investigated this aspect, because we have focused on
the antennal receptors and not on higher brain structures in our
study. Bees use floral scents to find flowers as a nectar and pollen
source. Problems in finding new flowers, leading to increased
searching times between two flowers, probably arise because of
the effect of decreased antennal sensitivity, as we have found for
certain of the tested chemical volatile compounds.

Antennal Sensitivity
Our result showed an effect of clothianidin on the antennal
sensitivity in O. bicornis and B. terrestris for certain of the
tested compounds that included not only typical floral volatiles
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(Knudsen et al., 1993, 2006) but also pheromone components
(Rottler-Hoermann et al., 2016). Bees treated with clothianidin
were unable to detect 2-phenylethanol and ethyl palmitate in
small concentrations, unlike bees that had not been exposed to
clothianidin. Scent plays an important role in the finding of host
plants and also serves as a cue in long-range attraction (Dötterl
and Schäffler, 2007; Burger et al., 2010). Thus, it is crucial for bees
to be able to detect low concentrations of floral scent compounds.
A decreased sensitivity towards floral volatiles might lead to
disturbances in the finding of host plants in both our studied
species. If bees cannot find flowers or at least have problems
locating them, they will not find appropriate amounts of pollen,
a resource that plays and important role affecting the fitness of
bees (Radmacher and Strohm, 2010). With regard to bumble bees,
we should also mention disturbances in pheromone perception,
since pheromones are crucial for intracolonial communication
(Ayasse and Jarau, 2014), the disruption of which can lead
to severe changes in colony maintenance and the stability of
the colony. To the best of our knowledge, this is the first
study that has shown an effect of neonicotinoids on antennal
sensitivity in bees. In contrast to our findings, Artz and Pitts-
Singer (2015) detected no changes in antennal sensitivity after
fungicide treatment in O. lignaria. However, they used a different
treatment mode involving nocturnal spray applications of their
plants. In their approach, bees do not come into direct contact
with the pesticide but take it up via nectar or pollen. This shows
clearly that treatment modes can differ from each other in their
effects on pollinators.

However, a study by Hesselbach and Scheiner (2018)
has revealed a loss in taste sensitivity in honeybees after
treatment with flupyradifurone, which binds nAChR similarly
to neonicotinoids. Because neonicotinoids target receptors in
the insect nervous system, receptors at the antennal level
might also be affected and, thus, antennal sensitivity might be
reduced. Comparing the substance classes of 2-phenylethanol
(a benzenoid) and linalool (a monoterpene), clothianidin only
reduced antennal sensitivity for 2-phenylethanol indicating that
it might affect different scent receptor classes differently. To
test this possibility, a broader range of scent compounds from
various common substance classes should be tested in further
approaches. As our EAG investigations compare the summed
receptor potential per antenna they offer good evidence for
the strength of total neurological activity within the antenna.
Although we cannot identify single neuron activity, it is clearly
seen that there is a difference in comparison to the control. In
order to investigate the effects of clothianidin on the olfactory-
receptor-neuron processing system at higher brain levels (e.g.,
antennal lobe and mushroom bodies), as suggested by Artz and
Pitts-Singer (2015), it would be necessary to perform single cell
recordings of peripheral olfactory neurons or calcium imaging.

CONCLUSION

Our study has clearly shown that clothianidin impairs the
foraging behavior of O. bicornis and the antennal sensitivity

of O. bicornis and B. terrestris. Since we have used field-
realistic doses of clothianidin, we can expect similar effects
in field populations of pollinating wild bees. The effect of
neonicotinoids and other insecticides is probably twofold.
On one hand, the ecosystem service of pollination provided
by bees is negatively affected; in particular, the chances of
flowers being pollinated decrease and, consequently, the number
of fruits or seeds produced also decreases. On the other
hand, in the longer term, a decrease in the biodiversity and
abundance of wild bee populations can be expected, since
disturbed foraging behavior will also affect the number of
progeny and therefore the reproductive success of bees. However,
our results in two pollinator species cannot necessarily be
extrapolated to other pollinator groups, which might show
different responses to insecticides. Thus, we need urgently
to study of a variety of pollinators and pollinator groups
(such as solitary bees, bumblebees, or even hoverflies), and
not only honeybees.

In nature, bees collect pollen and nectar from several plants
and fields, all possibly treated with a variety of pesticides over
several days or weeks. Bees are therefore exposed to mixtures
of agrochemicals over long periods of time. Thus, the effects of
pesticides under real life conditions might be much more drastic
than those determined in our study.
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