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Abstract— Most studies on the effects of neonicotinoid insecticides on neural processes of honey bees are based on
behaviours performed by adult bees exposed as adults. It is unclear how the developing brains of honey bee larvae
are affected by sublethal doses of neonicotinoid insecticides when measuring neural processes through behavioural
performance in adult bees. In this study, larvae were exposed to three sublethal doses of clothianidin and evaluated
25-36 days later for hygienic and foraging behaviours as adult bees. The medium and highest sublethal doses of
clothianidin significantly reduced hygienic and foraging activity. The greatest effects were on the proportion of adult
bees foraging and carrying pollen. These results show that exposure of larvae to clothianidin results in negative
effects extending into the adulthood of bees, possibly compromising the colony’s fitness by impairing pathogen

control mechanisms and by reducing pollen collection.
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1. INTRODUCTION

Honey bees (Apis mellifera L.) are social or-
ganisms that live in colonies where cooperation
and complex interactions among members occur
(Page Jr 2012). Some behaviours performed by
individual bees are indispensable for colony sur-
vival and reproduction (e.g., foraging and
guarding behaviours) (Winston 1991) and others
provide resistance to the colony against parasites
and diseases (e.g., hygienic and grooming behav-
iours) (Spivak 1996; Spivak and Reuter 2001).
Neural processes are needed to perform these
behaviours. Neural processes allow animals to
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perceive stimuli from the environment and react
to them (Webb 2012). For hygienic behaviour,
middle-aged workers identify diseased or dead
larvae or pupae using olfactory cues, and then
through the action of neuromodulators, like
octopamine, they uncap cells and remove the af-
fected larvae or pupae from the colony (Arathi
et al. 2000; Spivak et al. 2003). Similarly, neural
processes play an important role in foraging be-
haviour by enabling bees to locate food sources
through odour cues and then determining direc-
tion and distance to the food source, which is
conveyed in the waggle dance to other bees
(Esch 2012).

Neural processes can be affected when honey
bees are exposed to chemical stressors, such as
neurotoxic insecticides that are detrimental to the
central nervous system (Costa et al. 2008). One of
the most common class of neurotoxins used in
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agriculture are the neonicotinoid insecticides,
which act by binding to nicotinic acetylcholine
receptors (nAChRs) in the central nervous system
overstimulating neurotransmission (Tomizawa
and Casida 2008). In Canada and the USA,
thiamethoxam and clothianidin are two of the
most widely used neonicotinoids in field crops,
particularly in corn and canola (Uneme 2010).
Adult honey bees can be repeatedly exposed to
sublethal concentrations of neonicotinoids by
collecting contaminated nectar and/or pollen from
treated plants and wild flowers growing near treat-
ed crops (Pisa et al. 2015), and larvae fed with
these products could also be repeatedly exposed to
these neurotoxins. There are no reports on the
effects of sublethal exposure to neonicotinoid in-
secticides on foraging and hygienic behaviours in
adult bees when the bees were treated individually
during the larval stage, but instead, studies have
examined the effect of chronic sublethal exposure
on hygienic and foraging behaviours of all bees
treated at a colony level (Dively et al. 2015; Wu-
Smart and Spivak 2016; Tsvetkov et al. 2017).
Few studies have assessed the effect of
neonicotinoid exposure during the larval stage
on traits associated with neural processes, such
as associative learning in bees (Yang et al. 2012;
Tan et al. 2015). Exposure to rapidly developing
honey bee larvae may result in neurodevelopmental
abnormalities as activation of neurotransmitter re-
ceptors during early development in animals con-
trols a range of factors, such as neural replication,
synapse and axon formation and localization of cell
populations within the central nervous system
(Slotkin 2004). Thus, the developing central nervous
system is highly vulnerable, and a number of studies
have demonstrated long-term, adverse affects caused
by chemicals that alter acetylcholine systems on
brain cells and eventually behaviour (Slotkin
2004). For example, prenatal exposure to nicotine,
which acts as agonist of acetylcholine receptors like
neonicotinoid insecticides, resulted in impaired syn-
aptic activity in rats, even at 23 days after exposure
(Zahalka et al. 1992). Also, rats exposed to nicotine
during adolescence showed impairment in attention
span and reduction on presynaptic terminal of pre-
frontal cortex glutamatergic synapses at 35 days
after treatment (Counotte et al. 2011). For honey
bees, neonicotinoid exposure during the larval
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developmental stage could have long-term detri-
mental effects on later neural processes, such as
when adult bees perform foraging and hygienic
behaviour. In this study, honey bee larvae were
repeatedly exposed to sublethal doses of
clothianidin, and the adults that developed from
these larvae were assessed for hygienic and foraging
behaviours to determine the long-term impact of the
neurotoxin.

2. METHODS
2.1. Source of honey bees

The honey bees used in the experiments were
collected from colonies of the Buckfast strain
maintained at the University of Guelph’s Honey
Bee Research Centre in Ontario, Canada. The
queens that provided the larvae used in this study
were mated under controlled conditions in isola-
tion at Thorah Island, Simcoe, ON, to guarantee
the purity and uniformity of the Buckfast strain.

2.2. Clothianidin working solutions

To estimate the amount of clothianidin used in
the experiments, the predicted concentration of
clothianidin in maize pollen of plants from
insecticide-treated seeds (0.0011 to 0.015 ng
clothianidin/mg of pollen; EFSA 2013) and total
amount of pollen consumed by a single worker
honey bee larva (125 to 145 mg pollen/bee;
Winston 1991) were considered. Thus, the mini-
mum amount of clothianidin that a honey bee
larva could potentially consume in the pollen dur-
ing the larval stage was calculated: (0.0011 ng
clothianidin/mg pollen) (120 mg pollen/bee) =
0.13 ng clothianidin/bee. The maximum amount
of clothianidin that a honey bee larva could po-
tentially consume in the pollen during the larval
stage was calculated: (0.015 ng clothianidin/mg
pollen) (150 mg pollen/bee)=2.20 ng
clothianidin/bee. Hence, the range of clothianidin
consumption was estimated to be 0.13-2.20 ng
clothianidin/bee (Xx=1.16+0.73 ng), and the
three doses used in this study were within that
range at 0.13, 0.67 and 1.33 ng clothianidin/bee.
To prepare the working clothianidin solutions,
10 mg clothianidin (Sigma Aldrich®, Oakville,
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ON, Canada) was diluted in 100 ml of ds H,O.
Subsequently, serial dilutions were made to obtain
1000 ng/ml, 500 ng/ml, and 100 ng/ml.

2.3. Exposure of larvae to clothianidin

To obtain larvae of the same age, each of four
sister queens were placed on an empty comb
inside modified hives that had two wire mesh
walls (queen-excluder size) at their centre to
house a frame of drawn, empty comb and a queen.
The mesh allowed the passage of worker bees but
kept the queen confined to lay eggs on the comb.
When abundant eggs were observed on the comb,
usually after 1 day, the queen was moved out of
the confined area within the same colony to pre-
vent her from laying more eggs of different age on
the comb. At least 500 larvae that hatched from
the eggs of the four combs were used for each of
the four treatments.

Four-day-old larvae (4th instar larvae) were
each treated for three consecutive days with
1.33 ul of ds H,O without clothianidin (0 ng,
control) or containing 0.13, 0.67 or 1.33 ng of
clothianidin. A fter each treatment, the frames with
the treated larvae were returned to their respective
colonies to continue development in normal con-
ditions until adulthood, as per Hamiduzzaman
et al. (2012). The colonies used in the experiment
were not exposed to pesticides at any time and
were uniform in terms of size and food storage.
One day before adult bees hatched, the frames
were retrieved from their hives and placed inside
emerging wooden cages (50.3 x 7.3 x25.2 cm)
and incubated (35 °C, 60% RH) until the bees
emerged. This procedure was done for each of
the three repetitions of hygienic and foraging ex-
periments. The mortality of treated larvae was
recorded, but it was negligible as there was no
difference between treatments as it was less than
1% for all the treatments.

2.4. Establishment of observation hives

Three observation hives (47 4.1 x96 cm)
were established using combs from healthy,
randomly selected colonies. Four frames with
about 4000 worker bees and a queen were
installed in each of the observation hives.
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One side of the hive was covered with glass
and the opposite side with plexiglass. The
plexiglass side had a door (10x10 cm) near
the bottom of the hive that was later used to
introduce a comb section containing recently
sacrificed brood through freezing to study the
hygienic response. The observation hives were
installed inside a building with no windows
and kept at room temperature (20-30°C), cov-
ered with a cotton cloth at all times, except
during observations. The hives were connected
to the exterior of the building with wooden
ramps to allow exit and entrance of bees.
The ramp of each observation hive was cov-
ered with glass on the top, and below the
glass, it was divided into two lanes by a
barrier along its length to separate the outgoing
and incoming bees, which facilitated the obser-
vation of marked bees as they left or entered
the hive (Guzman-Novoa and Gary 1993).

2.5. Observations of hygienic events

For each treatment, 198 newly emerged bees
(792 bees in total) were identified by gluing num-
bered plastic tags (Graze Bienenzuchtgerite,
Weinstadt, DE) onto their thoraces. Tags of differ-
ent colours were used to identify bees of the
different treatments, and each bee was identified
with a specific number, allowing for individual
identification. The colours used to identify the
bees of each treatment were changed in each of
the three repetitions to avoid bias from the observ-
er, who did not know which colours corresponded
to a treatment.

The tagged bees were introduced into the pre-
viously established observation hives. Censuses
were conducted 1 day before the first of three
hygienic behaviour observation days to determine
the number of treated bees that remained alive in
each hive. Censuses were done visually by record-
ing the numbers and colours of live tagged bees
inside the observation hives and were done at
night (22:00 h EST), when there was no foraging
activity to ensure that all the bees were inside the
observation hives (Unger and Guzman-Novoa
2010).

To analyse hygienic behaviour, a 9 x 9-cm sec-
tion of comb containing freeze-killed brood was
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introduced into the observation hive through the
10 x 10-cm plexiglass door and fixed with tooth-
picks to a comb inside the hive. The comb had an
open space of the same dimensions of the comb
section (Unger and Guzman-Novoa 2010). Hy-
gienic events performed by the tagged bees in
the area of the freeze-killed brood were recorded
on three consecutive days when the bees were 12,
13 and 14 days old. Daily observations were done
from 9:00 to 17:00 EST. Hygienic events
consisted of bees uncapping cells and/or remov-
ing dead brood from them. The observer moved
every 15 min from one side of the observation
hive to the other to avoid bias. The colour and
number of the bee tag was recorded when a hy-
gienic event was observed. If a bee was still
performing a hygienic event after a 15-min cycle
(observer switching sides), two hygienic events
were recorded. Also, if a bee suspended the event
to perform another behaviour and then went back
to performing a hygienic event, a new record was
annotated (Unger and Guzman-Novoa 2010). The
number of live bees in the hive (80 + 3) from the
most recent census together with the number of
bees performing hygienic events during observa-
tions for each of the treatment groups were used to
calculate the proportion of surviving bees
performing hygienic events (PSBH), and this pro-
portion was used for statistical analysis. Three
repetitions of the experiment were performed.

2.6. Observations of foraging behaviour

Four-day-old larvae were obtained and treated
as above, but for each treatment, 396 newly
emerged bees (1584 bees in total) were identified
with plastic tags of different colours as previously
described and introduced into three observation
hives. As before, censuses were conducted when
the bees were 12, 17 and 22 days old.

To analyse foraging behaviour, the depar-
ture and return times of the tagged bees were
recorded from 9:00 to 12:00 EST and from
13:00 to 16:00 EST for 12 consecutive days
starting when the bees were 12 days old.
Foraging activity was recorded as per
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Guzman-Novoa and Gary (1993). Briefly,
the departure and return times of tagged
bees, as well as the presence of pollen, were
recorded by observing the bees on the glass-
covered ramps, which were connected to the
observation hives as previously described.
Round trips of less than 3 min were exclud-
ed from the analysis to avoid the inclusion of
bees conducting orientation or defecation
flights. Taking into consideration the number
of bees alive from the censuses, the propor-
tion of surviving bees foraging (PSBF), the
proportion of foraging bees carrying pollen
(PFBP) and the proportion of surviving bees
carrying pollen (PSBP) were calculated. Ad-
ditionally, the mean duration of round trips
(DRT) was estimated. Three repetitions of the
experiment were performed.

2.7. Statistical analysis

Survivorship, PSBH and DRT data were tested
for normality using the Shapiro-Wilk test. Since
they did not comply with the test, the data of
surviving bees during observations and the PSBH
were arcsine square-root transformed, whereas the
DRT data were transformed to a base 10 logarithm
before subjecting them to a one-way analysis of
variance and Fisher’s LSD tests, with & of 0.05
when significance was detected. The PSBF, PFBP
and the PSBP data were analysed with contingen-
cy tables using x tests of independence with o of
0.05. Adjusted residuals were calculated for post
hoc analysis. A correlation analysis was per-
formed to determine the association between sub-
lethal doses of clothianidin and PSBH, PSBF and
PFBP using arcsine square-root transformed data.
The statistical analyses were done using R, ver-
sion 3.4.3© (The R Core Team 2014).

2.8. Data availability

The dataset generated during and/or analysed
during the current study are available from the
corresponding author on reasonable request.
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3. RESULTS
3.1. Hygienic behaviour

Exposure to the sublethal doses of clothianidin
during the larval stage did not significantly affect the
number of treated bees that were alive during the
3 days of hygienic behaviour observations, which
ranged from 60 to 113 per treatment (F' (3, 32 =2.30,
P =0.096). However, compared with the control
(0 ng), the exposure of larvae to 0.67 and 1.33 ng/
day of clothianidin resulted in PSBH values that
were 1.5 and 2.3 times lower, respectively, com-
pared to the control, both of which were significantly
different from it (3, 32,=3.99, P =0.016;
Figure 1). Therefore, the decrease in PSBH was
associated with the medium and high sublethal
doses of clothianidin, and there was a negative
correlation between sublethal doses of clothianidin
and PSBH (r =—0.49, N =36, P =0.002), indicat-
ing a dose response over the range tested.
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Figure 1. Mean proportion of bees performing hy-
gienic events (PSBH) by surviving bees that were
exposed to sublethal doses of clothianidin during
their larval stage on days 12, 13 and 14 post emer-
gence. The summed data were arcsine square root
transformed and subjected to a one-way ANOVA
and Fisher LSD tests with an « of 0.05. Non-
transformed data are presented.
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3.2. Foraging behaviour

Exposure to the three sublethal doses of
clothianidin during the larval stage did not
significantly affect the number of treated
bees that were alive during the 12 days of
foraging observations, which ranged from
100 to 196 (X 152+4) (F3, 32=137, P =
0.27). However, PSBF during the 12 days of
observations was significantly reduced in
bees treated with 0.67 ng/day and 1.33 ng/
day of clothianidin (x*;. 20.457)=94.47,
P <0.0001; Figure 2), which was 1.34 and
1.16 times lower than the control, respective-
ly. The lowest PSBF was with 0.67 ng/day,
which was also significantly lower than the
PSBF for larvae treated with 1.33 ng/day
OCq. 13.858 = 13.24, P <0.0001). There was
no significant correlation between sublethal
doses of clothianidin and PSBF (» =—0.13,
N =144, P =0.119).

There was also a significant reduction in PFBP
when larvae were treated with 0.67 and 1.33 ng/
day of clothianidin (x* (1, 7373, = 44.95, P < 0.0001;

0.4
*
0.3 *
0.2
0.1
0
0 0.13 0.67 1.33

Dose of clothianidin (ng/larva)

0.5

PSBF

Figure 2. Proportion of surviving bees foraging (PSBF)
that developed from larvae exposed to sublethal doses
of clothianidin. Asterisks above a bar indicate a signif-
icant difference with the control based on x* analysis
and adjusted residuals with an « of 0.05.
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Figure 3. Proportion of foraging bees carrying pollen
(PFBP) that developed from larvae exposed to sublethal
doses of clothianidin. Asterisks above a bar indicate a
significant difference with the control based on X anal-
ysis and adjusted residuals with an & of 0.05.

Figure 3). The PFBP from larvae that were treated
with 0.67 and 1.33 ng/day of clothianidin was 1.16
and 1.13 times lower than the control. However,
there was no difference in the PFBP between bees

0.30

0.20
0.10
0.05
0.00

0.13 0.67
Dose of clothianidin (ng/larva)

PSBP
f=}
[

Figure 4. Proportion of surviving bees carrying pol-
len (PSBP) that developed from larvae exposed to
sublethal doses of clothianidin. Asterisks above a
bar indicate a significant difference with the control
based on x? analysis and adjusted residuals with an
o of 0.05.
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Figure 5. Mean duration of round trips (DRT) that
developed from larvae exposed to sublethal doses of
clothianidin. The summed data were transformed to a
base 10 logarithm before subjecting them to a one-way
ANOVA and Fisher’s LSD tests, with & of 0.05. Non-
transformed data are presented.

0:40:19

treated with 0.67 and 1.33 ng/day of clothianidin
(XZ(L 3115 = 0.80, P = 0.37). There was no correla-
tion between sublethal doses of clothianidin and
PFBP (r =—0.011, N = 144, P =0.90).

Based on PSBF and PFBP, PSBP was deter-
mined and revealed that 0.25, 0.25, 0.15 and 0.19
of the surviving bees were returning with pollen for
the 0, 0.13, 0.67 and 1.33 ng/day clothianidin treat-
ments, respectively. The effects of the 0.67 and
1.33 ng/day significantly reduced PSBP (xz(l,
2045 =224.07, P <0.0001; Figure 4).

The summed data of the DRT of foraging bees
from the 12 days of observation revealed no sig-
nificant effect of larval sublethal exposure to
clothianidin (F (3, 1906y = 0.50, P = 0.68; Figure 5).

4. DISCUSSION

Exposing larvae to the sublethal doses of
clothianidin for 3 days did not affect adult bee
survivorship when later tested for hygienic or forag-
ing behaviour, which was 25-27 to 25-36 days after
the final exposures, respectively. This is not unex-
pected as the sublethal doses used in this study were
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29, 5.6 and 2.8 times lower than the oral LDs, for
clothianidin (EFSA 2013). Similarly, Doublet et al.
(2015) found no increase in mortality of developing
bees after feeding larvae for 5 days with the
neonicotinoid insecticide thiacloprid at a dose
1.73 x 10* times lower than the oral LDs, (FAO
2010). Also, no effects on survivorship were ob-
served for 5-day-old adult bees after feeding them
for 20 days with a sublethal dose of thiacloprid at a
dose 108 times lower than the oral LDs, (Vidau et al.
2011). Thus, it is clear that exposure of larvae to a
range of sublethal doses of neonicotinoid insecti-
cides does not affect their survivorship.

Although there have been several studies on the
consumption of pollen by honey bee larvae, there
are considerable discrepancies between them.
Winston (1991) noted that Alfonsus (1933) de-
scribed 145 mg and Rosov (1944) described
125 mg of pollen per worker bee larva based on
the required amounts for larvae to develop. How-
ever, studies on pollen consumption done by
counting the number of pollen grains in fully
grown worker larvae have estimated 0.4-2.04 mg
of pollen per larvae (Simpson 1955; Babendreier
et al. 2004). The later studies give much lower
values that could be due to the method, which does
not account for pre-digestion of pollen before it is
fed to larvae by nurse bees, differences between the
digestibility of pollen from different plant species
(Roulston and Cane 2000) as well as sampling at
only one time point (i.e. at the end of larval devel-
opment). This could underestimate the amount of
pollen that larvae consume. This study is based on
consumption values related to reports of the
amounts needed for larval development rather than
pollen grain counts inside larvae. However, if the
pollen grain count method were used, then doses in
this paper would be much higher than predicted
consumption.

Honey bees can be exposed to neonicotinoid
insecticides in various ways, such as by exposure
to contaminated beeswax or royal jelly (Jabot et al.
2015; Daniele et al. 2018; Bohme et al. 2018).
Thus, contamination of beeswax, beebread and
royal jelly by neonicotinoid insecticides could
have occurred in the colonies we used in this
study. However, such effects would have been
observed in the control samples as colonies used
in this study were collected from the same location
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with similar chances for contamination. The fate of
clothianidin ingested by bees is not clear. However,
Brunet et al. (2005) reported that at 72 h after
ingesting a dose of radioactively labelled
acetamiprid, a neonicotinoid insecticide, at 1.5 x

10* times lower than the LDsy, radioactivity was
detected in the head of the bees indicating translo-
cation to the brain. Thus, neonicotinoid insecticides
can reach the central nervous system of bees, which
would bring it into direct contact with nerves,
which could result in neurodevelopmental abnor-
malities during the rapid development of the central
nervous system during larval growth, ultimately
affecting behaviours of adult honey bees.

Unlike survivorship, clothianidin exposure did
affect the proportion of hygienic events in adult
bees treated as larvae with the medium and high
sublethal doses of clothianidin, although this was
not observed with the lowest dose. Hygienic be-
haviour is associated with a response to olfactory
stimuli derived from dead or parasitized larvae
and pupae followed by opening of the cell and
removal of the affected brood by adult bees
(Masterman et al. 2000). As the larvae were treat-
ed 25 to 27 days before assessing hygienic behav-
iour, this indicates surprisingly long-term effects
of the pesticide on that behaviour. Bees would
typically conduct hygienic events as middle-aged
adults between 11 and 17 days post emergence
(Invernizzi and Corbella 1999; Arathi et al. 2000),
and the assay was done using bees 12, 13 and
14 days post emergence. Thus, it is likely that the
effects observed would persist for the entire peri-
od when adult bees would normally perform hy-
gienic behaviour.

Similarly, clothianidin at 2 x 10° to 8.1 x 10°
times lower than the LDs, negatively affected
hygienic behaviour in colonies tested immediately
after exposure for 288 days with pollen patties
containing clothianidin (Tsvetkov et al. 2017).
The related neonicotinoid imidacloprid at 1.18 x
10° times lower than the LDs, also decreased
hygienic behaviour in colonies tested after expo-
sure for 23 days with a sugar solution containing
the pesticide (Wu-Smart and Spivak 2016). In
both of those studies, hygienic behaviour was
tested at a colony level, and the consumption of
insecticide per larvae was not reported, but the
colonies were exposed to field realistic conditions;
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the adverse effects on hygienic behaviour reported
coincide with the results presented in this study
for the medium dose of clothianidin, which is
intended to emulate a field realistic exposure to
clothianidin.

This is the first report that the hygienic be-
haviour of bees exposed to sublethal doses of a
neonicotinoid insecticide during their larval
stage are affected as adults showing the sensi-
tivity and long-term damage of the developing
nervous system in larvae to a neonicotinoid.
Similarly, long-term neural abnormalities due
to neurotoxic pesticides have been shown fol-
lowing pyrethroid exposure during prenatal
stages of rats due to dopaminergic alterations
in the central nervous system (Dhuriya et al.
2017), and following the organophosphate,
metamidiphos, exposure during zebra fish de-
velopment due to apoptosis in brain cells and a
downregulation of neural development-related
genes (He et al. 2016). Hence, the effect of suble-
thal exposures to clothianidin on the central ner-
vous system of developing larvae appears to have
long-term negative impacts on at least those neu-
rological functions related to hygienic behaviour.
However, the effect of neonicotinoid on other sys-
tems that could indirectly affect the performance of
hygienic behaviour should be considered. For ex-
ample, by decreasing the performance of immune
responses or muscle function (Christen et al. 2016;
Wau et al. 2017). Nonetheless, the impact of suble-
thal exposures to neonicotinoid insecticides on hy-
gienic behaviour would affect fitness by impairing
the colony’s ability to defend itself against patho-
gens by controlling their presence and transmis-
sion, which could lead to a decrease in the colony’s
population or perhaps even death. While exposure
of larvae to sublethal doses of clothianidin did not
appear to affect foraging based on the duration of
the foraging trips performed by adult bees, it did
significantly reduce the proportion of bees foraging
in general and foraging and returning with pollen
for larvae treated with the medium and highest
sublethal doses of clothianidin. Thus, exposure of
larvae to doses of clothianidin like those found in
pollen collected by honey bees could have a detri-
mental long-term effect on two important compo-
nents of foraging behaviour. With a lower propor-
tion of bees foraging, there is less potential for food
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to be gathered for the colony, and with a lower
proportion of bees collecting pollen, there would be
less protein available for the colony.

Previous studies have reported a reduction in
the proportion of forager bees returning to their
hives when adults were orally fed with suble-
thal doses of neonicotinoids (Henry et al. 2012;
Fischer et al. 2014; Tosi et al. 2017). In con-
trast, oral exposure to adults with sublethal
doses of neonicotinoid insecticides resulted in
no significant effects on mortality, brood devel-
opment, colony strength and the number of
bees foraging or flying around anthers of maize
or oilseed rape flowers (Cutler and Scott-
Dupree 2007; Pilling et al. 2013). The differ-
ence in the results and conclusions between
these studies might be due to the methodologies
used, the number of biological replications and
the difficulty to control the intrinsic variability
within the colonies, as noted by Lundin et al.
(2015). However, this study is different from
those in that larvae, rather than adults, were
exposed to a neonicotinoid insecticide, and
thus, this study measures the pesticide’s effect
on a developing, rather than a mature, central
nervous system of the bee, as well as measures
its long-term effects. Although previous studies
have reported the effect of sublethal exposure at
a colony level on foraging behaviour in bumble
bees and honey bees (Gill et al. 2012; Dively
et al. 2015), this study assessed the effect of
sublethal exposure to neonicotinoid insecti-
cides in individual bees exposed during the
larval stage and assessed for foraging behav-
iour as adults.

Although it is difficult to quantify the level
of damage on colony fitness due to the impair-
ment of foraging behaviour found in this study,
it is possible to estimate the effects of reduced
pollen collection on colony populations. Only
15% and 19% of the live bees treated as larvae
with 0.67 and 1.33 ng of clothianidin, respec-
tively, were foraging for pollen, compared to
25% of the control. If we consider that a typical
colony during the peak of foraging is composed
by about 45,000 workers with one third of the
workers foraging, performing an average of
12.5 foraging trips a day, with the mean weight
of a pollen per trip of 20 mg (Winston 1991),
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then the amount of pollen collected a day for
the control would be approximately 903 g of
pollen compared to 589 and 686 g for the 0.67
and 1.33 ng of clothianidin treatments, respec-
tively. As it requires an average of 145 mg of
pollen to produce a honey bee larva (Winston
1991), honey bee colonies exposed to 0.67 and
1.33 ng of clothianidin would rear at least 1518
less larvae every day after exposure compared
to unexposed colonies. Over time, this could be
highly detrimental as colony growth is an es-
sential component for colony reproduction,
productivity and winter survival (Seeley and
Visscher 1985). Hence, the impact of sublethal
exposure to clothianidin in developing larvae
could be translated into a lower number of
workers performing tasks necessary for colony
productivity, as well as in a lower number of
bees necessary for overwinter survival.

In human toxicology, it is well established that
neurotoxin exposure of the central nervous system
during foetal development causes long-term
neurodevelopmental problems resulting in brain
dysfunction at doses far below those affecting
adult brains (Grandjean and Landrigan 2006).
This does not appear to be always similarly ap-
preciated in the study of neurotoxin exposure to
honey bees. The long-term effects on adults due to
sublethal doses of clothianidin on larvae demon-
strates the importance of examining the impacts of
neurotoxins on the relatively vulnerable develop-
ing nervous system of honey bee larvae, just as it
is in studies of neurotoxins on human foetal
development.

5. CONCLUSION

Honey bees can be unintentionally exposed to
sublethal doses of neurotoxins, such as
neonicotinoid insecticides, during both adult and
larval stages. Studies on the effect of
neonicotinoid exposure on different variables,
such as foraging behaviour and mortality, have
primarily been done on bees exposed as adults
(Blacquiére et al. 2012). However, the effects on
honey bee larvae may be different as neurotoxins
are known to have long-term effects on develop-
ing brains in animals. We have shown that hygien-
ic and foraging behaviour, but not mortality in
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adults, are affected by the exposure to sublethal
doses of the neonicotinoid insecticide,
clothianidin, weeks after exposure during the lar-
val stage. This highlights the long-term negative
impacts of this neurotoxin on honey bee develop-
ment and adult behaviours that are essential for
colony survival. Thus, the negative effects of
clothianidin exposure to developing bees may
persist for most or all of their lifespan.
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