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Abstract
Bumblebees exposed to neonicotinoid pesticides collect less pollen on foraging trips. Exposed bumblebees are also slower to
learn to handle flowers, which may account for reduced pollen collection. It is unclear, however, why neonicotinoid
exposure slows learning to handle flowers. We investigated the effect of imidacloprid, a neonicotinoid pesticide, on
bumblebee motor learning using a lab model of flower handling. Bumblebees learned to invert inside a narrow tube and lift a
petal-shaped barrier to reach a reward chamber. Imidacloprid-exposed bumblebees showed a dose-dependent delay to solve
the task, which resulted from reduced switching between behavioural strategies and a subsequent delay in use of the
successful strategy. This effect was consistent in colonies exposed at 10 but not 2.6 ppb, suggesting a variable effect on
individuals at lower doses. These results help to explain why exposed bumblebees are slow to learn to handle flowers and
collect less pollen on foraging trips.
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Introduction

The ecological and economic importance of animal polli-
nation—the majority of which is carried out by bees—is
difficult to overstate (Rader et al. 2016). An estimated
87.5% of wild flowering plants and 37 of our 59 most
important crops (responsible for 35% of all food produc-
tion) rely on or benefit from animal pollination (Klein et al.
2007; Ollerton et al. 2011). Recent declines in bee popu-
lations have therefore received much attention (Aizen and
Harder 2009; Goulson et al. 2008). Though the plight of the
honey bee (Apis mellifera L.) has received most of this
attention, non-Apis pollinators, the most widespread of
which are bumblebees, also face problems (genus Bombus;
Lundin et al. 2015). Bumblebees are experiencing particu-
larly concerning declines in abundance and diversity, with
an estimated one third of species in decline (Arbetman et al.

2017). Given the importance of bumblebees as temperate
zone pollinators, it is crucial that these declines be addres-
sed (Winfree et al. 2008; Garibaldi et al. 2013). Several
interacting factors are responsible for bumblebee declines
(Potts et al. 2010), including habitat loss and fragmentation
(Kremen et al. 2007; Ricketts et al. 2008; Winfree et al.
2009), exposure to pathogens (Otti and Schmid-Hempel
2008; Graystock et al. 2014) and exposure to harmful
pesticides (Godfray et al. 2015; Wood and Goulson 2017).

Neonicotinoid pesticides were introduced to the market
in the 1990s and rapidly became the fastest-growing pes-
ticide class in use (Jeschke et al. 2011). Neonicotinoids act
by binding to nicotinic acetylcholine receptors in insects to
lethally disrupt neural activity (Matsuda et al. 2001). They
are typically applied as seed dressings, which integrate into
growing plants and appear in nectar and pollen at levels
ranging from <1 to 10 ppb (parts per billion; Sur and Stork
2003; Blacquière et al. 2012; Godfray et al. 2015). Further,
because neonicotinoids are water-soluble and persist in the
environment for long periods, they often integrate into
wildflowers and appear in nectar and pollen at levels
similar to those in treated crops (Botías et al. 2015; Mor-
rissey et al. 2015; Long and Krupke 2016). Though the
three most common neonicotinoids (imidacloprid, thia-
methoxam and clothianidin) have been restricted for out-
door use in the EU (EU Press Release, 27 April 2018),
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neonicotinoids are still widely used in many countries,
including the USA and China (Shao et al. 2013; Douglas
and Tooker 2015) and thus present a non-negligible threat
to global bumblebee populations.

Bumblebees may be more sensitive to neonicotinoids
than honeybees are (Stoner and Eitzer 2012). Honeybee
colonies are composed of thousands of individuals that
overwinter as a colony unit and benefit substantially from
social buffering. If a group of foragers from a large colony
is affected by a stressor (e.g. a pesticide or pathogen), the
colony is less likely to fail because there are many other
individuals to replace them (Straub et al. 2015). Similarly,
honeybee colonies are relatively quick to replace gynes
(future queens) weakened by stressors because large colo-
nies have the resources available to do so (Sandrock et al.
2014). Bumblebee colonies—which typically contain <500
individuals—benefit much less from social buffering. This
is particularly the case during the colony initiation period
when bumblebee queens emerge from overwintering to
independently found new colonies; the first batch of
workers takes ~4–5 weeks to develop (Alford 1975) and
stressors that affect the queen or developing bees during this
time can be devastating. Indeed, neonicotinoids have been
shown to disrupt early bumblebee colony development
(Baron et al. 2017; Wu-Smart and Spivak 2018) and growth
throughout the season (Whitehorn et al. 2012; Arce et al.
2017). Furthermore, in field studies in which honeybee and
bumblebee colonies are exposed equivalently to neonicoti-
noids, bumblebee colony growth is reduced more dramati-
cally, partially because honeybees benefit more from social
buferring (Rundlöf et al. 2015; Woodcock et al. 2017).

How might neonicotinoids be limiting bumblebee colony
growth? One explanation is that exposed bumblebees col-
lect fewer resources, which limits nutrient availability for
developing offspring. This explanation has strong support,
with many studies documenting pollen foraging deficits in
exposed bumblebees (Feltham et al. 2014; Gill et al. 2012;
Gill and Raine 2014; Stanley et al. 2016; Whitehorn et al.
2017). Pollen is the key protein resource for bumblebees,
and critical for the nutrition of developing bees. How, then,
might neonicotinoids reduce the foraging success of
exposed workers? It may be that exposed bumblebees are
less able to learn about and remember important features of
the foraging environment. Bumblebees collect resources
from a variety of flowers; to forage efficiently, it is therefore
critical that they discriminate between flowers that differ on
multiple dimensions (e.g. colour, scent, morphology) and
pair floral features with food rewards (Chittka and Thomson
2001; Muth et al. 2015). Growing evidence suggests that
neonicotinoid exposure disrupts the ability of bumblebees
to effectively pair floral features with food rewards (Siviter
et al. 2018; Muth et al. 2019). Most studies that test
neonicotinoid-induced deficits in learning and memory have

used the proboscis extension reflex (PER) protocol, where
bees are removed from the colony, harnessed, conditioned
to associate a stimulus (e.g. scent, colour) with a sucrose
reward and later tested to see how well they remember the
association. While deficits in PER learning are concerning,
the PER protocol imperfectly reflects natural foraging sce-
narios in which bees must choose from a diverse range of
floral resources (Muth et al. 2017). Studies that use the PER
protocol are therefore insufficient to fully describe how
neonicotinoid exposure may disrupt bumblebee learning
and memory under environmentally relevant conditions.
Recent work has begun to examine neonicotinoid effects on
a wider range of learning and memory tasks. Using a free-
flight multi-choice paradigm, Phelps et al. (2018) found
neonicotinoid-induced deficits in colour-reward association
learning and Muth et al. (2019) showed that exposure to
neonicotinoids limits learning opportunities by reducing
motivation.

It is not enough, however, for bumblebees to learn which
flowers are rewarding—they must also be able to extract
pollen and nectar from them. Flowers are morphologically
diverse; while pollen and nectar are exposed and easily
accessible in some, they are concealed in others, hidden in
atypical locations or behind petals (Laverty 1980; Ronse De
Craene 2010). To efficiently collect resources, bumblebees
therefore must learn how to handle flowers of varying
morphological complexity (Heinrich 1976, 1979; Laverty
1980; Laverty and Plowright 1988). Given the importance
of flower handling to foraging, it is surprising that relatively
few studies have tested whether neonicotinoid exposure
disrupts flower handling in bumblebees. Impaired sonica-
tion behaviour (the extraction of pollen from flowers by
buzzing) has been documented in exposed bumblebees
(Switzer and Combes 2016; Whitehorn et al. 2017) and
recent work by Stanley and Raine (2016) showed that
exposed bumblebees take more trials to efficiently obtain
pollen from novel, morphologically complex flowers. It is
unclear, however, exactly which behavioural differences
between exposed and unexposed bumblebees may con-
tribute to this delay in learning to handle flowers.

In the present study, we examined the effects of imida-
cloprid, a common neonicotinoid pesticide, on flower
handling in the North American bumblebee Bombus
impatiens. We used a laboratory model of flower handling
developed by Strang (2018) to accomplish this goal. Over
each of 30 trials (10 trials per day across 3 days), bum-
blebees learned to manipulate a petal-shaped barrier to
receive a sucrose reward. In addition to measuring latency
to solve the task, we recorded in detail which behaviours
bumblebees engaged in across trials, how long they
engaged in them and how often they switched between
them. This provided a rich exploratory behavioural com-
parison of exposed and unexposed bumblebees to
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supplement task performance data. We hypothesized that if
imidacloprid negatively affects flower handling, exposed
bumblebees would be slower to learn the correct petal-
manipulation strategy and therefore take longer to solve the
task across trials.

Methods

Subjects and colony maintenance

We sequentially tested bumblebees from nine Bombus
impatiens colonies containing one queen and ~75 workers,
all obtained from a commercial supplier (Biobest Canada
Ltd, Leamington, ON). Each colony was kept on a 12-h
light: 12-h dark schedule (onset 0700 h) and housed in a
hive box (30.5(l) × 24(w) × 20(h) cm) connected to a flight
cage (104(l) × 64(w) × 92(h) cm) by a 2 cm diameter Per-
spex® tube. Room illumination was provided by 32W
Philips PLUS T8 tubes (F32T8/TL841 PLUS ALTO HV,
Philips Lighting Holding B.V.®). Flight cages contained
four artificial flower patches with four artificial flowers
each. Patches were rectangular sections of Styrofoam (20 ×
32 cm) and artificial flowers were clear 1.7-ml micro-
centrifuge tubes (Axygen Inc., Union City, CA) with 5 cm
wide clear, plastic corollas. Bumblebees foraged ad libitum
for 20% sucrose solution from artificial flower patches,
which were replenished approximately hourly during testing
sessions depending on foraging rate, using 5-ml syringes
(VWR International Co.). The floor of the flight cage was
covered in disposable surface protector (Whatman Bench-
kote®). Pollen collected by honeybees in North America
was obtained from a commercial supplier (Biobest Canada
Ltd, Leamington, ON); the granules were mixed with a
small amount of 20% sucrose solution and this mixture was
provided to bumblebees directly in the hive box. Each
tested bumblebee was given a unique marking on the thorax
with Posca paint markers (Mitsubishi Pencil Co.) for iden-
tification during testing; bumblebees were gently tagged
while consuming sucrose solution in the testing apparatus
and given a minimum of 1 h to habituate to the tag prior to
testing. Twenty-five bumblebees were tested from each

imidacloprid exposure level and a similar number of bum-
blebees were tested from each of the nine colonies
(Median= 9; see Table 1 for more detail). Three colonies
were exposed at each level of imidacloprid (0, 2.6 and
10 ppb); we therefore had three colony replicates per con-
dition. Unexposed control colonies were housed in a sepa-
rate room from the exposed colonies in the same research
facility to prevent pesticide contamination of controls. The
mean temperature of the facility was 21.6 °C (range
19.7–23.5 °C) and mean relative humidity was 43.7%
(range 30–64%).

Preparation and provision of pesticide solution

Colonies were randomly assigned to chronic imidacloprid
pesticide exposure in sucrose solution at 0, 2.6 or 10 ppb;
thus, three colonies were exposed to imidacloprid at 2.6 ppb,
three colonies were exposed at 10 ppb and three colonies were
unexposed controls. All sucrose solution given to exposed
colonies in artificial flowers and during testing contained that
colony’s imidacloprid treatment. This chronic method of
exposure was chosen to simulate the experience of bum-
blebees repeatedly foraging on imidacloprid-treated crops.

Imidacloprid was obtained in dry powder form (Imida-
cloprid PESTANAL Fluka 37894, Sigma-Aldrich). Stock
solutions of 1 ppm (part per million) imidacloprid were
made by mixing 1 mg of imidacloprid in 1 l of distilled
water using a vortex mixer. Fresh 300 ml 2.6 and 10 ppb
imidacloprid sucrose solutions were made regularly by
further diluting stock solution in fresh 20 and 40% sucrose
solutions. Undosed 20 and 40% sucrose solutions for con-
trols were also made in 300 ml batches. Sucrose con-
centration was verified using a refractometer. Solutions
were stored away from sunlight in amber tinted glass bottles
to prevent imidacloprid breakdown caused by UV light
exposure (Soliman 2012).

In a previous study, we used liquid chromatography
tandem-mass spectrometry to determine the concentration
of imidacloprid-urea in the tissues of bumblebees given
imidacloprid prepared by this dilution procedure and pro-
vided to bees by using the same feeding procedure as in the
current study (Phelps et al. 2018). Bumblebees provided
with 10 ppb solution had imidacloprid-urea concentrations
ranging from 4.0–5.8 ng/g. In bumblebees provided with
2.6 ppb solution, however, tissue concentrations ranged
from 0–0.12 ng/g.

Behavioural task

Testing apparatus

The testing apparatus consisted of a Perspex® reward
chamber (6.4 cm3) connected to the flight cage by a 2 cm

Table 1 Number of bumblebees tested from each colony

Exposure Level Number of bumblebees tested

Colony 1 Colony 2 Colony 3

0 ppb 7 9 9

2.6 ppb 6 9 10

10 ppb 8 8 9

Nine different colonies were tested, three at each exposure level, for a
total of 75 bumblebees tested. Twenty-five bumblebees were tested at
each exposure level
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diameter Perspex® tube (Fig. 1). The entrance to the tube
was elevated 35 cm above the floor of the flight cage. An
artificial flower was placed at the tube entrance and three
1.7-ml microcentrifuge tube lids were placed in the reward
chamber; each of these was baited with 40% sucrose solu-
tion. The reward chamber had a hinged lid which was
securely fastened by a magnetic closure. Six 3 mm diameter
holes were drilled into the reward chamber for ventilation.
There were two 1 cm deep slots 6.5 cm apart in the tube
connecting the flight cage to the reward chamber. Plastic
and metal barriers were placed through these slots during
testing. Each barrier (25 × 13 mm) was rectangular but
rounded at the bottom. The bottom of each barrier fit the
shape of the tube, but not perfectly; there was a slight gap
beneath each barrier through which a bumblebee could
insert its forelegs to lift the barrier. The plastic (rewarded)
barrier blocked access to the reward chamber but was light
enough for bumblebees to lift. The metal (non-rewarded)
barrier was too heavy to be lifted and blocked bumblebees
from returning to the flight cage.

Pre-testing

Colonies were given a minimum of one week for imida-
cloprid exposure and habituation to foraging in the flight
cage prior to testing. Bumblebees could move freely
between the flight cage and the reward chamber during this
time. The artificial flower at the tube entrance and three

microcentrifuge tube lids inside the reward chamber were
baited frequently, and bumblebees learned that these con-
tained highly rewarding 40% sucrose solution. Bumblebees
also had access to the four artificial flower patches con-
taining artificial flowers with 20% sucrose solution. Only
bumblebees foraging in the reward chamber, however, were
marked and tested.

Testing procedure

We used a behavioural task designed by Strang (2018) to
model the learning and execution of a motor pattern
resembling flower handling. Bumblebees were required to
manipulate the petal-shaped reward barrier to receive a
sucrose reward. As with many actual flowers, this task had
only one effective solution. The bee had to turn upside
down in the tube and while inverted lift the barrier by
grasping its bottom edge and pulling upwards. Bum-
blebees were individually tested for ten trials per day
across three consecutive days for a total of 30 trials. The
artificial flower by the tube entrance and the reward
chamber were baited with 40% sucrose solution before
testing to attract bumblebees and to facilitate the associa-
tion between reward and reward chamber entry. Prior to
testing, bumblebees were cleared from the reward chamber
and sucrose solution in the artificial flower by the tube
entrance was depleted.

During testing, a single marked bumblebee was allowed
to enter the tube from the flight cage. The plastic barrier
was inserted through the slot closest to the reward chamber
and blocked the path to reward. Once the bumblebee was
inside, the metal barrier was placed through the slot behind
it to prevent it from leaving and other bumblebees from
entering. Trials were video recorded using a GoPro camera
(GoPro® Hero3+ Silver camera, GoPro Inc., San Mateo,
CA). The trial ended when the bumblebee removed the
plastic barrier or after 5 min had passed. Bumblebees that
were successful in removing the plastic barrier entered the
reward chamber to consume 40% sucrose solution to
satiation. If a bumblebee failed to remove the plastic bar-
rier, the barrier was removed by the experimenter and the
bumblebee was allowed to consume 40% sucrose solution
to satiation. Care was taken to ensure that unsuccessful
bumblebees were not facing or interacting with the plastic
barrier when it was removed. Once satiated, bumblebees
were allowed to return to the colony. Sucrose solution was
replenished between trials. The next trial began when the
marked bumblebee returned to the testing apparatus and
entered the tube. Because bumblebees self-initiated trials it
was not possible to standardize inter-trial interval. Data
collection occurred for ~20 days for each colony after the
one-week habituation period, and this duration was similar
across conditions.

Fig. 1 The testing apparatus consisted of a 2 cm diameter Perspex®
tube connected to the flight cage at one end and to a 6.4 cm3 Perspex®
reward chamber on the other. During trials, the plastic (rewarded)
barrier was placed in the slot closest to the reward chamber and the
metal (non-rewarded) barrier was placed in the slot closest to the flight
cage. Bumblebees learned to invert and lift the plastic barrier to receive
a sucrose reward. Microcentrifuge tube lids in the reward chamber
contained 40% sucrose solution
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Video analysis

Video analysis was conducted using Noldus Observer XT
software (Noldus Information Technology, Wageningen,
Netherlands) to quantify latency to remove the rewarded
barrier and the proportion of time bumblebees spent using
different behavioural strategies. The onset of a trial was
defined as a bumblebee crossing the slot through which the
metal barrier was placed. At that point, video scoring began
and continued until the plastic barrier was removed or until
5 min had passed. Latency to remove the plastic barrier was
recorded in seconds for each trial and a score of 300 s was
given to bumblebees that failed to remove the plastic barrier.
The two dominant strategies identified by Strang (2018)
were quantified: inverting inside the tube to lift the barrier (a
successful strategy) and pushing the barrier (an ineffective
strategy). Inverting to lift was operationally defined as a
bumblebee exerting pressure on the barrier with its head or
forelegs while inverted at least 90° to the left or right.
Pushing was operationally defined as a bumblebee exerting
pressure on the barrier with its head or forelegs while
upright. Inverting to lift and pushing were quantified sepa-
rately at each barrier; thus, four behaviours were quantified
overall: (1) inverting to lift the rewarded (plastic) barrier, (2)
pushing the rewarded (plastic) barrier, (3) inverting to lift the
non-rewarded (metal) barrier and (4) pushing the non-
rewarded (metal) barrier. The proportion of time bumblebees
engaged in these behaviours was obtained by dividing the
time spent engaging in each by latency to remove the
rewarded barrier. The rate at which bumblebees switched
between behaviours was obtained by dividing the number of
switches by latency to remove the rewarded barrier.

Measuring body size

Limited evidence shows that cognition is more severely
affected by neonicotinoid exposure in larger bumblebees
(Samuelson et al. 2016; but see Stanley et al. 2015). We
therefore took body measurements to investigate this pos-
sibility. Head width (i.e. the distance between the lateral
margin of the compound eyes) and thorax width (i.e. the
distance between the lateral margin of the tegulae) were
obtained from 60 bumblebees (19, 21 and 20 from colonies
exposed at 0, 2.6 and 10 ppb respectively) using a caliper
(EZ-Cal IP54 Digital Caliper, iGaging Precision Instru-
ments®, San Clemente, California) with 0.01 mm precision.
Measurements of head and thorax width were taken twice on
separate days.

Statistical analysis

All statistical analyses were conducted using SPSS (Version
24, IBM Corp.) with an alpha level of 0.05.

Greenhouse–Geisser corrections were used when the
sphericity assumption of analysis of variance (ANOVA)
was violated. Post hoc tests were conducted using the
Bonferroni method when significant group differences
were found.

Repeated measures ANOVAs were used to test for dif-
ferences among imidacloprid exposure groups, colony dif-
ferences, and the repeated effect of trial. Seven measures of
behaviour were analyzed. Our key measure of task perfor-
mance was latency for bumblebees to remove the rewarded
barrier; latency was analyzed between imidacloprid groups
as well as between colony replicates at each level of imi-
dacloprid exposure. For ANOVAs comparing imidacloprid
groups, a between-subjects factor of imidacloprid con-
centration (0, 2.6 and 10 ppb) and a within-subjects factor
of trial (1–30) were used. For ANOVAs comparing colony
replicates at each imidacloprid level, a between-subjects
factor of colony (1, 2 and 3) and a within-subjects factor of
trial (1–30) were used.

We analyzed the proportion of time bumblebees engaged
in each of two key behaviours: (1) inverting to lift the
rewarded barrier and (2) pushing the rewarded barrier. A
separate ANOVA was conducted for each behaviour to
compare the proportion of time bumblebees from different
imidacloprid exposure groups engaged in each. A between-
subjects factor of imidacloprid concentration (0, 2.6 and
10 ppb) and a within-subjects factor of trial (1–30) were
used for each ANOVA. In addition to these individual
behaviour analyses, we conducted a behavioural profile
analysis to examine between-group differences more holi-
stically. We included not only the proportion of time
bumblebees inverted to lift and pushed the rewarded barrier,
but also the proportion of time they inverted to lift and
pushed the non-rewarded barrier (activity at the non-
rewarded barrier was relatively infrequent, so we did not
analyze it independently of behavioural profile). For the
ANOVA comparing behavioural profile, a between-subjects
factor of imidacloprid concentration (0, 2.6 and 10 ppb) and
within-subjects factors of trial (1–30) and behaviour
(inverting to lift the rewarded barrier, pushing the rewarded
barrier, inverting to lift the non-rewarded barrier and
pushing the non-rewarded barrier) were used.

We analyzed the rate at which bumblebees switched
between inverting to lift and pushing the rewarded and non-
rewarded barrier across trials. The rate was obtained for
each trial by calculating the total number of behaviour
switches and dividing the total by latency to remove the
rewarded barrier. For this ANOVA, a between-subjects
factor of imidacloprid concentration (0, 2.6 and 10 ppb) and
a within-subjects factor of trial (1–30) were used.

A Pearson correlation was used to examine the rela-
tionship between head and thorax measurements taken on
days 1 and 2. Day 1 and 2 measurements were highly
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correlated for head width (r(58)= 0.98, p < 0.001) and
thorax width (r(58)= 0.99, p < 0.001), so the mean of day 1
and 2 measurements was calculated. A Pearson correlation
was then used to examine the relationship between head and
thorax width. These were also highly correlated (r(58)=
0.94, p < 0.001), and therefore only thorax width was used
subsequently. Pearson correlations were used to examine
the relationship between thorax width and composite
latency to remove the rewarded barrier for bumblebees in
each condition and overall (i.e. with all groups combined).
A one-way ANOVA with the between-subjects factor of
imidacloprid concentration (0, 2.6 and 10 ppb) was used to
confirm there were no differences in bumblebee thorax
width between conditions.

Results

Latency to remove the rewarded barrier

Latency between imidacloprid exposure groups

There was a significant imidacloprid concentration by trial
interaction, (F(22.23, 800.22)= 2.408, p < 0.001, ηp

2=
0.06). Bumblebees from all groups became faster to remove
the rewarded barrier across trials, but those exposed to
imidacloprid were initially much slower to solve the task
(Fig. 2). A main effect of imidacloprid concentration (F(2,
72)= 5.972, p= 0.004, ηp

2= 0.14) followed by post hoc
tests revealed that unexposed bumblebees were faster to
remove the rewarded barrier than those exposed at 10 ppb
(p= 0.004) but not significantly faster than those exposed at
2.6 ppb (p= 0.058). Bumblebees exposed at 2.6 and 10 ppb

did not significantly differ (p= 1.000). A main effect of trial
(F(11.11, 800.22)= 54.056, p < 0.001, ηp

2= 0.43) showed
that bumblebees became much faster to remove the rewar-
ded barrier over time. Post hoc tests revealed no difference
in latency to remove the rewarded barrier between trial 10
and 11 (following overnight retention interval one) but
bumblebees were slower to remove the rewarded barrier
following overnight retention interval two between trial 20
and 21 (p= 0.033).

The previous analysis revealed that exposed bumblebees
are initially slower to solve the task on a group level, but
this effect requires further clarification because trials were
capped at 300 s. There are three possibilities that may
explain these results: (1) exposed bumblebees successfully
solved the task in <300 s as frequently as unexposed
bumblebees but took longer on average, (2) exposed bum-
blebees solved the task less frequently than unexposed
bumblebees, but those that did were as fast as the unex-
posed bumblebees, or (3) exposed bumblebees solved the
task less frequently and more slowly than unexposed
bumblebees. We report the number of bumblebees from
each condition that solved the task in <300 s and the mean
latency for these bumblebees to solve the task across trials
in Table 2. The information in Table 2 provides support for
the third possibility; exposed bumblebees, particularly those
exposed at 10 ppb, solve the task in <300 s less frequently
during early trials, and those that did solve it solved it more
slowly on average than unexposed bumblebees.

Latency between colony replicates

Unexposed colonies There was a significant main effect of
trial (F(7.45, 164.00)= 20.176, p < 0.001, ηp

2= 0.48),

Fig. 2 Latency to remove the
rewarded barrier decreased over
trials. Imidacloprid-exposed
bumblebees showed a greater
latency to remove the rewarded
barrier that was dose-dependent,
but all bees performed similarly
by trial 30. Vertical bars
represent overnight retention
intervals between days 1 and 2
and between days 2 and 3.
Bumblebees were slower to
remove the rewarded barrier
following the second overnight
retention interval, but not the
first. Error bars equal
±1 standard error of the mean.
See text for statistical results
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indicating that bumblebees became faster to remove the
rewarded barrier across trials overall. There was no sig-
nificant main effect of colony (F(2, 22)= 0.741, p= 0.488,
ηp

2= 0.06) or trial by colony interaction (F(14.91, 164.00)
= 0.849, p= 0.621, ηp

2= 0.07), however, indicating that
unexposed colonies performed similarly (Fig. 3).

Colonies exposed at 2.6 ppb There was a significant main
effect of trial (F(7.05, 155.13)= 11.064, p < 0.001, ηp

2=
0.33), indicating that bumblebees became faster to remove
the rewarded barrier across trials overall. There was also a
significant main effect of colony (F(2, 22)= 8.278, p=
0.002, ηp

2= 0.43), indicating that colonies exposed at 2.6
performed differently (Fig. 3). Post hoc tests revealed that
bumblebees from colony one and three performed similarly

(p= 1.000), but that bumblebees from colony two were
slower to remove the rewarded barrier than those from
colony one (p= 0.006) and three (p= 0.007). There was no
significant colony by trial interaction (F(14.10, 155.13)=
0.982, p= 0.475, ηp

2= 0.08).

Colonies exposed at 10 ppb There was a significant main
effect of trial (F(7.17, 157.73)= 28.180, p < 0.001, ηp

2=
0.56), indicating that bumblebees became faster to remove
the rewarded barrier across trials overall. There was no
significant main effect of colony (F(2, 22)= 0.813, p=
0.457, ηp

2= 0.07) or colony by trial interaction (F(14.40,
157.73)= 1.108, p= 0.354, ηp

2= 0.07), however, indicat-
ing that colonies exposed at 10 ppb performed similarly
(Fig. 3).

Use of behavioural strategies

Behavioural profile

There was a significant imidacloprid concentration by trial
by behaviour interaction, indicating that bumblebees
exposed to different concentrations of imidacloprid differed
behaviourally over time (F(34.63, 1246.59)= 1.879, p=
0.002, ηp

2= 0.05). Figure 4 shows that imidacloprid-
exposed bumblebees were slower to shift from using the
incorrect behavioural strategy (pushing) to using the correct
strategy (inverting to lift). A main effect of imidacloprid
concentration (F(2, 72)= 6.016, p= 0.004, ηp

2= 0.14)
followed by post hoc tests revealed that unexposed bum-
blebees differed significantly in behavioural profile from
those exposed at 10 (p= 0.008) but not 2.6 ppb (p= 1.000),
and that bumblebees exposed at 2.6 also differed from those
exposed at 10 ppb (p= 0.016). That is, while bumblebees
exposed at 0 and 2.6 ppb performed similarly, those
exposed at 10 ppb were more likely to favour the pushing
strategy. Despite this, a significant trial by behaviour
interaction (F(17.31, 1246.59)= 34.884, p < 0.001, ηp

2=
0.33) shows that regardless of imidacloprid exposure,
bumblebees abandoned the non-rewarded barrier and shif-
ted from pushing the rewarded barrier to inverting to lift it.

Inverting to lift the rewarded barrier

There was a significant trial by imidacloprid concentration
interaction (F(26.30, 946.73)= 2.776, p < 0.001, ηp

2=
0.07). Bumblebees increased the proportion of time spent
inverting to lift the rewarded barrier across trials, but this
increase was slower for those exposed to imidacloprid.
These data (also shown in Fig. 4) are re-plotted in Fig. 5 to
make comparisons between imidacloprid treatment groups
clearer. There was a significant main effect of trial (F(13.15,
946.73)= 50.840, p < 0.001, ηp

2= 0.41), indicating that

Table 2 Number of bumblebees that solved the task across trials, with
percentage out of 25 shown in parentheses

Trial 0 ppb (n= 25) 2.6 ppb (n= 25) 10 ppb (n= 25)

1 15 (60%), 150.60 10 (40%), 151.53 4 (16%), 172.97

2 20 (80%), 108.28 19 (76%), 136.76 14 (56%), 202.10

3 22 (88%), 105.37 17 (68%), 102.71 16 (64%), 154.56

4 24 (96%), 62.17 18 (72%), 80.02 18 (72%), 132.93

5 25 (100%), 61.94 21 (84%), 73.21 22 (88%), 114.32

6 25 (100%), 49.55 24 (96%), 65.88 17 (68%), 83.79

7 25 (100%), 34.49 23 (92%), 48.67 19 (76%), 90.23

8 25 (100%), 22.09 22 (88%), 34.71 20 (80%), 45.45

9 25 (100%), 16.49 23 (92%), 39.37 23 (92%), 59.20

10 25 (100%), 18.36 22 (88%), 22.71 24 (96%), 53.68

11 25 (100%), 48.31 22 (88%), 34.38 21 (84%), 77.34

12 25 (100%), 36.55 22 (88%), 30.45 22 (88%), 61.86

13 25 (100%), 20.79 21 (84%), 24.44 21 (84%), 34.71

14 25 (100%), 26.59 22 (88%), 31.02 24 (96%), 49.53

15 25 (100%), 16.83 23 (92%), 37.80 23 (92%), 43.10

16 25 (100%), 20.19 22 (88%), 27.71 24 (96%), 44.13

17 24 (96%), 15.02 23 (92%), 27.23 24 (96%), 52.56

18 25 (100%), 15.17 24 (96%), 28.46 25 (100%), 39.41

19 25 (100%), 14.02 25 (100%), 47.52 25 (100%), 41.51

20 25 (100%), 24.27 24 (96%), 27.48 25 (100%), 32.58

21 23 (92%), 28.06 20 (80%), 41.60 25 (100%), 61.62

22 24 (96%), 15.65 23 (92%), 28.61 25 (100%), 32.51

23 25 (100%), 37.52 22 (88%), 28.93 25 (100%), 37.73

24 25 (100%), 14.48 22 (88%), 24.86 24 (96%), 28.66

25 25 (100%), 23.86 24 (96%), 37.96 25 (100%), 31.04

26 25 (100%), 16.49 24 (96%), 23.75 25 (100%), 31.25

27 25 (100%), 19.53 24 (96%), 19.95 24 (96%), 24.83

28 25 (100%), 25.13 24 (96%), 20.64 25 (100%), 30.01

29 25 (100%), 19.36 23 (92%), 17.23 25 (100%), 30.06

30 24 (96%), 17.52 24 (96%), 24.72 25 (100%), 29.55

Mean latency is shown in seconds for bumblebees that solved the task
in <300 s
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bumblebees increased in the proportion of time spent
inverting to lift the rewarded barrier across trials; post hoc
tests revealed that bumblebees spent a lower proportion of
time inverting to lift the rewarded barrier on trial 11 than on
trial 10 (following overnight retention interval one; p=
0.012) and a lower proportion following overnight retention
interval two (p < 0.001). There was no significant main
effect of imidacloprid concentration independent of trial
(F(2, 72)= 1.334, p= 0.270, ηp

2= 0.04).

Pushing the rewarded barrier

A significant main effect of trial was found (F(12.40,
893.12)= 19.379, p < 0.001, ηp

2= 0.21), indicating that
bumblebees differed in the proportion of time they spent

pushing the rewarded barrier across trials. Bumblebees spent
an increasing proportion of time pushing the rewarded barrier
from trial one to trial six, and a generally decreasing pro-
portion of time across remaining trials. These data (also
shown in Fig. 4) are re-plotted in Fig. 6 to make comparisons
between imidacloprid treatment groups clearer. A main effect
of imidacloprid concentration was not significant (F(2, 72)=
2.687, p= 0.075, ηp

2= 0.07) and there was no significant
imidacloprid concentration by trial interaction (F(24.81,
893.12)= 1.311, p= 0.142, ηp

2= 0.03).

Overall proportion of time pushing or inverting to lift

A significant main effect of imidacloprid concentration
(F(2, 72)= 6.016, p= 0.004, ηp

2 = 0.14) followed by

Fig. 3 Latency to remove the
rewarded barrier. Bumblebees
from unexposed colonies one,
two and three performed
similarly. Bumblebees from
2.6 ppb imidacloprid-exposed
colony two were slower to
remove the barrier than those
from colony one and three.
Bumblebees from 10 ppb
imidacloprid-exposed colonies
one, two and three performed
similarly. Vertical bars represent
overnight retention intervals
between days 1 and 2 and
between days 2 and 3. Error bars
equal ±1 standard error of the
mean. See text for statistical
results
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post hoc tests revealed that bumblebees exposed to imi-
dacloprid at 10 ppb spent a greater proportion of time
pushing or inverting to lift than unexposed bumblebees
(p= 0.008) and those exposed at 2.6 ppb (p= 0.016)
overall, but that unexposed bumblebees and those
exposed at 2.6 ppb did not differ (p= 1.000; Fig. 7).
There was a significant main effect of trial (F(16.38,
1179.16)= 6.898, p < 0.001, ηp

2 = 0.09), indicating that
bumblebees increased in proportion of time pushing or
inverting to lift on day 1 and declined slightly thereafter,
though bumblebees exposed at 10 ppb did not decline. An
interaction between imidacloprid concentration and trial
fell short of significance (F(32.75, 1179.16)= 1.437,
p= 0.053, ηp

2 = 0.04).

Behaviour switching

A significant main effect of imidacloprid concentration (F(2,
72)= 6.859, p= 0.002, ηp

2= 0.16) followed by post hoc tests
revealed that unexposed bumblebees switched between
behaviours at a higher rate than bumblebees exposed at 2.6
(p= 0.006) and 10 ppb (p= 0.006), but that bumblebees
exposed at 2.6 and 10 ppb did not differ (p= 1.000; Fig. 8).
There was also a significant main effect of trial (F(17.91,
1289.90)= 2.334, p= 0.001, ηp

2= 0.03); bumblebees
showed a high rate of switching on trial one that dipped
slightly during day 1 and stabilized thereafter. There was no
significant interaction between trial and imidacloprid con-
centration (F(35.83, 1289.90)= 1.231, p= 0.166, ηp

2= 0.03).

Fig. 4 Proportion of time
engaging in four behaviours:
inverting to lift the rewarded (R)
and non-rewarded (NR) barriers
and pushing the rewarded and
non-rewarded barriers.
Unexposed bumblebees and
bumblebees exposed at 2.6 ppb
behaved similarly, but those
exposed at 10 ppb took longer to
shift to inverting to lift the
plastic barrier. Bumblebees in all
groups rapidly abandoned the
non-rewarded barrier. Vertical
bars represent overnight
retention intervals between days
1 and 2 and between days 2 and
3. Error bars equal ±1 standard
error of the mean. See text for
statistical results
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Body size

Bumblebees did not differ significantly in thorax width by
condition (F(2, 59)= 2.004, p= 0.144, ηp

2= 0.07). Thorax
width and latency to remove the rewarded barrier were not
related in unexposed bumblebees (r(17)=−0.31, p=
0.200), those exposed at 2.6 ppb (r(19)=−0.26, p= 0.247)
or those exposed at 10 ppb (r(18)= 0.05, p= 0.834).

Discussion

There is strong evidence from field and semi-field studies
that neonicotinoid exposure inhibits pollen collection

(Feltham et al. 2014; Gill and Raine 2014; Whitehorn et al.
2017) and therefore colony growth (Whitehorn et al. 2012;
Rundlöf et al. 2015; Arce et al. 2017; Woodcock et al.
2017) in bumblebees. To collect pollen efficiently, bum-
blebees must learn to discriminate between floral resources
in the environment and extract resources from them. While
much work has examined how neonicotinoids affect colour-
and scent-reward association learning in bumblebees
(Siviter et al. 2018; Phelps et al. 2018; Muth et al. 2019),
their effects on floral resource extraction is less clear. We
examined the effect of imidacloprid, a common neonicoti-
noid, on bumblebee flower handling using a novel model
which required that bumblebees learn to manipulate a petal-
shaped barrier over each of 30 trials to receive a food

Fig. 5 Proportion of time
inverting to lift the rewarded
barrier. Bumblebees in all
conditions spent a greater
proportion of time inverting to
lift the rewarded barrier across
trials but this increase was
slowest for bumblebees exposed
at 10 ppb. Vertical bars represent
overnight retention intervals
between days 1 and 2 and
between days 2 and 3.
Bumblebees showed reductions
in inverting to lift the rewarded
barrier after both overnight
retention intervals. Error bars
equal ±1 standard error of the
mean. See text for statistical
results

Fig. 6 Proportion of time
pushing the rewarded barrier.
Bumblebees increased in
proportion of time pushing the
rewarded barrier to trial six and
decreased thereafter.
Bumblebees exposed at 10 ppb
experienced the greatest increase
up to trial six and decreased at
the slowest rate. Vertical bars
represent overnight retention
intervals between days 1 and 2
and between days 2 and 3. Error
bars equal ±1 standard error of
the mean. See text for statistical
results
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reward (Strang 2018). We found that imidacloprid exposure
reduced the speed at which bumblebees were initially able
to solve the task: fewer exposed bumblebees were able to
solve the task before the 5-min cap during early trials, and
those that did solve it were slower to do so than unexposed
bumblebees. This impairment was dose-dependent across
trials on the first day of testing, with bumblebees exposed at
10 ppb solving the task least frequently and most slowly.
Despite this strong dose-dependent effect on day 1,
imidacloprid-induced deficits diminished over time; the
effect was less pronounced on day 2 and bumblebees per-
formed similarly regardless of exposure by the end of
testing on day 3. These results are consistent with those of
Stanley and Raine (2016), which showed that bumblebees

chronically exposed to the neonicotinoid thiamethoxam at
10 ppb took more trials to learn to handle morphologically
complex flowers. We also found some evidence for over-
night forgetting on the task, though not as a function of
imidacloprid exposure; bumblebees were slower to solve
the task following the second overnight retention interval
but not the first. Consistent with Strang (2018), bumblebees
solved the task faster across trials. This increased efficiency
following experience parallels observations of bumblebees
learning to forage on real flowers (Heinrich 1979; Laverty
1980; Peat and Goulson 2005; Raine and Chittka 2007).

We performed a detailed analysis of how imidacloprid
affects behaviour during the learning process. Bumblebees
used two dominant behavioural strategies to solve the task:

Fig. 7 Overall proportion of
time inverting to lift or pushing
either barrier. Bumblebees
increased overall in proportion
of time inverting to lift or
pushing on day 1 and remained
stable thereafter, with
bumblebees exposed at 10 ppb
spending a slightly greater
proportion of time inverting to
lift or pushing. Vertical bars
represent overnight retention
intervals between days 1 and 2
and between days 2 and 3. Error
bars equal ±1 standard error of
the mean. See text for statistical
results

Fig. 8 Number of behaviour
switches per second. Unexposed
bumblebees switched between
behaviours at a higher rate than
did bumblebees exposed at 2.6
or 10 ppb during early trials.
Vertical bars represent overnight
retention intervals between days
1 and 2 and between days 2 and
3. Errors bars equal ±1 standard
error of the mean. See text for
statistical results
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inverting in the tube to lift the rewarded barrier and pushing
the rewarded barrier. Only inverting, however, was suc-
cessful, which is consistent with Strang (2018). Bumblebees
favoured the pushing strategy during early trials, likely
because of its relative simplicity, but shifted to using the
inverting to lift strategy after learning it was most effective.
Bumblebees exposed to imidacloprid at 10 ppb were slower
to shift from pushing to inverting to lift; they showed the
strongest preference for pushing during early trials and
spent less time inverting to lift on day 1 than did bum-
blebees exposed at 0 or 2.6 ppb. While unexposed bum-
blebees and those exposed at 2.6 ppb split time about evenly
between pushing and inverting to lift by the end of day 1,
bumblebees exposed at 10 ppb showed a preference for
pushing until midway through day 2. Unexposed bum-
blebees showed a slightly stronger preference for inverting
to lift than those exposed at 2.6 ppb across early trials,
however, this difference was not statistically significant.
This delay in exposed bumblebees to acquire the correct
strategy is consistent with their delay to solve the task and
likely explains why exposed bumblebees were slower to
solve the task across trials.

Why were exposed bumblebees slower to use the suc-
cessful behavioural strategy? The reason is not that exposed
bumblebees were less active. Bumblebees in all conditions
spent a similar amount of time interacting with the two
barriers. Further, it is not the case that exposed bumblebees
spent more time interacting with the unrewarded metal
barrier. Bumblebees in all conditions decreased equally in
the proportion of time spent interacting with the unrewarded
barrier and rarely did so after day 1. Exposed bumblebees
appeared slower to use the successful strategy because they
were behaviourally less exploratory. They switched
between behaviours at a slower rate than did unexposed
bumblebees—particularly during day 1—and were more
likely to persist using one strategy for long periods. Past
work has shown that naïve bumblebees make frequent
errors foraging on novel flowers but quickly improve
through trial and error (Laverty 1980), learning associa-
tively which behavioural strategies result in successful
manipulation of flowers and subsequent reward. It seems
reasonable, therefore, that a delayed process of trial and
error limited the opportunities for associative learning and
delayed acquisition of the successful strategy. Reduced
exploration demonstrated here is consistent with past work
by Phelps et al. (2018), which showed that imidacloprid-
exposed bumblebees were slower to learn which flowers are
rewarding because of reduced flower sampling.

Why did imidacloprid-exposed bumblebees show a
reduction in behaviour switching but not in overall activity?
Though perhaps initially surprising, past studies have yiel-
ded similar results. Williamson et al. (2014) found that
honeybees exposed to thiamethoxam at field-realistic doses

were not less active but suffered coordination deficits such
as impaired performance of the righting reflex. Similarly,
Whitehorn et al. (2017) showed that thiamethoxam-exposed
bumblebees could not fine-tune buzz pollination to max-
imize pollen collection. While neonicotinoids at sufficiently
high doses unsurprisingly cause major activity reduction
and paralysis (Godfray et al. 2015; Moffat et al. 2016;
Switzer and Combes 2016; Williamson et al. 2014), effects
at field-realistic levels are more subtle. The distribution of
neonicotinoid-sensitive receptors in critical motor control
areas of the bee nervous system (the neuromuscular junc-
tions and the ganglia of the ventral nerve cord) is less well
understood than the distribution in learning and memory
areas (the mushroom bodies and antennal lobes; Barbara
et al. 2008; Deglise et al. 2002; Palmer et al. 2013). It was
recently found, however, that honeybees exposed to imi-
dacloprid at 10 ppb showed significant down-regulation of
muscle-related genes (Wu et al. 2017). This down-regula-
tion, in addition to the blockage of nicotinic acetylcholine
receptors, may underlie the subtle motor deficits observed
here and elsewhere.

While subtle imidacloprid-induced motor deficits were
probably responsible for reduced behaviour switching, they
may have acted in concert with associative learning deficits
to cause delayed use of the successful motor strategy in
bumblebees exposed at 10 ppb. Many studies have shown
associative learning deficits in bees exposed to neonicoti-
noids at sub-lethal levels (Decourtye et al. 2004a, 2004b;
Han et al. 2010; Phelps et al. 2018; Stanley et al. 2015;
Williamson and Wright 2013). Exposed bees often require
more learning trials to form associations between stimuli. It
may be the case, therefore, that exposed bumblebees not
only gained experience with the successful motor strategy at
a slower rate, but also required more experience using the
strategy to form a strong association between it and the food
reward.

Bumblebees were of similar size across conditions and
task performance did not vary as a function of body size.
This finding conflicts with past work showing that larger
bumblebees are typically faster to learn across varied con-
texts (Laverty 1994a; Stanley et al. 2015; Worden et al.
2009) and that memory in larger bees is more severely
affected by neonicotinoid exposure (Samuelson et al. 2016;
but see Stanley et al. 2015). Bumblebees ranged widely in
thorax width (3.62–5.41 mm) but no size-related differences
in behaviour were detected.

Bumblebee colonies often differ in the degree to which
they are affected by pesticides (Phelps et al. 2018; White-
horn et al. 2017). While bumblebees from colonies exposed
at 0 and 10 ppb performed similarly across replicates,
bumblebees from one colony exposed at 2.6 ppb performed
significantly worse than others. Differences between bum-
blebees exposed at 0 and 2.6 ppb appear largely driven by
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the poor performance of bumblebees from this 2.6 ppb
colony and should thus be interpreted with caution. Con-
sistent performance in colonies exposed at 0 and 10 ppb,
however, does point to a robust effect of imidacloprid on
motor learning at the level of 10 ppb. The colony variation
problem is sometimes avoided by removing bumblebees
(individually or in small groups) from a single colony and
testing them at each exposure level (Piiroinen and Goulson
2016; Piiroinen et al. 2016; Stanley et al. 2015). Removing
bumblebees from a natural colony context, however, redu-
ces ecological validity and is not possible in studies of
chronic pesticide exposure where bumblebees must return
to the colony to deposit sucrose between trials.

One limitation of our study is that we did not examine
individual and colony foraging rates, which would have
allowed us to examine the effects of imidacloprid on
motivation more meaningfully. Neonicotinoids have been
shown to inhibit foraging in bumblebees, both through
antifeedant effects and sub-lethal effects on activity (Lay-
cock et al. 2012; Mommaerts et al. 2010; Thompson et al.
2014; Muth and Leonard 2019). Two laboratory studies
have shown that neonicotinoid-exposed bumblebees
allowed to forage on an array of artificial flowers are less
exploratory, visiting fewer flowers and therefore limiting
their potential to learn about novel food sources (Lämsä
et al. 2018; Phelps et al. 2018). While we did not measure
foraging rates, our finding that exposed bumblebees were
less behaviourally exploratory while engaged in the task
during early trials parallels the results of these past studies,
suggesting that neonicotinoids may have subtle effects on
foraging motivation.

While the flower handling model used here was
designed to resemble a morphologically complex flower,
many flowers important to bees are morphologically sim-
ple and thus easier to handle (Laverty 1980, 1994a; Strang
2018). It would be valuable to test whether neonicotinoid
exposure impacts handling of morphologically simple
flowers. It may be the case that exposed bumblebees can
learn to handle simple flowers as effectively as unexposed
bees but that subtle motor deficits reduce the efficiency
with which they handle flowers over the tens to hundreds
of flower visits comprising a typical foraging bout in the
wild (Brunet 2009; Raine and Chittka 2007). Importantly,
individuals often visit more than one flower species during
foraging bouts (Chittka et al. 1997; Heinrich 1979) and
must learn several associations between floral features and
reward value simultaneously (Muth et al. 2015). Bum-
blebees switch between handling different flower species
with an impressively low interference cost (Laverty 1994b;
Strang 2018; Woodward and Laverty 1992). It would be
valuable to test whether neonicotinoid exposure exacer-
bates memory interference in bumblebees learning to
handle multiple flowers.

In summary, imidacloprid exposure caused a dose-
dependent delay in performance on a motor task analogous
to flower handling. Reduced performance in exposed
bumblebees resulted from delayed acquisition of the suc-
cessful motor strategy, which itself likely resulted from
reduced behaviour switching during early trials. This effect
occurred consistently in colonies exposed at 10 ppb. At
2.6 ppb, however, the effect was largely driven by bum-
blebees from one disproportionately affected colony.
Results suggest, therefore, that imidacloprid exposure at
10 ppb causes clear deficits in motor learning but that
exposure at lower doses in the field-realistic range may
have variable effects across colonies. It is critical that
bumblebees learn to handle flowers to efficiently collect
pollen. These results help to explain why bumblebees
exposed to neonicotinoids collect less pollen while fora-
ging in the field (Feltham et al. 2014; Gill et al. 2012; Gill
and Raine 2014; Stanley et al. 2016), which in turn helps
to explain neonicotinoid-induced reducations in colony
growth (Rundlöf et al. 2015; Whitehorn et al. 2012;
Woodcock et al. 2017).

Acknowledgements This research was funded by Natural Sciences
and Engineering Research Council of Canada Discovery Grant 105542
to DFS. We thank Jim Ladich for constructing the flight cages.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were followed.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

Aizen MA, Harder LD (2009) The global stock of domesticated honey
bees is growing slower than agricultural demand for pollination.
Curr Biol 19:915–918. https://doi.org/10.1016/j.cub.2009.03.071

Alford DV (1975) Bumblebees. Davis-Poynter, London
Arbetman MP, Gleiser G, Morales CL, Williams P, Aizen MA (2017)

Global decline of bumblebees is phylogenetically structured and
inversely related to species range size and pathogen incidence.
Proc R Soc B 284:20170204. https://doi.org/10.1098/rspb.2017.
0204

Arce AN, David TI, Randall EL, Rodrigues AR, Colgan TJ, Wurm Y,
Gill RJ (2017) Impact of controlled neonicotinoid exposure on
bumblebees in a realistic field setting. J Appl Ecol 54:1199–1208.
https://doi.org/10.1111/1365-2664.12792

Barbara GS, Grünewald B, Paute S, Gauthier M, Raymond-
Delpech V (2008) Study of nicotinic acetylcholine receptors
on cultured antennal lobe neurones from adult honeybee
brains. Invertebr Neurosci 8:19–29. https://doi.org/10.1007/
s10158-007-0062-2

Imidacloprid impairs performance on a model flower handling task in bumblebees (Bombus impatiens) 371

https://doi.org/10.1016/j.cub.2009.03.071
https://doi.org/10.1098/rspb.2017.0204
https://doi.org/10.1098/rspb.2017.0204
https://doi.org/10.1111/1365-2664.12792
https://doi.org/10.1007/s10158-007-0062-2
https://doi.org/10.1007/s10158-007-0062-2


Baron GL, Jansen VAA, Brown MJF, Raine NE (2017) Pesticide
reduces bumblebee colony initiation and increases probability of
populaion extinction. Nat Ecol Evol 1:1308–1316. https://doi.org/
10.1038/s41559-017-0260-1

Blacquière T, Smagghe G, van Gestel CA, Mommaerts V (2012)
Neonicotinoids in bees: a review on concentrations, side-effects
and risk assessment. Ecotoxicology 21:973–992. https://doi.org/
10.1007/s10646-012-0863-x

Botías C, David A, Horwood J, Abdul-Sada A, Nicholls E, Hill E,
Goulson D (2015) Neonicotinoid residues in wildflowers, a
potential route of chronic exposure for bees. Environ Sci Technol
49:12731–12740. https://doi.org/10.1021/acs.est.5b03459

Brunet J (2009) Pollinators of the Rocky Mountain Columbine: tem-
poral variation, functional groups and associations with floral traits.
Ann Bot 103:1567–1578. https://doi.org/10.1093/aob/mcp096

Chittka L, Gumbert A, Kunze J (1997) Foraging dynamics of bumble
bees: correlates of movements within and between plant species.
Behav Ecol 8:239–249. https://doi.org/10.1093/beheco/8.3.239

Chittka L, Thomson JD (2001) Cognitive ecology of pollination.
Cambridge University Press, Cambridge

Decourtye A, Armengaud C, Renou M, Devillers J, Cluzeau S, Gau-
thier M, Pham-Delègue M-H (2004a) Imidacloprid impairs
memory and brain metabolism in the honeybee (Apis mellifera
L.). Pestic Biochem Phys 78:83–92. https://doi.org/10.1016/j.
pestbp.2003.10.001

Decourtye A, Devillers J, Cluzeau S, Charreton M, Pham-Delègue M-
H (2004b) Effects of imidacloprid and deltamethrin on associa-
tive learning in honeybees under semi-field and laboratory con-
ditions. Ecotoxicol Environ Saf 57:410–419. https://doi.org/10.
1016/j.ecoenv.2003.08.001

Deglise P, Grünewald B, Gauthier M (2002) The insecticide imida-
cloprid is a partial agonist of the nicotinic receptor of honey bee
kenyon cells. Neurosci Lett 321:13–16. https://doi.org/10.1016/
s0304-3940(01)02400-4

Douglas MR, Tooker JF (2015) Large-scale deployment of seed
treatments has driven rapid increase in use of neonicotinoid
insecticides and preemptive pest management in US field crops.
Environ Sci Technol 49:5088–5097. https://doi.org/10.1021/
es506141g

Feltham H, Park K, Goulson D (2014) Field realistic doses of pes-
ticide imidacloprid reduce bumblebee pollen foraging effi-
ciency. Ecotoxicology 23:317–323. https://doi.org/10.1007/
s10646-014-1189-7

Garibaldi LA, Steffan-Dewenter I, Winfree R, Aizen MA, Bommarco
R, Cunningham SA, Kremen C, Carvalheiro LG, Harder LD,
Afik O et al. (2013) Wild pollinators enhance fruit set of crops
regardless of honey bee adbundance. Science 340:1608–1611.
https://doi.org/10.1126/science.1230200

Gill RJ, Ramos-Rodriguez O, Raine NE (2012) Combined pesticide
exposure severely affects individual- and colony-level traits in
bees. Nature 491:105–108. https://doi.org/10.1038/nature11585

Gill RJ, Raine NE (2014) Chronic impairment of bumblebee natural
foraging behaviour induced by sublethal pesticide exposure.
Funct Ecol 28:1459–1471. https://doi.org/10.1111/1365-2435.
12292

Godfray HCJ, Blacquière T, Field LM, Hails RS, Potts SG, Raine NE,
Vanbergen AJ, McLean AR (2015) A restatement of recent
advances in the natural science evidence base concerning neo-
nicotinoid insecticides and insect pollinators. Proc R Soc B
282:20151821. https://doi.org/10.1098/rspb.2015.1821

Goulson D, Lye GC, Darvill B (2008) Decline and conservation of
bumble bees. Annu Rev Entomol 53:191–208. https://doi.org/10.
1146/annurev.ento.53.103106.093454

Graystock P, Goulson D, Hughes WOH (2014) The relationship
between managed bees and the prevalance of parasites in bum-
blebees. PeerJ 2:e522. https://doi.org/10.7717/peerj.522

Han P, Niu C-Y, Lei C-L, Cui J-J, Desneux N (2010) Use of an
innovative T-tube maze assay and the proboscis extension response
assay to assess sublethal effects of GM products and pesticides on
learning capacity of the honey bee Apis mellifera L. Ecotoxicology
19:1612–1619. https://doi.org/10.1007/s10646-010-0546-4

Heinrich B (1976) The foraging specializations of individual
bumblebees. Ecol Monogr 46:105–128. https://doi.org/10.
2307/1942246

Heinrich B (1979) “Majoring” and “minoring” by foraging bum-
blebees, Bombus vagans: an experimental analysis. Ecology
60:245–255. https://doi.org/10.2307/1937652

Jeschke P, Nauen R, Schindler M, Elbert A (2011) Overview of the
status and global strategy for neonicotinoids. J Agric Food Chem
59:2897–2908. https://doi.org/10.1021/jf101303g

Klein A-M, Vaissière BE, Cane JH, Steffan-Dewenter I, Cunningham
SA, Kremen C, Tscharntke T (2007) Importance of pollinators in
changing landscapes for world crops. Proc Biol Sci 274:303–313.
https://doi.org/10.1098/rspb.2006.3721

Kremen C, Williams NM, Aizen MA, Gemmill-Herren B, LeBuhn G,
Minckley R, Packer L, Potts SG, Roulston T, Steffan-Dewenter I
et al. (2007) Pollination and other ecosystem services produced
by mobile organisms: a conceptual framework for the effects of
land-use change. Ecol Lett 10:299–314. https://doi.org/10.1111/j.
1461-0248.2007.01018.x

Lämsä J, Kuusela E, Tuomi J, Juntunen S, Watts PC (2018) Low dose
of neonicotinoid insecticide reduces foraging motivation of
bumblebees. Proc R Soc B 285:20180506. https://doi.org/10.
1098/rspb.2018.0506

Laverty TM (1980) The flower-visiting behaviour of bumble bees:
floral complexity and learning. Can J Zool 58:1324–1335. https://
doi.org/10.1139/z80-184

Laverty TM (1994a) Bumble bee learning and flower morphology.
Anim Behav 47:531–545. https://doi.org/10.1006/anbe.1994.1077

Laverty TM (1994b) Costs to foraging bumble bees of switching plant
species. Can J Zool 72:43–47. https://doi.org/10.1139/z94-007

Laverty TM, Plowright RC (1988) Flower handling by bumblebees: a
comparison of specialists and generalists. Anim Behav
36:733–740. https://doi.org/10.1016/S0003-3472(88)80156-8

Laycock I, Lenthall KM, Barratt M, Cresswell JE (2012) Effects of
imidacloprid, a neonicotinoid pesticide, on reproduction in
worker bumblebees (Bombus terrestris). Ecotoxicology
21:1937–1945. https://doi.org/10.1007/s10646-012-0927-y

Long EY, Krupke CH (2016) Non-cultivated plants present a season-
long route of pesticide exposure for honey bees. Nat Commun
7:11629. https://doi.org/10.1038/ncomms11629

Lundin O, Rundlöf M, Smith HG, Fries I, Bommarco R (2015)
Neonicotinoid insecticides and their impacts on bees: a systematic
review of research approaches and identification of knowledge
gaps. PLoS ONE 10:eo136928. https://doi.org/10.1371/journal.
pone.0136928

Matsuda K, Buckingham SD, Kleier D, Rauh JJ, Grauso M, Sattelle
DB (2001) Neonicotinoids: insecticides acting on insect nicotinic
acetylcholine receptors. Trends Pharmacol Sci 22:573–580.
https://doi.org/10.1016/S0165-6147(00)01820-4

Moffat C, Buckland ST, Samson AJ, McArthur R, Chamosa Pino V,
Bollan KA, Huang JT-J, Connolly CN (2016) Neonicotinoids
target distinct nicotinic acetylcholine receptors and neurons,
leading to differential risks to bumblebees. Sci Rep 6:24764.
https://doi.org/10.1038/srep24764

Mommaerts V, Reynders S, Boulet J, Besard L, Sterk G, Smagghe G
(2010) Risk assessment for side-effects of neonicotinoids against
bumblebees with and without impairing foraging behaviour.
Ecotoxicology 19:207–215. https://doi.org/10.1007/s10646-009-
0406-2

Morrissey CA, Mineau P, Devries JH, Sánchez-Bayo F, Liess M,
Cavallaro MC, Liber K (2015) Neonicotinoid contamination of

372 J. D. Phelps et al.

https://doi.org/10.1038/s41559-017-0260-1
https://doi.org/10.1038/s41559-017-0260-1
https://doi.org/10.1007/s10646-012-0863-x
https://doi.org/10.1007/s10646-012-0863-x
https://doi.org/10.1021/acs.est.5b03459
https://doi.org/10.1093/aob/mcp096
https://doi.org/10.1093/beheco/8.3.239
https://doi.org/10.1016/j.pestbp.2003.10.001
https://doi.org/10.1016/j.pestbp.2003.10.001
https://doi.org/10.1016/j.ecoenv.2003.08.001
https://doi.org/10.1016/j.ecoenv.2003.08.001
https://doi.org/10.1016/s0304-3940(01)02400-4
https://doi.org/10.1016/s0304-3940(01)02400-4
https://doi.org/10.1021/es506141g
https://doi.org/10.1021/es506141g
https://doi.org/10.1007/s10646-014-1189-7
https://doi.org/10.1007/s10646-014-1189-7
https://doi.org/10.1126/science.1230200
https://doi.org/10.1038/nature11585
https://doi.org/10.1111/1365-2435.12292
https://doi.org/10.1111/1365-2435.12292
https://doi.org/10.1098/rspb.2015.1821
https://doi.org/10.1146/annurev.ento.53.103106.093454
https://doi.org/10.1146/annurev.ento.53.103106.093454
https://doi.org/10.7717/peerj.522
https://doi.org/10.1007/s10646-010-0546-4
https://doi.org/10.2307/1942246
https://doi.org/10.2307/1942246
https://doi.org/10.2307/1937652
https://doi.org/10.1021/jf101303g
https://doi.org/10.1098/rspb.2006.3721
https://doi.org/10.1111/j.1461-0248.2007.01018.x
https://doi.org/10.1111/j.1461-0248.2007.01018.x
https://doi.org/10.1098/rspb.2018.0506
https://doi.org/10.1098/rspb.2018.0506
https://doi.org/10.1139/z80-184
https://doi.org/10.1139/z80-184
https://doi.org/10.1006/anbe.1994.1077
https://doi.org/10.1139/z94-007
https://doi.org/10.1016/S0003-3472(88)80156-8
https://doi.org/10.1007/s10646-012-0927-y
https://doi.org/10.1038/ncomms11629
https://doi.org/10.1371/journal.pone.0136928
https://doi.org/10.1371/journal.pone.0136928
https://doi.org/10.1016/S0165-6147(00)01820-4
https://doi.org/10.1038/srep24764
https://doi.org/10.1007/s10646-009-0406-2
https://doi.org/10.1007/s10646-009-0406-2


global surfacewaters and associated risk to aquatic invertebrates:
a review. Environ Int 74:291–303. https://doi.org/10.1016/j.
envint.2014.10.024

Muth F, Papaj DR, Leonard AS (2015) Colour learning when foraging
for nectar and pollen: bees learn two colours at once. Biol Lett
11:20150628. https://doi.org/10.1098/rsbl.2015.0628

Muth F, Cooper TR, Bonilla RF, Leonard AS (2017) A novel protocol
for studying bee cognition in the wild. Methods Ecol Evol
9:78–87. https://doi.org/10.1111/2041-210X.12852

Muth F, Francis JS, Leonard AS (2019) Modality-specific impairment
of learning by a neonicotinoid pesticide. Biol Lett 15:20190359.
https://doi.org/10.1098/rsbl.2019.0359

Muth F, Leonard AS (2019) A neonicotinoid pesticide impairs fora-
ging, but not learning, in free-flying bumblebees. Sci Rep 9:4764.
https://doi.org/10.1038/s41598-019-39701-5

Ollerton J, Winfree R, Tarrant S (2011) How many flowering plants
are pollinated by animals? Oikos 120:321–326. https://doi.org/10.
1111/j.1600-0706.2010.18644.x

Otti O, Schmid-Hempel P (2008) A field experiment on the effect of
Nosema bombi in colonies of the bumblebee Bombus terrestris.
Ecol Entomol 33:577–582. https://doi.org/10.1111/j.1365-2311.
2008.00998.x

Palmer MJ, Moffat C, Saranzewa N, Harvey J, Wright GA, Connolly
CN (2013) Cholinergic pesticides cause mushroom body neuro-
nal inactivation in honeybees. Nat Commun 4:1634. https://doi.
org/10.1038/ncomms2648

Peat J, Goulson D (2005) Effects of experience and weather on fora-
ging rate and pollen versus nectar collection in the bumblebee,
Bombus terrestris. Behav Ecol Sociobiol 58:152–156. https://doi.
org/10.1007/s00265-005-0916-8

Phelps JD, Strang CG, Gbylik-Sikorska M, Sniegocki T, Andrzej P,
Sherry DF (2018) Imidacloprid slows the development of pre-
ference for rewarding food sources in bumblebees (Bombus
impatiens). Ecotoxicology 27:175–187. https://doi.org/10.1007/
s10646-017-1883-3

Piiroinen S, Botías C, Nicholls E, Goulson D (2016) No effect of low-
level chronic neonicotinoid exposure on bumblebee learning and
fecundity. Peerj 4:e1808. https://doi.org/10.7717/peerj.1808

Piiroinen S, Goulson D (2016) Chronic neonicotinoid pesticide
exposure and parasite stress differentially affects learning in
honeybees and bumblebees. Proc Biol Sci 283:20160246. https://
doi.org/10.1098/rspb.2016.0246

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin
WE (2010) Global pollinator declines: trends, impacts and dri-
vers. Trends Ecol Evolut 25:345–353. https://doi.org/10.1016/j.
tree.2010.01.007

Rader R, Bartomeus I, Garibaldi LA, Garratt MPD, Howlett BG,
Winfree R, Cunningham SA, Mayfield MM, Arthur AD,
Andersson GKS et al. (2016) Non-bee insects are important
contributors to global crop pollination. Proc Natl Acad Sci USA
113:146–151. https://doi.org/10.1073/pnas.1517092112

Raine NE, Chittka L (2007) Pollen foraging: learning a complex motor
skill by bumblebees (Bombus terrestris). Naturwissenschaften
94:459–464. https://doi.org/10.1007/s00114-006-0184-0

Ricketts TH, Regetz J, Steffan-Dewenter I, Cunningham SA, Kremen
C, Bogdanski A, Gemmill-Herren B, Greenleaf SS, Klein AM,
Mayfield MM et al. (2008) Landscape effects on crop pollination
services: are there general patterns? Ecol Lett 11:499–515.
https://doi.org/10.1111/j.1461-0248.2008.01157.x

Ronse De Craene LP (2010) Floral diagrams: an aid to understanding
flower morphology and evolution. Cambridge University Press,
Cambridge

Rundlöf M, Andersson GKS, Bommarco R, Fries I, Hederström V,
Herbertsson L, Jonsson O, Klatt BK, Pedersen TR, Yourstone J,
Smith HG (2015) Seed coating with a neonicotinoid insecticide

negatively affects wild bees. Nature 521:77–U162. https://doi.
org/10.1038/nature14420

Samuelson EEW, Chen-Wishart ZP, Gill RJ, Leadbeater E (2016)
Effect of acute pesticide exposure on bee spatial working memory
using an analogue of the radial-arm maze. Sci Rep 6:38957.
https://doi.org/10.1038/srep38957

Sandrock C, Tanadini M, Tanadini LG, Fauser-Misslin A, Potts SG,
Neumann P (2014) Impact of chronic neonicotinoid exposure on
honeybee colony performance and queen supersedure. PLoS
ONE 9:e103592. https://doi.org/10.1371/journal.pone.0103592

Shao X, Liu Z, Xu X, Li Z, Qian X (2013) Overall status of neo-
nicotinoid insecticides in China: production, application and
innovation. J Pestic Sci 38:1–9. https://doi.org/10.1584/jpestics.
D12-037

Siviter H, Koricheva J, Brown MJF, Leadbeater E (2018) Quantifying
the impact of pesticides on learning and memory in bees. J Appl
Ecol 55:2812–2821. https://doi.org/10.1111/1365-2664.13193

Soliman MMM (2012) Effects of UV-light, temperature and storage
on the stability and biological effectiveness of some insecticides.
J Plant Prot Res 52:275–280. https://doi.org/10.2478/v10045-
012-0044-1

Stanley DA, Smith KE, Raine NE (2015) Bumblebee learning and
memory is impaired by chronic exposure to a neonicotinoid
pesticide. Sci Rep 5:16508. https://doi.org/10.1038/srep16508

Stanley DA, Raine NE (2016) Chronic exposure to a neonicotinoid
pesticide alters the interactions between bumblebees and wild
plants. Funct Ecol 30:1132–1139. https://doi.org/10.1111/1365-
2435.12644

Stanley DA, Russell AL, Morrison SJ, Rogers C, Raine NE (2016)
Investigating the impacts of field-realistic exposure to a neoni-
cotinoid pesticide on bumblebee foraging, homing ability and
colony growth. J Appl Ecol 53:1440–1449. https://doi.org/10.
1111/1365-2664.12689

Stoner K, Eitzer BD (2012) Movement of soil-applied imidacloprid and
thiamethoxam into nectar and pollen of squash (Cucurbita pepo).
PLoS ONE 6:e39114. https://doi.org/10.1371/journal.pone.0039114

Strang CG (2018) Behavioural flexibility in bumblebees (Bombus
impatiens). Electronic Thesis and Dissertation Repository, 5322.
https://ir.lib.uwo.ca/etd/5322

Straub L, Williams GR, Pettis J, Fries I, Neumann P (2015) Super-
organism resilience: eusociality and susceptibility of ecosystem
service providing insects to stressors. Curr Opin Insect Sci
12:109–112. https://doi.org/10.1016/j.cois.2015.10.010

Sur R, Stork A (2003) Uptake, translocation and metabolism of imi-
dacloprid in plants. Bull Insectol 56:35–40

Switzer CM, Combes SA (2016) The neonicotinoid pesticide, imida-
cloprid, affects Bombus impatiens (bumblebee) sonication beha-
vior when consumed at doses below the LD50. Ecotoxicology
25:1150–1159. https://doi.org/10.1007/s10646-016-1669-z

Thompson HM, Wilkins S, Harkin S, Milner S, Walters KFA (2014)
Neonicotinoids and bumblebees (Bombus terrestris): effects on
nectar consumption in individual workers. Pest Manag Sci
71:946–950. https://doi.org/10.1002/ps.3868

Whitehorn PR, O’Connor S, Wackers FL, Goulson D (2012) Neoni-
cotinoid pesticide reduces bumble bee colony growth and queen
production. Science 336:351–352. https://doi.org/10.1126/science.
1215025

Whitehorn PR, Wallace C, Vallejo-Marin M (2017) Neonicotinoid
pesticide limits improvement in buzz pollination by bumblebees.
Sci Rep 7:15562. https://doi.org/10.1038/s41598-017-14660-x

Williamson SM, Wright GA (2013) Exposure to multiple cholinergic
pesticides impairs olfactory learning and memory in honeybees. J
Exp Biol 216:1799–1807. https://doi.org/10.1242/jeb.083931

Williamson SM, Willis SJ, Wright GA (2014) Exposure to neonico-
tinoids influences the motor function of adult worker honeybees.

Imidacloprid impairs performance on a model flower handling task in bumblebees (Bombus impatiens) 373

https://doi.org/10.1016/j.envint.2014.10.024
https://doi.org/10.1016/j.envint.2014.10.024
https://doi.org/10.1098/rsbl.2015.0628
https://doi.org/10.1111/2041-210X.12852
https://doi.org/10.1098/rsbl.2019.0359
https://doi.org/10.1038/s41598-019-39701-5
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1600-0706.2010.18644.x
https://doi.org/10.1111/j.1365-2311.2008.00998.x
https://doi.org/10.1111/j.1365-2311.2008.00998.x
https://doi.org/10.1038/ncomms2648
https://doi.org/10.1038/ncomms2648
https://doi.org/10.1007/s00265-005-0916-8
https://doi.org/10.1007/s00265-005-0916-8
https://doi.org/10.1007/s10646-017-1883-3
https://doi.org/10.1007/s10646-017-1883-3
https://doi.org/10.7717/peerj.1808
https://doi.org/10.1098/rspb.2016.0246
https://doi.org/10.1098/rspb.2016.0246
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1016/j.tree.2010.01.007
https://doi.org/10.1073/pnas.1517092112
https://doi.org/10.1007/s00114-006-0184-0
https://doi.org/10.1111/j.1461-0248.2008.01157.x
https://doi.org/10.1038/nature14420
https://doi.org/10.1038/nature14420
https://doi.org/10.1038/srep38957
https://doi.org/10.1371/journal.pone.0103592
https://doi.org/10.1584/jpestics.D12-037
https://doi.org/10.1584/jpestics.D12-037
https://doi.org/10.1111/1365-2664.13193
https://doi.org/10.2478/v10045-012-0044-1
https://doi.org/10.2478/v10045-012-0044-1
https://doi.org/10.1038/srep16508
https://doi.org/10.1111/1365-2435.12644
https://doi.org/10.1111/1365-2435.12644
https://doi.org/10.1111/1365-2664.12689
https://doi.org/10.1111/1365-2664.12689
https://doi.org/10.1371/journal.pone.0039114
https://ir.lib.uwo.ca/etd/5322
https://doi.org/10.1016/j.cois.2015.10.010
https://doi.org/10.1007/s10646-016-1669-z
https://doi.org/10.1002/ps.3868
https://doi.org/10.1126/science.1215025
https://doi.org/10.1126/science.1215025
https://doi.org/10.1038/s41598-017-14660-x
https://doi.org/10.1242/jeb.083931


Ecotoxicology 23:1409–1418. https://doi.org/10.1007/s10646-
014-1283-x

Winfree R, Williams NM, Gaines H, Ascher JS, Kremen C (2008) Wild
bee pollinators provide the majority of crop visitations across land-
use gradients in New Jersey and Pennsylvania, USA. J Appl Ecol
45:793–802. https://doi.org/10.1111/j.1365-2664.2007.01418.x

Winfree R, Aguilar R, Vázquez DP, LeBuhn G, Aizen MA (2009) A
meta-analysis of bees’ responses to anthropogenic disturbance.
Ecology 90:2068–2076. https://doi.org/10.1890/08-1245.1

Wood TJ, Goulson D (2017) The environmental risks of neonicotinoid
pesticides: a review of evidence post 2013. Environ Sci Pollut Res
Int 24:17285–17325. https://doi.org/10.1007/s11356-017-9240-x

Woodcock BA, Bullock JM, Shore RF, Heard MS, Pereira MG, Redhead J,
Ridding L, Dean H, Sleep D, Henrys P et al. (2017) Country-specific
effects of neonicotinoid pesticides on honey bees and wild bees.
Science 356:1393–1395. https://doi.org/10.1126/science.aaa1190

Woodward GL, Laverty TM (1992) Recall of flower handling skills
by bumble bees: a test of Darwin’s interference hypothesis.
Anim Behav 44:1045–1051. https://doi.org/10.1016/S0003-
3472(05)80316-1

Worden BD, Skemp AK, Papaj DR (2009) Learning in two contexts:
the effects of interference and body size in bumblebees. J Exp
Biol 208:2045–2053. https://doi.org/10.1242/jeb.01582

Wu Y-Y, Luo Q-H, Hou C-S, Wang Q, Dai P-L, Gao J, Liu Y-J, Diao
Q-Y (2017) Sublethal effects of imidacloprid on targeting muscle
and ribosomal protein related genes in the honey bee Apis mel-
lifera L. Sci Rep 7:15943. https://doi.org/10.1038/s41598-017-
16245-0

Wu-Smart J, Spivak M (2018) Effects of neonicotinoid imidacloprid
exposure on bumble bee (Hymenoptera: Apidae) queen survival
and nest initiation. Environ Entomol 47:55–62. https://doi.org/10.
1093/ee/nvx175

374 J. D. Phelps et al.

https://doi.org/10.1007/s10646-014-1283-x
https://doi.org/10.1007/s10646-014-1283-x
https://doi.org/10.1111/j.1365-2664.2007.01418.x
https://doi.org/10.1890/08-1245.1
https://doi.org/10.1007/s11356-017-9240-x
https://doi.org/10.1126/science.aaa1190
https://doi.org/10.1016/S0003-3472(05)80316-1
https://doi.org/10.1016/S0003-3472(05)80316-1
https://doi.org/10.1242/jeb.01582
https://doi.org/10.1038/s41598-017-16245-0
https://doi.org/10.1038/s41598-017-16245-0
https://doi.org/10.1093/ee/nvx175
https://doi.org/10.1093/ee/nvx175

	Imidacloprid impairs performance on a model flower handling task in bumblebees (Bombus impatiens)
	Abstract
	Introduction
	Methods
	Subjects and colony maintenance
	Preparation and provision of pesticide solution
	Behavioural task
	Testing apparatus
	Pre-testing
	Testing procedure
	Video analysis
	Measuring body size
	Statistical analysis

	Results
	Latency to remove the rewarded barrier
	Latency between imidacloprid exposure groups
	Latency between colony replicates
	Unexposed colonies
	Colonies exposed at 2.6 ppb
	Colonies exposed at 10nobreak&#x02009;nobreakppb
	Use of behavioural strategies
	Behavioural profile
	Inverting to lift the rewarded barrier
	Pushing the rewarded barrier
	Overall proportion of time pushing or inverting to lift
	Behaviour switching
	Body size

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




