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Bumblebees (e.g., Bombus terrestris) are introduced worldwide for the
pollination of greenhouse crops such as tomatoes and strawberries. In
practice these crops are under constant attack of pests and plant
pathogens and thus growers need to apply pesticides in order to limit
damage. Consequently, it is not unlikely that bumblebee workers are
exposed to these products while foraging on the crops. Pesticides may
cause mortality and also sublethal effects which are not always direct-
ly visible. For example, impairment of the foraging behavior is detri-
mental for the colony and results in loss of crop pollination.
We report on the development of a laboratory bioassay by use of
queenless micro-colonies (five workers) to assess the impact of sub-
lethal concentrations on bumblebee foraging behavior. The experimen-
tal setup consists of two artificial nests connected with a tube of about
20 cm long. In one nest the worker bees constructed brood, in the other
food was provided (sugar and pollen). Before exposure, worker bees
were allowed a training to forage for untreated food; afterwards this
was replaced by treated food. Using this setup we investigated the
effects of sublethal concentrations of imidacloprid, known to negative-
ly affect the foraging behavior of bees. For validation, sublethal con-
centrations of imidacloprid were also imposed under greenhouse con-
ditions on queenright colonies of B. terrestris and here workers needed
to forage/fly for food that was placed at a distance of 3 m from their
hives.
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In the context of modern and safe crop protection strategies, environmental risk
assessments are evident for all plant protection products (PPPs). During the last
decades side-effects of pesticides on bees have gained great attention due to their
value as pollinators. However, most studies on bees mainly consider mortality,
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whereas less attention is given to sublethal effects which may be detrimental
towards pollination and subsequent bee populations. Thompson et al. (2003),
Mommaerts et al. (2006a,b, 2008) and Desneux et al. (2007) reported that sub-
lethal effects must be considered when evaluating the impact of pesticides on
pollinators. To date, multiple laboratory studies have focused on the impact of
pesticides on the biochemistry of honeybees (Armengaud et al. 2000). However,
interpretation is difficult and in turn the effects on the insect or the whole
colony are unknown. Several authors have reported chronic exposure of bees to
pesticide residues via contaminated stored food (Schmuck et al. 2001, Bonmatin
et al. 2003, Miranda et al. 2003, Chauzat et al. 2006) and observed that ingestion
of small quantities can lead to sublethal effects in honeybees (Colin et al. 2001,
Decourtye et al. 2003). For honeybees the proboscis extension response (PER)
assay has been used to determine the impact of pesticides on learning ability
(Lambin et al. 2001, Decourtye et al. 2004a, El Hassani et al. 2008). Until now,
most studies have been performed on honeybees, whereas other bees like bum-
blebees may also be affected by pesticide poisoning.

Bumblebees, such as Bombus terrestris, are of crucial importance for the polli-
nation of wild flowers and economically important crops in modern agri/horti-
culture. Especially foraging worker bees are playing a key role as they are
responsible for the amount of food brought to the colony

In this study we aimed to develop a bioassay evaluating the impact of sub-
lethal pesticide concentrations on the foraging behavior of B. terrestris. As a
model insecticide we employed the neonicotinoid imidacloprid that is known
from literature to cause behavior changes of honeybees (Decourtye et al. 2003,
2004a,b, 2005, Guez et al. 2003, Ramirez-Romero et al. 2005). Finally, our newly
developed bioassay was evaluated under more field-related conditions, where
foraging workers were exposed to sublethal imidacloprid concentrations and
needed to fly/forage for food that was placed at 3 m from their hive.

MATERIAL AND METHODS

Products
In this study the neonicotinoid insecticide imidacloprid was used (Confidor®,
Bayer Crop Science, 20% Suspension Concentrate; Maximum Field
Recommended Concentration [MFRC]: 200 ppm). The product was stored in
accordance with the manufacturers’ guidelines. Unless stated otherwise, all
other products were of analytical quality.

Insects
All experiments were performed with worker bumblebees obtained from a con-
tinuous mass rearing program (Biobest NV, Westerlo, Belgium) and conducted
under standardized laboratory conditions of 28-30 °C, 60-65% relative humidity
and continuous darkness. The insects were provided ad libitum with commercial
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sugar water and pollen (Soc. Coop. Apihurdes, Pinofranqueado-Cáceres, Spain)
as energy and protein source, respectively, as described by Mommaerts et al.
(2006a).

Insect bioassay with microhive colonies and worker bum-
blebees

Chronic toxicity assay not including foraging behavior
Newly emerged workers were collected from the bumblebee colony and five
workers were placed in an artificial plastic nest box (15 × 15 × 10 cm). The exper-
imental setup consisted of one artificial nest (box A) (Mommaerts et al. 2006a).
Under these conditions, adult workers were exposed orally to imidacloprid at
200 (MFRC), 20, 2 and 0.2 ppm, and 20 and 10 ppb via treated sugar water in box
A. In the control nests, workers were exposed to plain sugar water; here no
worker mortality was observed after 11 weeks. Four artificial nests, each contain-
ing five worker bees, were exposed to each treatment, and each experiment was
repeated twice. The endpoints evaluated were worker survival (daily for the first
3 days and then weekly during a period of 11 weeks), scored in accordance with
the classification of the International Organization for Biological Control of
Noxious Animals and Plants (IOBC): 1 = less than 25% effect, non-toxic; 2 = 25-
50% effect, weakly toxic; 3 = 50-75% effect, moderately toxic; and 4 = more than
75% effect, highly toxic, and the adverse sublethal effects on reproduction by
weekly scoring the numbers of drones produced per nest.

Chronic toxicity assay including foraging behavior
The experimental setup of the foraging behavior test consisted of two artificial
nest boxes (A and B) connected with a tube of about 20 cm in length and 2 cm
in diameter. In one box (A) five workers of the same age constructed their nest
(Mommaerts et al., 2006a, 2010). Then, after 2 weeks, when third and fourth-
instar larvae appeared in the nests, food was removed from box A and placed in
box B.

Before exposure to imidacloprid, the workers were allowed a training period
of 2 days to forage in box B for untreated food, i.e., untreated sugar water and
pollen. To attract the bees, box B was placed under light, while box A was not
in the direct light. Then, after 2 days when the bumblebee workers had found
their way to box B, plain sugar water in box B was replaced by sugar water treat-
ed with imidacloprid, at 200 (MFRC), 20, 2 and 0.2 ppm, and 20 and 10 ppb. Per
treatment, four replicates were performed each consisting of five worker bees,
and each experiment was repeated twice. Worker survival and drone production
were observed on a weekly basis, in a manner similar as described above, over a
period of 11 weeks. Simultaneously, the overall behavior of the worker bumble-
bees was followed during the entire test period.

In addition, the amounts of sugar water consumed per worker were deter-
mined on a daily basis to assess the dose of imidacloprid consumed per day and
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per worker bee. This was followed by measuring the net weight loss of sugar
water due to worker consumption on a weekly basis over the whole experiment.
The impact of evaporation was also subtracted from the weight loss by assess-
ing the weight of sugar containers without bumblebee artificial nest boxes that
were kept in parallel with the insect bioassay under the same conditions.

Chronic test in the greenhouse, including foraging behavior
To validate the developed ‘laboratory assay including foraging behavior’ a green-
house trial was performed with bumblebee workers that needed to fly to gather
food. We used here queenright hives of B. terrestris, containing one queen, her
brood and 25 workers. The workers in each hive present at the start of the exper-
iment were individually labeled with opalith plates under red light. The experi-
ment was conducted in a greenhouse, and a separated area of 3 × 7 × 2 m with
gauze was prepared for each treatment. We tested in parallel imidacloprid at
three concentrations (20, 10 and 2 ppb) in sugar water and compared with a blank
control with untreated sugar water; sugar water was placed at a distance of 3 m
from the hives. Next to sugar water, also at 3 m from the hives, untreated pollen
was provided (same as with the rearing program) as protein source. Pollen was
refreshed every 2 days to preclude an avoidance response in the worker bees
towards pollen. For each treatment three hives were used, and the experiment
was repeated twice. In the hives, worker survival was evaluated at the beginning
of the experiment and then on a weekly basis for a period of 2 weeks. The treat-
ments were scored in accordance with the IOBC classification for (semi-)field
testing: N = harmless or slightly harmful, 0-50%; M = moderately harmful, 51-
75%; and T = harmful, >75%.

Next to mortality, sublethal effects were evaluated by weekly scoring the net
increase in fresh weight of the hives, the net consumption of sugar water, and
the numbers of filled sugar water cups and dead larvae. In addition, the foraging
activity of each nest, i.e., the number of bumblebee workers entering/leaving the
hive during 30 min, was determined by visual counting, 3 h after opening of the
nests. These countings always started at 16:00 hours. At the end of the experi-
ment, all hives were killed by freezing at -20 °C and the numbers of filled sugar
water cups, newborn workers and mean total amount of brood (sum of egg mass-
es, larvae and pupae present in the hive) were used as endpoints of colony per-
formance.

Statistical analysis
Unless stated otherwise, data were analyzed by one-way analysis of variance
(ANOVA). Means ± SEM were separated using a post-hoc Tukey-Kramer test
(α = 0.05) in SPSS v15.0 (SPSS, Chicago, IL, USA). Medium response concen-
trations (LC50 and corresponding 95% confidence interval [CI]) were calculated
using GraphPad Prism v4 (GraphPad Software, San Diego, CA, USA); the
goodness that the data fit to the curve model was evaluated based on R2 values,
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and LC50 values are significantly different when their respective 95% CIs are not
overlapping. The data from the chronic test in the greenhouse were analyzed
with an independent sample t-test (α = 0.05) in SPSS v15.0.

RESULTS

Chronic toxicity assay not including foraging behavior
For imidacloprid at 200, 20, 2 and 0.2 ppm, 100% mortality was obtained (IOBC
class 4, or ‘highly toxic’). In contrast, at 20 and 10 ppb, worker mortality was
only 15 and 0%, respectively. Probit analysis of the data resulted in an LC50 value
for imidacloprid of 59 ppb (95% CI: 52-68 ppb; R2 = 0.99), which corresponds to
1/3,390-th of the MFRC.

Sublethal effects were evaluated and in the nests exposed to concentrations
of imidacloprid up to 0.2 ppm the production of drones was significantly lower
(ANOVA: F = 171.9, d.f. = 39, P<0.001) which was due to the high worker mor-
tality. In contrast, imidacloprid at 20 and 10 ppb did not pose sublethal effects on
the nest reproduction as the respective numbers of drones (27.5 ± 2.5 and 27.8 ±
4.9) were not significantly lower than in the control nests (F = 5.0, d.f. = 23,
P>0.05). Based on these results the EC50 value (indicating the median sublethal
effect concentration) was calculated to be 37 ppb (95% CI: 26-51 ppb; R2 = 0.99),
corresponding to 1/5,410-th of the MFRC. For imidacloprid, the NOEC (no
observed effect concentration) was 20 ppb.

Chronic toxicity assay including foraging behavior
In the nests treated with 200, 20, 2 and 0.2 ppm, 100% worker mortality was
observed (IOBC class 4: highly toxic). Exposure to 20 ppb resulted in 50% mor-
tality, but with a lower concentration of 10 ppb there was no more worker mor-
tality in treated than in control nests. After probit analysis, the LC50 value was
20 ppb (95% CI: 19-21 ppb; R2 = 0.99), corresponding to 1/9,850-th of the MFRC.
The NOEC was 10 ppb.

Strong sublethal effects were observed on the nest reproduction. In the nests
treated with imidacloprid at 200, 20, 2 and 0.2 ppm and 20 ppb the numbers of
drones were in all cases much lower than the 28.4 ± 2.9 drones in the controls
(ANOVA: F = 50.7, d.f. = 47, P<0.001), which was due to the high worker mor-
tality. In the nests exposed to 10 ppb, the number of drones (10.8 ± 7.2) was sig-
nificantly lower than in the controls (F = 25.8, d.f. = 15, P<0.001). After probit
analysis, the EC50 value for imidacloprid using this bioassay with foraging was
3.7 ppb (95% CI: 2.5-5.5 ppb; R2 = 0.99), implying that the NOEC should be below
2.5 ppb.

Finally, in the behavior assay the daily consumption of sugar water per bum-
blebee worker was determined as 277 ± 16 μl.
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Chronic test in the greenhouse, including foraging behavior
Imidacloprid at 20 and 10 ppb provoked 62 ± 1% (class M) and 92 ± 5% (class T)
worker mortality. However, with 20 ppb nearly all dead bumblebee workers
were found around the sugar water and the pollen, whereas with 10 ppb all dead
workers were found inside the hives, indicating that with 10 ppb of imidacloprid
the worker bees were able to fly back to their hive. In contrast, at a lower con-
centration of 2 ppb imidacloprid, the percentage of worker mortality (class N)
was equal to that in the controls (6 ± 1%) after 2 weeks.

There were also obvious sublethal effects by 20 and 10 ppb with a total loss of
reproduction (Fig. 1). Only with 2 ppb there were no harmful sublethal effects
on the colony performance over the 2 weeks of the experiment (Fig. 1).

In addition, we scored the foraging behavior and potential sublethal effects
by imidacloprid as the numbers of workers in/out the hive during 30-min inter-
vals. At the start, the foraging behavior was equal in all the hives used for 20, 10
and 2 ppb and controls (ANOVA: F = 2.888, d.f. = 23, P = 0.06), whereas at the

A BIOASSAY TO EVALUATE SUBLETHAL EFFECTS ON BUMBLEBEES

24

Figure 1. Colony performance of queen right hives with workers that need to fly/forage
3 m to gather untreated pollen and sugar water treated with (A) 20 ppb imidacloprid,
(B) 10 ppb imidacloprid, (C) 2 ppb imicacloprid, and (D) untreated sugar water (con-
trol). In nests A and B reproduction was lost as dead pupae and dead larvae were
recovered in the cups. In contrast, no sublethal effects were scored on colony perform-
ance in nests C and D.



end, only for 2 ppb imidacloprid the foraging behavior (24.2 ± 3.7 workers in and
out per 30 min) did not differ from the controls (P = 0.70). In this treatment, the
mean weekly sugar water consumption was equal to that in the control hives
(508 ± 7 g) (P = 0.49); the daily consumption of sugar water per bumblebee was
calculated to be 244 ± 28 μl.

DISCUSSION
In this paper a risk assessment bioassay ‘behavior test’ for bumblebees is present-
ed that includes the foraging behavior to evaluate side-effects of pesticides against
these beneficial pollinators. This bioassay allowed queenless microcolonies of five
bumblebee workers to be used under standardized conditions and to perform ade-
quate comparisons between contaminated food treatments. In these experiments,
the overall toxicity of the tested neonicotinoid insecticide (LC50) differed between
the chronic toxicity assay without foraging (59 ppb) and that including foraging
(20 ppb). In a similar manner, the median sublethal effect concentration (EC50)
for imidacloprid was 37 ppb without foraging and 3.7 ppb including foraging.
Therefore, the behavior assay including foraging was 3-10 times more sensitive
than the test without foraging. Interestingly, this discrepancy with the ‘behavior
test’ was also reported with two other neonicotinoid insecticides, thiacloprid and
thiamethoxam (Mommaerts et al. 2010). In addition, we evaluated the behavior
test including foraging in a greenhouse with use of queenright colonies of B. ter-
restris with workers that needed to forage/fly to collect food. Here 10 ppb imida-
cloprid resulted in a severe lethal effect on the workers, whereas this concentra-
tion was found to be the NOEC in the behavior test, but this can be explained by
the stringent conditions of the greenhouse experiment wherein the food was put
at a distance of 3 m from the hives. However, the most important message here is
that for what concerns the sublethal effects, the NOEC for various parameters on
the queenright colony performance obtained in the greenhouse test (2 ppb) corre-
lated very well with the NOEC as determined in the new behavior assay with
queenless microcolonies in the laboratory (<2.5 ppb). Overall, these results showed
that the new behavior assay can be used for a true risk assessment of sublethal
impairments of foraging behavior, and this under laboratory conditions.

This newly developed behavior test also has a great practical advantage in
that a flight cage is not necessary, because the 20-cm long plastic tube suffices to
reveal impairments of foraging behavior, allowing a relatively easy first screen-
ing assay to be performed in the laboratory. These results can then be used in a
tiered-kind approach. Although a long-term toxicity test should be performed
under more natural conditions as in the field, bumblebees need to collect food
over a longer distance than 20 cm; according to Wolf & Moritz (2008) B. ter-
restris forages a maximum of 800 m from their nest.

In addition, apart from nest reproduction, sublethal effects may also affect
other behavioral traits and it would be useful to evaluate how flower visitation
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and homing ability of queenright bumblebee colonies might be affected by for-
aging on flower-containing fields.

The concentrations that we observed as detrimental in the behavior test are
environmentally relevant. The (lethal) LC50 is 20 ppb and the (sublethal) EC50
is 3.7 ppb, whereas the respective NOECs are 10 and <2.5 ppb. Based on Tasei et
al. (2000) who reported a daily intake of 4.8 ng imidacloprid per worker, we can
estimate a respective daily uptake of imidacloprid of 2.8 and 5.2 ng per worker,
with a chronic exposure of 10 and 20 ppb imidacloprid in the sugar water, as we
measured a daily sugar water consumption of 277 and 244 μl per bumblebee in
the laboratory behavior and the greenhouse experiment, respectively. These
amounts are environmentally realistic. A field survey, conducted in French api-
aries recovered residues of imidacloprid and 6-chloronicotinic acid (an imidaclo-
prid metabolite) in 69% of the samples with values ranging from 1.1 to 5.7 ppb
(μg/kg) pollen (Chauzat et al. 2006). Similarly, Schmuck et al. (2001) reported
that the residues of entire non-metabolized imidacloprid in the nectar and pollen
extract reached 1.9 and 3.3 μg/kg, respectively. However little is known about the
future of residues of pesticides when contaminated pollen and nectar are brought
to the hive and stored, and whether they are conserved or metabolized.

Finally, as a general conclusion, the experiments in this paper using a simple
behavior assay in the laboratory showed that concentrations of pesticides, that
may be considered safe for bumblebees in a classical toxicity assay, can have a
negative influence on their foraging behavior, leading to a loss of worker sur-
vival and nest reproduction. Therefore, it is recommended that behavior is
included in risk assessment tests. However, before making final conclusions, a
thorough knowledge of environmentally relevant concentrations of these pesti-
cides is necessary and the pesticides as well as combinations of pesticides should
also be evaluated in more realistic field situations for the assessment of poten-
tially deleterious effects on foraging behavior using whole bee colonies.
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