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Abstract Bumble bees are important pollinators whose
populations have declined over recent years, raising
widespread concern. One conspicuous threat to bumble
bees is their unintended exposure to trace residues of sys-
temic neonicotinoid pesticides, such as imidacloprid,
which are ingested when bees forage on the nectar and
pollen of treated crops. However, the demographic conse-
quences for bumble bees of exposure to dietary neonicot-
inoids have yet to be fully established. To determine
whether environmentally realistic levels of imidacloprid
are capable of making a demographic impact on bumble
bees, we exposed queenless microcolonies of worker
bumble bees, Bombus terrestris, to a range of dosages of
dietary imidacloprid between zero and 125 pg L™' and
examined the effects on ovary development and fecundity.
Microcolonies showed a dose-dependent decline in fecun-
dity, with environmentally realistic dosages in the range of
1 pg L' capable of reducing brood production by one
third. In contrast, ovary development was unimpaired by
dietary imidacloprid except at the highest dosage. Imida-
cloprid reduced feeding on both syrup and pollen but,
after controlling statistically for dosage, microcolonies that
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consumed more syrup and pollen produced more brood.
We therefore speculate that the detrimental effects of
imidacloprid on fecundity emerge principally from nutrient
limitation imposed by the failure of individuals to feed.
Our findings raise concern about the impact of neonicoti-
noids on wild bumble bee populations. However, we rec-
ognize that to fully evaluate impacts on wild colonies it
will be necessary to establish the effect of dietary neoni-
cotinoids on the fecundity of bumble bee queens.

Keywords Bombus terrestris microcolonies -
Demographic toxicology - Fecundity - Neonicotinoid
pesticides - Ovary development - Sublethal effects

Introduction

Animal pollinators play an important role in global food
production (Klein et al. 2007) and in maintaining wild
plant communities (Kearns et al. 1998; Ashman et al.
2009). Wild and managed bees are important pollinators
whose populations have declined over recent years
(Goulson et al. 2008; van Engelsdorp et al. 2010; De la Rua
et al. 2009) raising widespread concern (Allen-Wardell
et al. 1998; Potts et al. 2010). The detrimental factors
affecting bee populations are likely to be multiple and
interacting (Williams and Osborne 2009), but one con-
spicuous threat is their unintended exposure to agricultural
pesticides that protect crops from pest herbivores (Desneux
et al. 2007). Neonicotinoids, such as imidacloprid, are
among the most effective and widely used pesticides
employed to control common insect pests such as aphids
and whiteflies (Elbert et al. 2008). They are synthetic
neurotoxins that act as agonists of nicotinic acetylcholine
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receptors to disrupt the nervous system of pests to lethal
effect (Matsuda et al. 2001). Applied as a seed dressing or
foliar spray, neonicotinoids are taken up by plants and
distributed systemically (Sur and Stork 2003) to target pest
herbivores that consume sap and plant tissues. Bees are non-
target organisms that ingest dietary residues of neonicoti-
noids in the nectar and pollen of treated mass-flowering crops
(Rortais et al. 2005). Bees are exposed to dietary trace resi-
dues, defined here as the range up to 10 g insecticide kg™~"
(=parts per billion or ppb), when foraging on several crops
(reviewed in Blacquiére et al. 2012). For example, imida-
cloprid residues ranging from 1.1 to 5.7 ppb were detected in
pollen collected from French honey bee colonies (Chauzat
et al. 2006). In treated sunflowers, Helianthus annuus L.,
imidacloprid residues in pollen averaged 3 ppb in field crops
and reached 1.9 ppb in nectar and 3.3 ppb in pollen of
greenhouse plants (Schmuck et al. 2001; Bonmatin et al.
2003). Pollen from imidacloprid-treated maize, Zea mays L.,
and oilseed rape, Brassica napus L., contained residues of
2.1 ppb (Bonmatin et al. 2005) and 1.0 ppb (Cresswell, pers.
obs.) respectively, whilst the nectar of Phacelia tanacetifolia
Benth. contained imidacloprid residues up to 10 ppb when
sampled from the honey sac of foraging bees (Decourtye
et al. 2003). Clothianidin, another major neonicotinoid, was
detected in pollen from treated maize and in wild flowers
growing near to treated fields at levels of 3.9 and 9.4 ppb,
respectively; however, residues reached 88 ppb (nine times
our defined field-realistic range) in pollen collected by
honeybees foraging on treated crops (Krupke et al. 2012).
Quantifying population-level responses to a xenobiotic
provides an important basis for assessing its potential for
ecological impact (Walthall and Stark 1997; Forbes and
Calow 1999; Herbert et al. 2004). In protecting the sus-
tainability of a non-target species, we are particularly
interested in establishing whether a realistic level of
exposure to a pesticide is capable of causing the population
to decline. In the past, certain pesticides have proven
capable of causing population declines in non-target
species and have been implicated as culprits by their evi-
dent detrimental effects on demographically relevant
variables. For example, the insecticide dichlorodiphenyl-
trichloroethane (DDT) caused population decline in pred-
atory bird species through reduced fecundity (Grier 1982).
By analogy with such cases, some have asserted that
neonicotinoids are a cause of bee declines (Hansard 2011),
but in actuality the demographic consequences for bees of
exposure to trace dietary neonicotinoids have yet to be
fully established. In laboratory and semi-field trials on
honey bees (Apis mellifera L.), trace dietary imidacloprid
reduced performance on a variety of measures by between
6 and 20 % (Cresswell 2011), but uncertainty remains over
the population-level implications of these effects. In field
trials on honey bees, exposure to dietary neonicotinoids
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impacted on forager survival and colony dynamics in one
recent study (Henry et al. 2012), whereas colony persis-
tence was unaffected by neonicotinoids in other studies
(Faucon et al. 2005; Cutler and Scott-Dupree 2007; but
note, Cresswell (2011) showed these trials only had suffi-
cient statistical power to detect severely detrimental
impacts). We therefore further investigated the potential
for neonicotinoids to make a demographic impact and,
specifically, we examined the effects of trace dietary intake
on reproduction in bees.

We focus on bumble bees, Bombus spp., which are
important pollinators of both agricultural crops (Goulson
2003a) and wild plants (Goulson et al. 2008). While
declines among managed honey bee populations in some
regions have received widespread recognition (van Engelsdorp
et al. 2010; De la Rua et al. 2009), evidence of population
decline among bumble bees has also accumulated
(Cameron et al. 2011). In the UK, for example, more than
half of extant bumble bee species are rare or in decline
(Williams and Osborne 2009). However, it is unclear
whether dietary neonicotinoids could be implicated in
bumble bee declines because the results of previous
investigations are inconsistent. Following laboratory
exposure to dietary imidacloprid at 6 or 12 ppb, colonies of
the buff-tailed bumble bee, Bombus terrestris L., suffered
reduced colony growth and queen production whilst
developing under field conditions (Whitehorn et al. 2012).
Under laboratory conditions, dietary imidacloprid in the
range between 6 and 25 ppb affected the survivorship of
B. terrestris in one study (Tasei et al. 2000), but not in
another (Mommaerts et al. 2010). In colonies of the wes-
tern bumble bee, Bombus occidentalis G., reproduction was
unaffected by dietary imidacloprid (Morandin and Winston
2003), but in contrast imidacloprid reduced reproductive
output in B. terrestris (Tasei et al. 2000; Mommaerts et al.
2010). Furthermore, these detrimental effects have been
demonstrated principally at dosages above the range that
bumble bees encounter in the nectar and pollen of imida-
cloprid treated crops, so it remains uncertain whether
environmentally realistic exposures are capable of making
a demographic impact on wild bumble bee populations. We
therefore investigated the effect of dietary imidacloprid on
brood production in bumble bees, and we tested a range of
dosages that included the environmentally realistic range.

In order to investigate the influence of dietary neoni-
cotinoids on brood production, we made use of the capacity
of worker bumble bees to produce unfertilized eggs that
mature into male drones (Amsalem et al. 2009). In this
eusocial species, bumble bee queens normally dominate the
reproductive output of the colony and the workers make
only a small contribution (Alaux et al. 2004; Lopez-Vaa-
monde et al. 2004). However, bumble bee workers adap-
tively upregulate their reproduction in colonies rendered
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queenless (Alaux et al. 2007). ‘Microcolonies’ are nests
comprising a small group of worker bees that are allowed
to develop, in the absence of a queen, until a worker
becomes dominant and begins laying eggs while the others
forage and care for brood (Blacquiere et al. 2012). This
method enables the convenient evaluation of both lethal
and sub-lethal effects of dietary neonicotinoids using
multiple replicates (Blacquiere et al. 2012). In this study,
we used queenless microcolonies to evaluate the effects of
imidacloprid on ovary development and fecundity in
B. terrestris.

Methods
Microcolonies

We obtained three domesticated queenright colonies of
B. terrestris, each consisting of a single queen, approxi-
mately 150 workers, and brood at various stages of devel-
opment (Natupol Beehive; Koppert B.V., Berkel en
Rodenrijs, Netherlands). Groups of B. terrestris workers
rendered queenless develop their ovaries and begin to ovi-
posit after approximately 7 days (Alaux et al. 2007; Am-
salem et al. 2009) and we made use of this reproductive
plasticity in the laboratory by grouping together workers
into queenless microcolonies. We placed 328 individual
workers into microcolony boxes in groups of four (second
and third trials) or five (first trial). The allocation of workers
to microcolonies was randomised, but each microcolony
contained workers from the same original queenright col-
ony. Microcolonies were housed in a softwood box (internal
dimensions: 120 x 120 x 45 mm) with a plywood base
and a transparent acrylic cover with ventilation holes. A
central wooden partition separated each box into two equal
sized compartments, but workers had access to either
compartment through a centrally drilled hole. Additional
holes in the side of the box accommodated 2 mL micro-
centrifuge tubes (Simport, Beloeil, Canada) that were
punctured so as to function as sugar syrup feeders. We
maintained microcolonies for 14 days in a controlled
environment (24-27 °C, 23-43 % relative humidity,
10:14 h light:dark period). Before exposure to imidaclo-
prid, workers were given 24 h to forage ad libitum on
control sugar syrup (Attracker: fructose/glucose/saccharose
solution, 1.27 kg L™"; Koppert B.V., Berkel en Rodenrijs,
Netherlands). During this period we removed a small
number of dead bees and replaced them with workers from
the same original queenright colony.

Imidacloprid was obtained as a solution in acetonitrile
(Dr. Ehrenstorfer GmbH, Augsburg, Germany, product
code L 14283700AL). Acetonitrile was removed by evap-
oration in a vacuum concentrator (ScanSpeed MaxiVac

Beta; LaboGene ApS, Lynge, Denmark) and the imida-
cloprid was resuspended in deionised water before being
mixed into syrup. After feeding on control syrup for 24 h,
each microcolony was provided with a pollen ball, which
was not dosed with imidacloprid, and feeders containing
either control syrup or a syrup with one of the following
dosages of imidacloprid (units are pg imidacloprid L™'):
125.00, 50.00, 20.00, 8.00, 3.20, 1.28, 0.51, 0.20, 0.08. The
level of replication was such that we had a total of 6, 3, 5,
5,7,17,7,5, 6, and 15 microcolonies treated with dosages
of 125.00, 50.00, 20.00, 8.00, 3.20, 1.28, 0.51, 0.20, 0.08,
and 0 pg L™" imidacloprid, respectively. Once dosing
began, we monitored microcolonies daily for mortality and
brood production and dead bees were no longer replaced.
Feeders were weighed each day to measure the consump-
tion of syrup and fresh syrup at the appropriate dosage was
provided as required. Pollen balls were prepared by
grinding pollen pellets collected from honey bee hives
(Werner Seip Bioprodukte, Butzbach, Germany) into a
powder and mixing the mass with water to form dough.
The pollen balls (mean mass = 5.4 g, SE = 0.03 g) pro-
vided workers with a protein source and a substrate for nest
building, and they were weighed before and after the
experiment to assess pollen consumption. In our analysis,
we corrected for evaporation of water from syrup and
pollen based on the mass change of several feeders and
pollen balls kept in empty microcolony boxes under iden-
tical experimental conditions. Three trials each comprising
14 days (1 day of acclimatisation and 13 days of imida-
cloprid exposure) were conducted between November 2010
and March 2011. Across the entire study, the number of
microcolonies originating from a single queenright parent
colony was distributed approximately evenly within dosage
treatments and across trials.

To verify the concentration of imidacloprid in our doses,
we prepared the usual range of experimental dosages, but
in water rather than syrup to facilitate analysis. Samples
were analysed in an Agilent 1200 series liquid chromato-
graph interfaced via an electrospray ionisation source to an
Agilent 6410 triple quadrupole mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) and using methods
adapted from Takino and Tanaka (2006). Specifically,
samples and standards (10 pL) were injected onto an
Eclipse Plus (Agilent Technologies, Santa Clara, CA,
USA) C,g reverse phase column (150 mm x 2.1 mm,
3.5 um). Mobile phase A was 2 % acetonitrile + 0.1 %
formic acid. Mobile phase B was 95 % acetoni-
trile + 0.1 % formic acid. The elution conditions were:
0 min—0 % B, 1 min—70 % B, 10 min—80 % B,
10.2 min—100 % B, 12 min—100 % B; with a flow rate
of 0.3 mL min~"' increasing to 0.45 mL min~"' at 10 min.
The source N, gas temperature was held at 350 °C with a
flow of 11 L min~" and a nebulizer pressure of 35 psi. The
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capillary voltage was 4 kV. Fragmentor and collision
energy voltages were 40 and 20 V, respectively. Imida-
cloprid was identified and quantified by selected reaction
monitoring (SRM) using the product ion m/z 209 derived
from the precursor ion of m/z 256. Samples of each dosage
were spiked with a reference standard of 100 mg L™'
[*H]imidacloprid (Sigma-Aldrich, Gillingham, UK). The
deuterated imidacloprid was detected using a precursor ion
m/z of 260 and a product ion m/z of 213. Imidacloprid
concentrations in the dilution series were quantified by
comparing peak areas from [*H]imidacloprid to peak areas of
non-labelled imidacloprid in SRM chromatograms. The
instrument response was linear over the range 0.061-125
pg L~! imidacloprid and we found that all dosages contained
appropriate levels of imidacloprid (measured imidaclo-
prid = 1.14 x nominal dosage + 0.86: > > 0.99).

Ovary development and fecundity

After 14 days, we killed the worker bees and removed their
laid eggs and larvae. The bees were dissected in phosphate-
buffered saline to remove their ovaries. Each worker ovary
contained four ovarioles and in each ovariole there were
several oocytes. Using image analysis software (ImageJ;
http://rsbweb.nih.gov/ij/), we measured the length, width
and area of each intact terminal (proximal) oocyte from
each dissected ovary (mean number of oocytes measured
per ovary = 3.8, SE = 0.04) and each laid egg. The mean
size of all intact terminal oocytes per ovary and the size of
the largest terminal oocyte per bee were taken as measures
of ovary development. We removed a forewing from each
worker and recorded the length of the radial cell as a proxy
for body size (Medler 1962). We also dissected and mea-
sured the oocytes of 10 workers taken directly from their
original queenright colony in order to calculate the change
in ovary development of workers during their time in the
microcolony. All microcolony dissections, ovary dissec-
tions, and oocyte measurements were performed by oper-
ators who were unaware of the imidacloprid dosage that
corresponded to the specimens.

Statistical analyses

To test whether the fecundity of B. terrestris microcolonies
responded to dietary imidacloprid, we fitted a relationship
between brood production and dosage with a Poisson error
structure and a ‘random effects’ term to account for over-
dispersion. Specifically, we fitted a Bayesian Hierarchical
Model (BHM) as follows: brood ~ Poisson(u); and log(p)
~ o + B * log(dosage) + A. Here, o and f are fitted
coefficients, which are analogous to the conventional
regression coefficients of slope and intercept; and the
‘random effects’ term, A, has a normal distribution with a
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mean of zero. We fitted the BHM using WinBugs (Lunn
et al. 2000) and obtained 95 % confidence intervals with
20,000 iterations of Bayesian inference using a Markov
Chain Monte Carlo method with Gibbs sampling.

To estimate the number of workers in each microcolony
with mature oocytes inside their ovaries, we compared the
longest terminal oocyte inside each bee’s ovaries to the
mean length of eggs laid in microcolonies fed control syrup
(mean length = 3.0 mm, SE = 0.02 mm, N = 146). A
worker was deemed to have mature oocytes if the length of
the longest terminal oocyte in its ovaries was at least
3 mm.

Among microcolonies, we analyzed variation in mean
oocyte size and number of workers with mature oocytes
due to imidacloprid dosage using one-way Analysis of
Variance (ANOVA) because the dose-response relation-
ship was non-linear, which precluded the use of ANCOVA.
Where ANOVA detected a significant response to dosage,
we compared between selected dosage groups with
orthogonal contrasts.

In order to test for dosage-independent effects on
fecundity and ovary development of variation among
microcolonies in feeding rate and body size, we used
partial correlation analysis to control for imidacloprid
dosage. All statistical analyses were conducted in R version
2.10 (Ihaka and Gentleman 1996).

Results

In our experiment, microcolonies began to lay eggs after
approximately 7 days. After 14 days, microcolonies had
laid up to 39 eggs and some offspring had progressed to a
larval stage. In our analyses, we take the fecundity of a
microcolony during the experimental period to be the total
number of the brood it produced comprising both laid eggs
and larvae. Levels of fecundity and the effects of dosage
were highly similar in the three experimental trials and the
data were pooled for analysis. During the 13 days of imi-
dacloprid exposure, total mortality comprised one dead
worker in a single microcolony exposed to imidacloprid at
125 pg L0

Dosage effects

Worker fecundity declined significantly with increasing
dosage of dietary imidacloprid (Spearman’s p = —0.61,
N =76, P <0.001; Fig.1). Using BHM, the best
description of the dose-response relationship was broo-
d = exp[2.49 — 1.84 * log(dosage)] and the overdisper-
sion parameter was estimated as 4 = 1.39. Based on this
relationship, exposure to imidacloprid at an environmen-
tally realistic level of 1 pg L' (=1.27 ppb) results in a
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Fig. 1 Fecundity (y-axis: number of brood individuals per microcol-
ony) of B. terrestris worker microcolonies (N = 76) after 14 days,
including 13 days of exposure to dietary imidacloprid in dosed sugar
syrups (x-axis: concentration of imidacloprid in syrup in pg L7h.
The solid line indicates the best-fit dose-response relationship and the
dashed lines indicate the relationship’s 95 % confidence intervals

42 9% reduction in worker fecundity (95 % CI: 33 %,
51 %; Fig. 1). There was no effect of dosage on the
number of days elapsing before the first oviposition was
observed in a microcolony (mean elapsed days = 7.5,
SE = 0.5; Spearman’s correlation: elapsed days versus
dosage, p = —0.04, N = 57, P = 0.75).

In the microcolonies, per capita daily rates of feeding
declined with increasing dosage of imidacloprid for both
syrup and pollen (Spearman’s correlation: syrup feeding
rate versus dosage, p = —0.63, N = 76, P < 0.001; pollen
feeding rate versus dosage, p = —0.63, N=76, P <
0.001; Fig. 2). Despite consuming less syrup, bees exposed
to higher dosages nevertheless ingested larger amounts of
imidacloprid (Fig. 2).

Compared to bees collected from the queenright colony at
the beginning of the experiment, individuals examined after
the 14-day experimental period had ovaries with larger
oocytes at all but the highest dosage of imidacloprid (Fig. 3).
All measures of oocyte size in microcolonies (mean length,
width and area) and the number of workers with mature
oocytes per microcolony were affected significantly by
imidacloprid dosage (one-way ANOVA: oocyte size,
Fo4, <777, P <0.001; number of workers with mature
oocytes, Fg 4, = 3.7, P < 0.01). By any measure, oocytes
were smaller in bees from microcolonies exposed to imida-
cloprid at 125 pg L™' (159 ppb) when compared to all other
dosages (orthogonal contrast: t < —6.6, P < 0.001; Fig. 3).
However, no dose-dependent variation in oocyte size was
evident among bees exposed to dosages below 125 pg L'
on any measure (one-way ANOVA: Fg3; < 1.5, P > 0.20;
Fig. 3). There were fewer workers with mature oocytes in
microcolonies at 125 pg L™ compared to all other dosages
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Fig. 2 a Daily syrup feeding rate (left y-axis: mean per capita
feeding rate of microcolony in mg, denoted by circular symbol) and
daily imidacloprid intake (right y-axis: mean per capita imidacloprid
intake in microcolony in ng, triangle) in B. terrestris worker
microcolonies (N = 76) fed for 13 days on imidacloprid-treated
sugar syrup (x-axis: concentration of imidacloprid in syrup in pug L™")
and untreated pollen. b Daily pollen feeding rate (y-axis: mean per
capita feeding rate in microcolony in mg) in B. terrestris worker
microcolonies (N = 76) fed for 13 days on imidacloprid-treated sugar
syrup and untreated pollen. Error bars indicate 1 SE

(orthogonal contrast: t = —4.2, P < 0.001), but no signifi-
cant difference was detectable among the numbers of
workers with mature oocytes in microcolonies exposed to
imidacloprid at dosages below 125 pg L™' (mean number of
workers with mature oocytes per microcolony = 1.39,
SE = 0.11; one-way ANOVA: Fg3; = 1.12, P = 0.38).

Dosage-independent effects

After controlling statistically for the effects of imidacloprid
and mean body size in a microcolony, fecundity increased
significantly in microcolonies with higher per capita daily
rates of feeding for both syrup and pollen (Pearson’s partial
correlation: fecundity versus syrup feeding rate, r = 0.36,
df = 50, P < 0.01; fecundity versus pollen feeding rate,
r = 0.40, df = 50, P < 0.01). There was no effect of mean
body size on fecundity, independent of imidacloprid dos-
age and daily feeding rates (Pearson’s partial correlation:
r = —0.10, df = 50, P = 0.50).
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Fig. 3 Terminal oocyte area (y-axis: mean area of terminal oocytes
in individuals from a microcolony) of B. ferrestris workers (N = 231)
in microcolonies (N = 76) after 14 days, including 13 days of
exposure to dietary imidacloprid in dosed sugar syrup (x-axis:
concentration of imidacloprid in syrup in pug L™"). Error bars indicate
1 SE. The solid horizontal line indicates the mean terminal oocyte
area of workers (N = 10) in the queenright colony before the
microcolony experiment was conducted and the associated dashed
lines indicate 1 SE

Daily rates of feeding did not significantly affect the
mean size of terminal oocytes in a microcolony (Pearson’s
partial correlation: mean oocyte area versus syrup feeding
rate, r = 0.24, df = 50, P = 0.08; mean oocyte area ver-
sus pollen feeding rate, r = 0.26, df = 50, P = 0.06), nor
was there a correlation between mean terminal oocyte size
and body size of individual bees (Spearman’s p = 0.01,
N =231, P = 0.89).

Discussion

The key result emerging from our work is that ingestion of
imidacloprid at environmentally realistic levels substan-
tively reduced the fecundity of worker bumble bees. This
finding is consistent with those of previous studies, which
have shown that exposure of B. terrestris workers to die-
tary imidacloprid at 10 ppb in feeder syrup reduced larval
production by 43 % (Tasei et al. 2000) and drone pro-
duction by between 41 and 62 % (Tasei et al. 2000;
Mommaerts et al. 2010). However, wild bees are probably
exposed to imidacloprid residues lower than 10 ppb when
they consume the nectar and pollen of treated crops
(Bonmatin et al. 2003, 2005; Chauzat et al. 2006). We have
now demonstrated that dietary trace residues of imidaclo-
prid in the range of 1 ppb can reduce worker fecundity by
at least one third.

Our methodology is likely to have produced realistic
exposures to dietary imidacloprid. The amount of imida-
cloprid ingested by foraging honey bees in nectar and pollen
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is estimated to be between 152 and 610 pg per day (Rortais
et al. 2005). In our experiments, B. terrestris workers
ingested on average 587 pg of imidacloprid per day when
feeding on syrup dosed with imidacloprid at 1.63 ppb
(1.28 ug LY, which is in the lower range of field-realistic
concentrations. In actuality, individual bumble bees proba-
bly consume more nectar in a day than honey bees
(Thompson and Hunt 1999); therefore, our observations may
be reasonably used as a minimum estimate of the effects on
the fecundity of worker bumble bees that feed exclusively on
real nectars containing imidacloprid residues.

Our findings raise further concern about the impact of
systemic neonicotinoids on wild bumble bee populations.
A recent review summarising 15 years of research on the
hazards of neonicotinoids to bees highlighted the sub-lethal
effects of exposure in the laboratory to neonicotinoids
>6 ppb on reproduction and behaviour in bumble bees
(Blacquiere et al. 2012). We have now shown that dietary
neonicotinoids in the range <6 ppb can cause substantive
sub-lethal effects on bumble bee reproduction. However,
we recognize that to fully evaluate impacts on wild colo-
nies it will also be necessary to establish whether the
fecundity of bumble bee queens is as sensitive to a dietary
neonicotinoid as that of workers. Whitehorn et al. (2012)
demonstrated that exposure of young B. terrestris colonies
to dietary imidacloprid at 6 ppb for 14 days reduced col-
ony growth after 8 weeks by 8 % and queen production by
85 %. The underlying mechanism was not studied, but we
speculate that reduced fecundity in queens during imida-
cloprid exposure could account for these observations.
Additionally, it will be necessary to evaluate the capacity
of bumble bees to recover from the short-term pulsed
exposure to dietary neonicotinoids that is likely to occur
during the synchronous bloom of a mass-flowering neoni-
cotinoid-treated crop. Consider, for example, the interac-
tion between bumble bees and neonicotinoid-treated
oilseed rape, which probably provides the most widespread
exposure of bees to dietary neonicotinoids in Europe. In the
UK, a field of winter-sown oilseed rape blooms for around
28 days with approximately 75 % of the flowering occur-
ring over a peak period of about 18 days in April and May
(Hoyle et al. 2007). A bumble bee colony is initiated in
spring; it develops over several months and typically
delays the production of new queens and drones until its
latter stages (Goulson 2003b), which are therefore likely to
emerge after oilseed rape has flowered. Other insects, such
as aphids, whitefly and midges, are able to recover once a
neonicotinoid disappears from their diet (Nauen 1995;
Azevedo-Pereira et al. 2011; He et al. 2011). If the
fecundity of a bumble bee colony recovers as the levels of
dietary neonicotinoid diminish, the impact on reproduction
and colony growth may be less severe than otherwise, but
this speculation awaits further research.
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In our study, the strongly detrimental effects of imida-
cloprid on fecundity at dosages of 63.5 ppb (50 pg L™
or lower were not due to impaired ovary development.
Similarly, ovary development in the Eastern bumble bee,
B. impatiens C., was sensitive only to very high dietary
concentrations of the alkaloid gelsemine, which occurs
naturally in the nectar of Gelsemium sempervirens L.
(Carolina jessamine) (Manson and Thomson 2009). We
therefore speculate that ovary development in bumble bees
may be somewhat resilient to dietary toxins in general.

Except at relatively high dosages (i.e. above 150 ppb),
the detrimental effect of imidacloprid on worker fecundity
also cannot be explained by delayed brood production.
When brood was produced, we observed egg cells in
microcolonies after approximately 1 week, regardless of
imidacloprid dosage, and this timescale is entirely typical
of B. terrestris workers in queenless colonies (Alaux et al.
2007; Amsalem et al. 2009).

Indeed, the precise toxicological mechanisms that
caused the detrimental effects of imidacloprid on bumble
bee fecundity at dosages below 159 ppb are not revealed
by our study. An individual bee’s physiological function is
tightly integrated with its nervous system and therefore the
effects of a dietary neurotoxin are probably manifold.
However, we observed that dietary imidacloprid reduced
feeding on both syrup and pollen and that microcolonies
that consumed more syrup and pollen produced more
brood. Carbohydrates (Murphy et al. 1983; Boggs 1997;
O’Brien et al. 2000) and protein (Webster et al. 1979;
Wheeler 1996) are essential components for brood pro-
duction in insects and we therefore speculate that reduced
feeding imposed nutrient limitation on reproduction.

Reduced feeding on dosed syrup could be an indication
that dietary imidacloprid is an aversive stimulus to workers
or that imidacloprid reduced the bees’ ability or need to
feed. However, the initial reduction in feeding rate due to
imidacloprid intensifies over successive days (Cresswell,
pers. obs.), which suggests that it has a basis in toxicity
rather than aversion. In our experiment, feeding on dosed
syrup was accompanied by reduced feeding on untreated
pollen. This phenomenon may be an adaptive response by
workers that are attempting to maintain a constant protein
to carbohydrate (P:C) ratio, because honey bee workers
rendered queenless and fed a choice of diets are known to
maintain strict P:C ratios (Altaye et al. 2010). In summary,
we have shown dietary imidacloprid at levels up to
approximately 65 ppb fails to prevent bumble bee workers
from developing their reproductive organs and we
hypothesize that its detrimental effects on fecundity
emerge in whole or in part from nutrient limitation imposed
by the failure of individuals to feed.

We found that bumble bee workers feeding on syrup
at the highest dosage, 159 ppb, neither developed their

ovaries fully nor laid eggs, and that microcolonies feeding
on syrups at dosages of 25.4 ppb (20 pg L") or less both
developed ovaries to the same degree as those feeding on
undosed syrup and were capable of laying eggs. However,
the workers in microcolonies exposed to an intermediate
dosage of imidacloprid, 63.5 ppb, developed their ovaries,
but did not lay eggs. This situation is similar to that
observed among isolated B. ferrestris workers (Amsalem
et al. 2009), who require a social stimulus to initiate brood
production. We therefore speculate that imidacloprid at
63.5 ppb may have disrupted social interactions and
thereby repressed oviposition in these workers; however,
we acknowledge the possibility that imidacloprid may be
involved in repression of egg laying at the individual level
via a non-social mechanism. While dietary neonicotinoids
are able to affect behavioural performance in honey bees
(Lambin et al. 2001; Decourtye et al. 2003, 2004), further
investigation is necessary to establish whether dietary
neonicotinoids are capable of disrupting behavioural
aspects of sociality in bees.
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