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Summary

1. Bees are exposed to pesticides when foraging in agricultural areas and growing evidence
suggests that such compounds can be harmful to managed and wild populations. Given the
economic and ecological importance of bees, and the evidence of widespread population
declines, the full impacts of pesticides and their interactions with other stressors in the envi-
ronment need to be investigated.

2. Here, we focus on the impacts of chronic exposure to the commonly used pyrethroid pesti-
cide lambda (A)-cyhalothrin on the bumblebee Bombus terrestris at both the individual and
colony level. Furthermore, we investigated the interactions of pesticide exposure with a highly
prevalent trypanosome parasite Crithidia bombi. Colonies were exposed to A-cyhalothrin in
the laboratory, and colony growth and reproductive output were monitored for up to
14 weeks. The potential interactions between the pesticide and C. bombi were investigated by
quantifying the impact of pesticide treatment on susceptibility to, and success of experimental
infections, as well as the survival of workers. Male survival after larval pesticide exposure
was also monitored.

3. Pesticide-treated colonies produced workers with a significantly lower body mass. How-
ever, out of the twelve variables of colony development measured, this was the only metric
that was significantly affected by pesticide treatment and there was no subsequent significant
impact on the reproductive output of colonies.

4. Lambda-cyhalothrin had no significant impact on the susceptibility of workers to
C. bombi, or intensity of parasitic infection.

5. Pesticide exposure did not cause differential survival in workers or males, even when
workers were additionally challenged with C. bombi.

6. Synthesis and applications. Chronic exposure to A-cyhalothrin has a significant impact on
worker size, a key aspect of bumblebee colony function, particularly under conditions of lim-
ited food resources. This could indicate that under times of resource limitation, colonies
exposed to this pesticide in the field may fail. However, the lack of other impacts found in
this study indicate that further field trials are needed to elucidate this.

Key-words: agrochemicals, beneficial insects, bumble bees, colony success, ecosystem ser-
vices, insecticide, neonicotinoid, parasite—pesticide interactions, pollinator, pollinator decline

Introduction

Wild bee populations are declining at a global scale (Wil-
liams 1982; Biesmeijer et al. 2006; Brown & Paxton 2009;
Williams & Osborne 2009; Cameron et al. 2011). Given the
economic and ecological importance of pollinating insects
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such as bees (Klein ez al. 2007; Ollerton, Winfree & Tarrant
2011), an understanding of the underlying causes of these
declines is vital (Potts et al. 2010a; Dicks et al. 2013; Van-
bergen et al. 2013). Several factors have been implicated in
declines, including habitat loss (Williams 1986; Osborne,
Williams & Corbet 1991; Carvell er al. 2006), parasites and
disease (Colla et al. 2006; Cameron et al. 2011; Meeus
et al. 2011), and the introduction of non-native species
(Thomson 2004; Stout & Morales 2009). There is also
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mounting evidence that bees are regularly exposed to pesti-
cides (Chauzat et al. 2009; Mullin ez al. 2010) and that
some of these compounds are detrimental to bees, even at
sublethal levels (Johnson ef al. 2010; Cresswell 2011; Gill,
Ramos-Rodriguez & Raine 2012; Henry er al. 2012;
Whitehorn et al. 2012; Bryden et al. 2013).

Most research into the impacts of pesticides on bees
has focused on honeybees Apis mellifera L., due to their
extensive use in commercial pollination globally, and con-
cerns over widespread honeybee losses in the USA
(vanEngelsdorp et al. 2008) and Europe (Potts et al.
2010b). However, protecting the diverse wild bee commu-
nity is equally important for commercial pollination and
maintaining wild ecosystems (Westerkamp & Gottsberger
2000; Klein et al. 2007; Breeze et al. 2011; Garibaldi et al.
2013). Bumblebees are key pollinators of agricultural
crops and wild plants (Corbet, Williams & Osborne 1991),
but their annual life cycle, relatively small colony size and
different foraging strategies to honeybees are traits which
are likely to make them more vulnerable to pesticide
exposure (Thompson 2001). Furthermore, recent evidence
suggests that honeybees and bumblebees vary in their sen-
sitivity to a neonicotinoid pesticide (Cresswell et al. 2012).
Recent studies have demonstrated sublethal effects of
pesticides on bumblebee fecundity (Laycock et al. 2012),
queen production (Whitehorn et al. 2012) and foraging
ability (Gill, Ramos-Rodriguez & Raine 2012).

The vast majority of recent available data on the suble-
thal impacts of pesticides on bumblebees focuses on neon-
icotinoids, whilst other pesticide classes remain relatively
understudied. This stands in contrast to the fact that the
usage of pesticides such as pyrethroids is widespread and
increasing, for example pyrethroid usage in the UK has
nearly doubled since the early 1990s (FERA 2012), and
given the recent EU moratorium on neonicotinoid usage
for crops attractive to bees, use of alternative pesticides is
likely to increase further. Here, we investigate the impacts
on Bombus terrestris L. colonies of exposure to a widely
used pyrethroid insecticide, lambda-cyhalothrin (A-cyhal-
othrin). This pesticide is sprayed during the flowering per-
iod on a range of crops, such as oilseed rape Brassica
napus, which provide an important bumblebee foraging
resource (Westphal, Steffan-Dewenter & Tscharntke 2003;
Knight ez al. 2009). Lambda-cyhalothrin is applied to
large areas of agricultural crops in the UK throughout
the spring and summer (e.g. 43% of oilseed rape was trea-
ted with this pesticide in 2012; Garthwaite et al. 2012a).
Bumblebee colonies in agricultural landscapes are there-
fore likely to be exposed to low levels of this compound
over extended periods of time (chronic exposure) whilst
foraging on flowering crops. Gill, Ramos-Rodriguez &
Raine (2012) found that B. terrestris colonies exposed to
A-cyhalothrin had higher levels of worker mortality during
the early stages of colony development. Our study
expands on this by exploring the long-term impact of
chronic exposure to A-cyhalothrin on B. terrestris colony
growth and the production of queens and males.
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In order to understand the full impacts of pesticides on
bumblebees in the wild we also need to consider other
stressors, such as parasites, which are likely to influence
colony success. Interactions between pesticides and para-
sites could result in a greater impact than the sum of each
stressor acting individually (a synergistic interaction),
which has been demonstrated in both vertebrates
(Kiesecker 2002) and invertebrates (Coors et al. 2008).
Such interactions have received some attention in honey-
bees (Alaux et al. 2010; Vidau et al. 2011; Aufauvre et al.
2012; Pettis et al. 2012), and more recently, bumblebees
(Fauser-Misslin et al. 2014). Whilst the above studies
explore the impacts of chronic pesticide exposure in adult
bees, little is known about how larval exposure to a pesti-
cide impacts on adult survival, or how this interacts with
parasite infection. Here, we address these important ques-
tions in the bumblebee B. terrestris. Bumblebees are hosts
to a wide range of parasites (Schmid-Hempel 1998), the
most prevalent of which in Europe is Crithidia bombi Lipa
and Triggiani (Shykoff & Schmid-Hempel 1991). This gut
parasite infects a range of bumblebee species (Ruiz-
Gonzidlez et al. 2012) and is transmitted via contaminated
faeces within the natal colony and on flower surfaces
when foraging (Durrer & Schmid-Hempel 1994). Crithidia
bombi occurrence in wild bumblebee populations varies
spatiotemporally, and across species and caste, but preva-
lence levels of up to 47-5% have been reported in spring
B. terrestris queens and up to 80% in workers (Shykoff &
Schmid-Hempel 1991). This parasite has been shown to
increase mortality in nutritionally stressed B. terrestris
workers (Brown, Loosli & Schmid-Hempel 2000) and
reduce queen fitness after a stressful hibernation period
(Brown, Schmid-Hempel & Schmid-Hempel 2003; Yourth,
Brown & Schmid-Hempel 2008). The likelihood of bum-
blebees encountering stress from a combination of para-
site and pesticide exposure in the field is therefore high,
and the interactions between these stressors need to be
determined.

In this study, we addressed the following questions: 1.
How does chronic exposure to A-cyhalothrin affect B. ter-
restris colony growth and reproductive output? 2. Are
workers exposed to A-cyhalothrin as larvae more suscepti-
ble to infection by C. bombi? 3. Do larval exposure to
A-cyhalothrin, C. hombi or a combination of both have
an impact on the survival of workers? 4. Is male survival
affected by larval exposure to A-cyhalothrin?

Materials and methods

Thirty early-stage B. terrestris colonies (containing a queen,
brood and a mean of 8 (4 0-55 S.E.) workers) were obtained
from Syngenta Bioline (Weert, the Netherlands). Colonies were
kept in a dark room (red light was used for colony manipulation)
at 25 °C. To ensure that colonies were healthy and developing
normally, they were monitored for 18 days prior to allocation to
a treatment group. All colonies were screened for the common
parasites, Crithidia bombi, Nosema bombi and Apicystis bombi, by
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microscopic examination of faecal samples from 19/24 queens
(79%), and by dissection of 10% of workers present at the time
of sampling (mean =2 £+ 0-2 S.E., range = 0-3). No infections
were found in any colonies at this stage. A laboratory set-up was
used to ensure that colonies remained parasite-free throughout
the experiment.

The number of workers per colony was counted, and each col-
ony matched to another of equivalent size. One colony in each
pair was then randomly allocated to the ‘pesticide’ treatment
group and the other to the ‘control’ group. Six of the 30 queens
(control = 4, pesticide = 2) died within the first 4 weeks of treat-
ment, due to damage caused to these colonies during transit.
These colonies were excluded from the rest of the experiment.

COLONY GROWTH AND REPRODUCTIVE OUTPUT

Colonies were exposed to A-cyhalothrin (Technical grade A-cyhal-
othrin PESTANAL, Sigma-Aldrich) via the pollen feed provided,
which was sprayed at a concentration of 37-5 ppm (the recom-
mended application rate for oilseed rape: Syngenta Crop
Protection UK, 2011), following the methods of Gill, Ramos-
Rodriguez & Raine (2012). A stock solution of A-cyhalothrin in
acetone was prepared, and a sample of this was diluted each
week with distilled water to obtain the required concentration.
The same concentration of acetone was used for the control treat-
ment. Pollen treatment took place at the same time every 7 days
(the minimum interval between applications to a single crop: Syn-
genta Crop Protection UK, 2011). Defrosted frozen pollen pellets
(Koppert Ltd, Haverhill, UK) were weighed into 10 g portions to
create a single layer in a Petri dish (diameter 8-6 cm). Pollen was
sprayed with the A-cyhalothrin or control solution from a dis-
tance of 20 cm using a fine mist sprayer to ensure even coverage.
Each Petri dish was then closed and kept in dry dark conditions
for 15 hours (overnight) at 22 °C to ensure that the solution was
absorbed into the pollen. All pesticide-treated pollen was com-
bined and mixed, before being weighed into clean Petri dishes.
The same process was repeated with the control-treated pollen.
Samples of pollen treated in this way were analysed for A-cyhal-
othrin residues using GC-MS (Food and Environment Research
Agency, Sand Hutton, York). Further details can be found in
Appendix S1 (Supporting information). The average residue in
pollen samples treated with the pesticide was 0-247 mg kg™
(£ 0-021 S.E.), which is approximately a 100-fold reduction, simi-
lar to that found by Choudhary and Sharma (2008).

A standardized amount of treated pollen was provided to each
colony once per week, based on an estimate of colony size (allow-
ing 0-5 g per bee each week). The weekly treatment represents the
minimum time interval between treatments of individual crops
(Syngenta Crop Protection UK, 2011). Treated pollen was pro-
vided to the colony in a Petri dish for 3 days and then replaced
with ad libitum untreated pollen for the remaining 4 days, this
simulated the field scenario where bees will forage for pollen on
pesticide-treated crops and untreated plants. This temporal proto-
col was chosen to account for daily fluctuations in pollen intake
(observed in a pilot experiment, G.L. Baron, unpublished data).
Colonies were also provided with ad libitum 50% Ambrosia (EH
Thorne Ltd), an inverted sugar syrup solution. The mass of trea-
ted and untreated pollen removed from the feeding dishes by
each colony was weighed to the nearest 0-1 g, on a weekly basis.
In order to check that workers would forage on treated pollen
and feed this to larvae, we undertook a pilot study using

microcolonies, observing the behaviour of individual workers
when provided with treated and untreated pollen (see Appendix
S2 and Table S1 in Supporting Information).

Workers and males that died in the colony were discarded,
whilst live males were kept for a survival experiment, or were fro-
zen. All gynes (unmated queens) were removed from the colonies
and frozen. The dates of the first male and gyne eclosion,
foundress queen death and the onset of worker egg laying
(competition point) were all recorded, as they represent the main
phases of colony development (Duchateau & Velthuis 1988;
Lopez-Vaamonde ef al. 2009).

Pesticide treatment continued for 14 weeks. The peak time of
A-cyhalothrin application to crops in the UK is from April to
July (in 2010, more than 100 000 ha of crops were treated with
A-cyhalothrin in each of these months; Garthwaite er al. 2010).
As such, a 14-week period represents a worst-case scenario and
mimics a situation where bumblebee colonies are collecting pollen
over an extended period, from a range of treated crops which are
treated at different times, with each crop potentially being treated
multiple times.

Each colony was removed from the experiment and frozen
4 weeks after the queen’s death, ensuring that all queen-laid off-
spring had eclosed. At this point a final count of workers, males
and gynes within the colony was made. All living bees removed
from the colonies were frozen at -20 °C. Frozen workers and
males from each colony (when available) were randomly subsam-
pled, and twenty of each caste were dried at 60 °C for 5 days,
from which the average dry mass of workers and males was cal-
culated for each colony (see Appendix S3 for an explanation of
this procedure). All gynes produced were dried in the same way
and weighed. The total dry mass of workers and sexual offspring
(males and gynes) produced by each colony could then be esti-
mated, by multiplying the total number of bees produced by their
average dry mass.

WORKER INFECTION AND SURVIVAL

This stage of the experiment began 4 weeks after the start of pol-
len treatment to ensure that any workers removed from the colo-
nies were exposed to the treated pollen throughout their larval
development (average worker development time is 22 days:
Duchateau & Velthuis 1988). Callow workers were only removed
from colonies on days when untreated pollen was provided.
Workers removed from each colony were allocated sequentially
to a parasite or control treatment group, resulting in a fully
crossed design (Table S2, Supporting information). Throughout
the rest of the experiment, these workers were kept in plastic
boxes (13 x 11 x 6-8 cm) containing a small amount of recycled
paper cat litter (Waitrose) to remove excess moisture, and ad libi-
tum untreated food (pollen and 50% Ambrosia solution) in a
dark room at 22 °C. After 3 days each worker was removed from
its box, starved for 3 hours and transferred into a vial containing
a 20 puL droplet (inoculum) of 50% Ambrosia solution containing
either 10 000 C. bombi cells or a control solution (acquisition and
purification of C. bombi and the control solution are described
below). Only bees which consumed all of the inoculum were
included in the experiment. A dose of 10 000 cells lies within the
range of C. bombi cells shed by infected workers which has been
reported in previous studies (5000 cells pL~' (Ruiz-Gonzélez &
Brown 2006) to 25 000 cells pL~' (Logan, Ruiz-Gonzilez &
Brown 2005)). Therefore, workers in an infected colony will be
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exposed to this level of the parasite if they ingest food contami-
nated with faeces.

Seven days after inoculation, faeces were collected from each
bee, diluted with 0-9% insect Ringer solution (Thermo Fisher,
Basingstoke, UK) to a concentration of 10%, thoroughly mixed,
and the number of C. bombi cells per microlitre of faeces was
counted using a Neubauer chamber.

Workers were monitored every day until death. Dead workers
were placed into a —20 °C freezer within 24 hours. The hindgut
of each worker was dissected out and checked microscopically for
the presence of C. hombi.

MALE SURVIVAL

Males, which had been exposed to A-cyhalothrin throughout their
development, were removed from colonies in the same way as
described above for workers. Males were kept in groups of up to
ten in communal wooden boxes (24 x 14 x 10-5 cm), provided
with ad libitum pollen and sugar water, and monitored every day
until death.

CRITHIDIA BOMBI PURIFICATION PROTOCOL

Wild B. terrestris queens, naturally infected with only C. bombi
(queens were also screened for Nosema bombi and Apicystis
bombi), were collected from Windsor Great Park, Surrey, UK
(latitude: 51-417432, longitude: —0-60481256). Local adaptations
of a parasite to its host can cause variability in infectiveness to dif-
ferent host populations (Imhoof & Schmid-Hempel 1998; Yourth
& Schmid-Hempel 2006). To select strains that would infect the
commercial colonies used in our experiment, we infected workers
from a commercial colony with a multitude of wild C. bombi
strains and used only strains infective to these stock bees for subse-
quent experimental infections. Faeces from uninfected queens from
the same wild population were fed to stock bees from the same col-
ony to provide a control. Stock bees were kept in groups of up to
20 individuals in wooden boxes (24 x 14 x 10-5 cm) and fed ad
libitum pollen and 50% Ambrosia solution. On the day of inocula-
tion of experimental workers, faeces were collected from at least
ten stock bees, then combined and diluted with 0-9% insect Ringer
solution to make a 1 ml solution. Crithidia bombi were purified
using a modified triangulation protocol developed by Cole (1970).
The C. bombi cells in the resulting solution were counted using a
Neubauer chamber, and the volume of solution that contained
10,000 cells bee™! was diluted with 50% Ambrosia solution. The
same protocol was followed for the control solution, using faeces
from uninfected stock bees.

ANALYSIS

Multivariate and univariate ANovas were used to analyse the
impacts of pesticide treatment on colony development and pro-
ductivity data (Appendix S4, Supporting information).

In order to examine any differences in pollen consumption
between pesticide and control treatment groups, and any differ-
ences within each colony in the consumption of treated and
untreated pollen, a mixed-design ANovA was performed
(Appendix S4, Supporting information).

A G-test was used to test for differences among treatment
groups in the prevalence of C. hombi both 7 days post-exposure
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and at death. A nested aANovA was used to analyse the infection
intensity of C. bombi (based on cell counts in faeces samples
7 days after parasite exposure) with the natal colony of each bee
nested within the pesticide treatment.

A generalized linear mixed model (GLMM) was used to test
for differences among treatment groups in worker survival. The
model used a gamma (log-link) distribution and included survival
time (days) as the response variable, pesticide and parasite treat-
ment as fixed factors, and colony as a random factor. Male sur-
vival was analysed in the same way, with only pesticide treatment
as a fixed factor.

All data analyses were performed using IBM SPSS, versions 19
and 20.

Results

Pesticide treatment had a significant overall effect in both
MANOVAS (MANOVA 1, F7 11 = 3-406, P = 0-034; MANOVA 2,
Fs. 16 = 3:331, P = 0-025). In the first Manova (Table 1),
this was driven by a significantly lower mean worker dry
mass in pesticide treated colonies compared to control
colonies (ANovaA, Fy 17 = 9-846, P = 0-006: Fig. 1). In the
second MANOvA no uniform trend in the effects of pesti-
cide treatment on the dependent variables was apparent
(Table 2), so a discriminant analysis was used to explore
the underlying drivers of the difference between treatment
groups. One significant discriminant function (Wilk’s
lambda = 0435, 2 = 15798, P =0-015) was identified:
the number of males produced, the total dry mass of sex-
ual offspring produced and the difference between these
were the major factors driving this discriminant function.
This is likely to be due to differences in male and gyne
production between pesticide and control colonies; on
average, pesticide-treated colonies produced a greater
number of males with a higher mean dry mass (Table 2),
but fewer gynes with a lower mean dry mass (Table 3)
compared to controls. However, these differences were
not individually significant within the maNova. Similarly,
neither the overall dry mass of sexual offspring produced
(Tables 1 and 2), nor the timing of key colony develop-
mental events, such as the competition point (ANOVA,
Fy 16 =0:616, P = 0-444) and the number of days until the
first male emerged (ANOVA, Fj 5y = 2-:563, P = 0-125), were
affected by pesticide treatment (Table S3, Supporting
information). In both MANovas, the number of workers at
the start of the experiment had a significant overall
effect (Manova 1, F7;, = 3-601, P =0-029; mAaNovA 2,
Fe16=3-178, P =0-030), with individually significant
effects on the number of workers produced, number of
males produced, the total dry mass of sexual offspring
and the number of worker mortalities (Tables 1 and 2).
The power of our data to detect differences between
treatment groups may differ across variables (Fig. S2,
Supporting information). Whilst effect sizes for the mean
dry mass of workers, mean dry mass of males and num-
ber of days until male production have tight confidence
intervals, suggesting that these results are reliable, effect
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Table 1. Colony development data from 20 B. terrestris colonies treated with either the pesticide A-cyhalothrin or a control solution,
used in statistical analysis including worker mass as a variable. Data shown are colony means (+ S.E.) and n indicates the number of
colonies per treatment group. Test statistics are from individual ANovas for the variable in each row. The overall MANOvA was significant
(see Results for details)

Control colonies

Pesticide colonies

ANOVA test statistics (including colonies with data available)

Pesticide treatment Number of workers at start

Mean (£ S.E.) Mean (+ S.E.) Error Error

Dependent variable n=11 n=9 Trend F df.  df. P F df.  df. P

Number of workers 196 (+ 35) 184 (+ 47) - 0-136 1 17 0-717 5879 1 17 0-027*
produced

Average dry mass of 0-066 (+ 0-002) 0-055 (+ 0-002) - 9-846 1 17 0-006**  0-075 1 17 0-787
workers (g)

Total dry mass of 13-221 (4 2-520) 10-624 (£ 3-004) - 0-684 1 17 0-420 3904 1 17 0-065
workers (g)

Number of males 207 (£ 47) 192 (+ 54) - 0022 1 17 0-884 7138 1 17 0-016*
produced’

Average dry mass 0-109 (& 0-008) 0-128 (+ 0-007) + 2915 1 17 0-106 1-124 1 17 0-304
of males (g)

Total dry mass of 28-057 (& 7-296)  27-059 (+ 8911)  — 0-017 1 17 0-898 5357 1 17 0-033*
sexual offspring (g)

Worker mortalities’ 57 (+ 13) 57 (+ 20) 0 0-306 1 17 0-587 3569 1 17 0-076

"Data were log;o-transformed prior to analysis. “Trend’ indicates whether the pesticide treatment had a negative or positive (but not nec-

essarily significant) effect on each variable.
Significant p-values are shown in bold: *P < 0-05, **P < 0-01.

0-070 |- *%

0-065

0-060 |~

0-055 |~

Mean (z S.E.) dry mass of workers (g)

Control Pesticide

Fig. 1. Mean dry mass of Bombus terrestris workers subsampled
from colonies treated with a control or pesticide (A-cyhalothrin).
** indicates significant difference (P = 0-006).

sizes for other variables measured (see Appendix S5, Sup-
porting information) have much larger confidence inter-
vals which cross zero, suggesting that larger samples may
be needed to definitively ascertain the impact of pesticide
treatment.

Pollen consumption increased in both treatment groups
over the first 8-9 weeks as colonies grew and then
decreased as they began to senesce (mixed-design ANOVA,
F>68. 45361 = 51:970, P < 0-005). Pesticide treatment did
not significantly affect pollen consumption in the first
9 weeks (mixed-design ANovA, F; 5 = 0-053, P = 0-821) or
the full 14 weeks of the experiment (mixed-design ANOVA,
Fy 51 = 0331, P =0-571). There was no significant effect

of whether the pollen was treated (with acetone or
A-cyhalothrin) or untreated on average daily consumption
(mean + S.E. (g) pesticide treated = 5-77 4+ 0-94; pesticide
untreated = 597 4+ 0-94; control treated = 6-72 £ 1-24;
control untreated = 6-21 + 1-28: repeated measures ANOVA,
Fi5; =0-001, P =0-972) when the total number of bees
produced by each colony was controlled for.

Pesticide treatment did not affect workers susceptibility
to C. bombi, or the intensity of infections (see Appendix
S6, Supporting information).

Worker survival was not significantly affected by pesti-
cide treatment (GLMM, F; g = 0-006, P = 0-936), para-
site treatment (GLMM, F;g9 = 1371, P = 0-245) or the
interaction between these factors (GLMM, F g9 = 0-391,
P =0-532) (Fig. 2). Similarly, male survival was not
significantly affected by pesticide treatment (mean + S.E.
(days) pesticide = 32 + 1 days; control = 31 + 2: GLMM,
Fy7=0352, P = 0-555).

Discussion

In this experiment, chronic exposure to A-cyhalothrin
resulted in the production of smaller workers by B. terres-
tris colonies. However, there were no significant impacts
on the production of gynes or males, the susceptibility of
individual workers to C. bombi, or any interactive effects
of the pesticide and parasite on worker survival.

Whilst the smaller size of workers in pesticide-treated
colonies did not result in any effects on sexual offspring
production in this study, this is unsurprising, as previous
laboratory studies also using ad /libitum food showed that
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Table 2. Colony development data from 24 B. terrestris colonies treated with either the pesticide A-cyhalothrin or a control solution,
used in statistical analysis which did not include worker mass as a variable. Data shown are colony means (+ S.E.) and » indicates the
number of colonies per treatment group. Test statistics are from individual ANovas for the variable in each row. The overall MANOVA was

significant (see Results for details)

Control colonies Pesticide colonies

ANOVA test statistics (including all colonies)

Pesticide treatment Number of workers at start

Mean (+ S.E.) Mean (+ S.E.) Error Error

Dependent Variable n=11 n=13 Trend F df. df. P F df. df. P

Queen longevity (days from 59 (£ 5) 50 (£ 6) - 2465 1 21 0-131 1-656 1 21 0-212
treatment start)*

Number of workers 196 (+ 35) 165 (+ 33) - 1517 1 21 0232 3798 1 21 0-065
produced’

Number of males produced 207 (£ 47) 239 (+ 49) + 0-035 1 21 0-854 9413 1 21 0-006**

Average dry mass of 0-109 (£ 0-008)  0-124 (£ 0-005) + 2085 1 21 0-163 0-294 1 21 0-593
males (g)

Total dry mass of sexual 28-057 (£ 7-296) 31457 (£ 7-162) + 0-035 1 21 0-853 5289 1 21 0-032*
offspring (g)

Worker mortalities’ 57 (£ 13) 70 (£ 16) - 0-084 1 21 0-775 8024 1 21 0-010%*

"Data were log;o-transformed.

Data were transformed with a reciprocal transformation prior to analysis. “Trend’ indicates whether the pesticide treatment had a nega-
tive or positive (but not necessarily significant) effect on each variable.

Significant P-values are shown in bold: *P < 0-05, **P < 0-01.

Table 3. Gyne production data from B. terrestris colonies treated with either the pesticide A-cyhalothrin or a control solution. The boot-
strapping column shows the significance and confidence intervals after bootstrapping the data 1000 times. ‘Trend’ indicates whether the
pesticide treatment had a negative or positive (but not necessarily significant) effect on each variable

Bootstrapping

95% Confidence

Intervals
Control colonies Pesticide colonies
Dependent Variable Mean (£ S.E.) Mean (+ S.E.) Trend P Lower Upper
Number of gynes produced 9(x7)n=11 I(x1l)n=13 - 0-380 —25-143 1-408
Average dry mass of gynes (g) 0-302 (£ 0-030) 0-240 (£ 0-041) - 0-181 —0-271 0-014
Total dry mass of gynes (g) 8951 (£ 6-480) 1-285 (£ 0-689) - 0-422 —33-882 1-739

bumblebee colonies are able to compensate under such
conditions (e.g. Miiller & Schmid-Hempel 1992). How-
ever, a reduction in worker size is likely to have impacts
on colony productivity in the field. Larger workers have
greater visual acuity (Spaethe & Chittka 2003), higher
antennal sensitivity (Spaethe et al. 2007), are better able
to fly under lower light conditions (Kapustjanskij et al.
2007), and are more efficient foragers (Goulson et al.
2002; Spaethe & Weidenmiiller 2002). Consequently, a
colony producing smaller workers may be less able to col-
lect sufficient food resources, which will impact on the
production of sexual offspring, and make the colony more
vulnerable to the costs associated with an energy shortfall
(Cartar & Dill 1991).

The mechanism underlying the reduced mass of workers
produced by A-cyhalothrin-treated colonies is unknown,
but could be due to differences in larval feeding. In bum-
blebees the size of an adult worker is determined by how
much it is fed during development (Sutcliffe & Plowright

1988), and so a difference in larval feeding between treat-
ment groups might account for the difference in adult
worker mass. The results of our pilot study (Appendix S2
and Table SI, Supporting information) indicate that
B. terrestris workers readily forage on A-cyhalothrin-trea-
ted pollen and feed it to larvae. Furthermore, there was
no significant effect of pesticide treatment on pollen con-
sumption by colonies, indicating that if reduced feeding of
larvae occurred, it was not due to any repellent or antifee-
dant effect of the pesticide. Previous research has identi-
fied behavioural changes in worker honeybees and
bumblebees after exposure to a range of doses of pesti-
cides (Gill, Ramos-Rodriguez & Raine 2012; Henry et al.
2012; Schneider et al. 2012) suggesting we could also see
behavioural changes relating to within nest tasks, like
brood care, potentially resulting in reduced larval feeding
by workers. Interestingly, the mass of males and gynes
produced during the current experiment was not signifi-
cantly affected by the pesticide treatment, possibly
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Fig. 2. The cumulative survival (a) and median age at death (b)
of Bombus terrestris workers exposed to a pesticide (A-cyhaloth-
rin), a parasite (Crithidia bombi), both pesticide and parasite, or
neither (control). In the box and whisker plots, the thick horizon-
tal bar is the colony median, the top and bottom of the box indi-
cate the first and third quartile, and the whiskers show the
minimum and maximum values.

suggesting that the pesticide had a stronger effect earlier
in colony development, when most larvae developed into
workers. The ratio of workers to brood is lower earlier in
the colony cycle (Duchateau & Velthuis 1988), and so
male and gyne larvae could have been buffered from any
pesticide induced reduction in larval feeding, as there
would have been more workers available for brood care.
Gill, Ramos-Rodriguez & Raine (2012) found that
some impacts of pesticide exposure on bumblebee colonies
only became apparent several weeks after exposure began,
highlighting a need for longer-term studies into chronic
exposure to pesticides (EFSA 2012). However, the profile
of pesticide exposure bees experience in the field remains
unknown. Lambda-cyhalothrin is applied to a wide range
of crops in the spring and summer (Garthwaite et al.
2012a,b), on several of which bumblebees are known to
forage (Thompson & Hunt 1999). Bumblebees are likely
to be exposed to this pesticide on a range of crops which
flower at different times. There is a paucity of data on
how compounds such as A-cyhalothrin persist in floral tis-
sue such as pollen, which makes it difficult to predict how
long bee colonies may be exposed to residues. Further-

more, it is unknown whether bumblebees will actually
take contaminated pollen back to the colony — acute
effects of the pesticide may cause death of workers in the
field. However, this compound has been detected in stored
pollen in honeybee hives (Mullin ez a/. 2010) and pollen
collected from foraging honeybees (Choudhary & Sharma
2008), showing that honeybees collect pyrethroid contami-
nated pollen and may subsequently be exposed to residues
in the hive for some time. In addition, our data show that
bumblebee workers will collect pollen treated with pesti-
cide at the dose provided in our experiment with no sig-
nificant impact on mortality. Individual crops can be
treated up to four times during flowering (Syngenta Crop
Protection UK, 2011), and it is likely that different crops
will be sprayed at different times dependent on the pest
being targeted. Consequently, the 14-week exposure per-
iod used in this study explores a potential worst-case sce-
nario. Interestingly, the significant effect of pesticide
exposure (a 16% reduction in worker mass) occurred dur-
ing the first 5-6 weeks of the experiment. Not only does
this correspond to an ecologically realistic timeline, it
coincided with one of the most vulnerable stages of col-
ony development. This suggests that assessments of col-
ony-level impacts should match field-relevant pesticide
exposure with appropriate developmental stages of the
focal species’ life cycle.

Despite the extensive period of exposure in our experi-
ment, the impacts on colony development and reproduc-
tive output under laboratory conditions were minimal.
However, interpretation of the effect size and confidence
intervals for the variables measured in this study (Fig. S2
and Appendix S5, Supporting information) suggest that
larger sample sizes may be required to fully understand
any impacts of A-cyhalothrin exposure on some aspects of
colony development (e.g. worker mortality) and reproduc-
tive output of colonies. In addition, our study only takes
into account pesticide exposure of bees and brood within
the colony via contaminated food resources. There is also
a chance that foraging bees may encounter pyrethroids at
higher doses outside the colony, for example if they are
sprayed during pesticide application, and these impacts
should be taken into account when considering the
potential risks of pyrethroid use to wild bees.

In order to fully understand the pesticide impacts on
beneficial arthropods in the wild, it is crucial to under-
stand how pesticides interact with other stressors such as
parasites. This is the first study to address this question in
bumblebees using a pyrethroid pesticide. We found no
effect of pesticide treatment during larval development on
the susceptibility of adult workers to C. bombi infection,
or on the intensity of infection. Larval exposure of work-
ers to A-cyhalothrin did not have an impact on adult sur-
vival even under subsequent challenge with C. bombi.
Individuals in this study were provided with ad libitum
food, and different results may be found if individuals are
placed under nutritional stress (Brown, Loosli & Schmid-
Hempel 2000). Additionally, there was no impact of larval
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A-cyhalothrin exposure on male survival. Previous studies
on honeybees have found that several pesticides interact
synergistically with N. ceranae resulting in an increased
worker mortality (Alaux et al. 2010; Vidau et al. 2011;
Aufauvre et al. 2012), although these studies exposed
adult workers directly to an acute dose of pesticide. Given
the differential susceptibility of bumblebees and honey-
bees to pesticides and differences in parasite virulence,
our results suggest that the simple extrapolation of studies
across taxa, across stressors or between exposure scenar-
ios is unwarranted.

The growing evidence that neonicotinoid pesticides have
a detrimental impact on bumblebees (Cresswell et al.
2012; Gill, Ramos-Rodriguez & Raine 2012; Laycock
et al. 2012; Whitehorn et al. 2012; Bryden et al. 2013)
and other non-target organisms (Goulson 2013), and the
recent moratorium on the use of three major neonicoti-
noid pesticides in Europe is likely to result in an increase
in demand for alternative crop protection products such
as pyrethroids. If this shift in pesticide usage is to take
place, it is important that we understand potential
impacts on essential wild pollinators. Our study shows
that field research into the exposure profile and impacts
on vulnerable life stages of these pollinators is urgently
needed. Such studies should inform risk assessments and
policy guidelines for the future application and usage of
pesticides.
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