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Summary

1. Pesticide exposure has been implicated as a contributor to insect pollinator declines. In
social bees, which are crucial pollination service providers, the effect of low-level chronic
exposure is typically non-lethal leading researchers to consider whether exposure induces sub-
lethal effects on behaviour and whether such impairment can affect colony development.

2. Studies under laboratory conditions can control levels of pesticide exposure and elucidate
causative effects, but are often criticized for being unrealistic. In contrast, field studies can
monitor bee responses under a more realistic pesticide exposure landscape; yet typically such
findings are limited to correlative results and can lack true controls or sufficient replication.
We attempt to bridge this gap by exposing bumblebees to known amounts of pesticides when
colonies are placed in the field.

3. Using 20 bumblebee colonies, we assess the consequences of exposure to the neonicotinoid
clothianidin, provided in sucrose at a concentration of five parts per billion, over 5 weeks.
We monitored foraging patterns and pollen collecting performance from 3282 bouts using
either a non-invasive photographic assessment, or by extracting the pollen from returning for-
agers. We also conducted a full colony census at the beginning and end of the experiment.

4. In contrast to studies on other neonicotinoids, showing clear impairment to foraging beha-
viours, we detected only subtle changes to patterns of foraging activity and pollen foraging during
the course of the experiment. However, our colony census measures showed a more pronounced
effect of exposure, with fewer adult workers and sexuals in treated colonies after 5 weeks.

5. Synthesis and applications. Pesticide-induced impairments on colony development and for-
aging could impact on the pollination service that bees provide. Therefore, our findings, that
bees show subtle changes in foraging behaviour and reductions in colony size after exposure
to a common pesticide, have important implications and help to inform the debate over
whether the benefits of systemic pesticide application to flowering crops outweigh the costs.
We propose that our methodology is an important advance to previous semi-field methods
and should be considered when considering improvements to current ecotoxicological guideli-
nes for pesticide risk assessment.

Key-words: Bombus terrestris audax, bumblebees, clothianidin, colony growth, ecotoxicologi-
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Introduction

Vast areas of crop monocultures have become common
practice in modern agriculture, with a heavy reliance on
chemical insecticides to prevent crop damage from insect
pests. However, while insecticide application provides the
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obvious benefits of controlling insect pest populations, we
understand less about the costs associated with inadver-
tent exposure to non-target organisms (Desneux, Decour-
tye & Delpuech 2007; Goulson 2013). Many non-target
insect species provide an important pollinator service,
with ca. 75% of agricultural crop species being (to some
degree) dependent on pollination which represents an esti-
mated global economic value of over €150 billion per
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annum (Klein ez al. 2007; Gallai et al. 2009), as well as
maintaining healthy wild-flower populations (Ollerton,
Winfree & Tarrant 2011). Hence, it is important we
understand the potential risks posed to insect pollinators
by stressors, such as insecticide exposure (Gill er al.
2016). Indeed, concern over insect pollinator declines is
growing (Kremen & Ricketts 2000; Biesmeijer et al. 20006;
Brown & Paxton 2009; Cameron et al. 2011; Burkle, Mar-
lin & Knight 2013) and insecticides have been implicated
as a contributing factor (Desneux, Decourtye & Delpuech
2007; Vanbergen & Initiative 2013; Goulson 2015).

Bees are considered to be the major contributor to insect
pollination (Greenleaf & Kremen 2006; Klein et al. 2007,
Winfree et al. 2008; Potts et al. 2010), and there is increas-
ing evidence to support that insecticide exposure can lead
to sublethal behavioural effects (Desneux, Decourtye &
Delpuech 2007; Gill, Ramos-Rodriguez & Raine 2012; Gill
& Raine 2014; Lundin et al. 2015), potentially increasing
susceptibility to other stressors such as pathogens (Alaux
et al. 2010; Fauser-Misslin er al. 2014). Furthermore, in
social bees, pesticide-induced impairments to colony func-
tions, such as foraging, could accumulate and eventually
lead to a significant decrease in colony size or even collapse
(Bryden et al. 2013; Perry et al. 2015). Yet we still have a
limited understanding of whether, and how, exposure to
pesticides in semi-field or field environments might impair
foraging behaviour (Gill, Ramos-Rodriguez & Raine 2012;
Henry et al. 2012; Schneider et al. 2012; Fischer et al.
2014; Gill & Raine 2014; Stanley ez al. 2016).

To date, however, there has been criticism surrounding
many pesticide exposure studies highlighting that most do
not represent true field scenarios (i.e. based in artificial lab-
oratory or semi-field conditions), and may have used unre-
alistically high concentrations and/or doses (Raine & Gill
2015). Moreover, the majority of studies on bees have often
concentrated on effects of acute exposure, yet we under-
stand relatively little about chronic effects (Gill & Raine
2014; Stanley et al. 2016), the potential impacts on colony
fitness when considering social bees, and whether the polli-
nation services are altered when bees are sublethally
impaired (Gill, Ramos-Rodriguez & Raine 2012; White-
horn et al. 2012; Bryden et al. 2013; Perry et al. 2015;
Rundlof et al. 2015; Stanley et al. 2015).

We conducted an experiment that bridged the gap
between laboratory and field studies. We placed bumblebee
colonies Bombus terrestris audax (Harris, 1776), in a field
setting, and exposed them to a commonly used neonicoti-
noid pesticide, clothianidin, at concentrations approximat-
ing field realistic levels (Table S1, Supporting Information).
Globally, neonicotinoids are a widely used class of pesticide
that are, due to their systemic properties, readily taken up
by treated plants to provide protection across all tissues for
an extended period of time (Elbert er al. 2008). However,
residues are found in the nectar and pollen of treated/con-
taminated flowering plants resulting in a direct route of
exposure to foraging insect pollinators such as bees (Ror-
tais et al. 2005). In recent years, clothianidin has been one

of the most heavily used neonicotinoids (Goulson 2013),
and calls for evidence on the acute and chronic risks that
clothianidin, as well as other neonicotinoids, pose to insect
pollinators have been issued (EFSA 2013a). This study
undertook careful observations of B. t. audax colonies pro-
viding detailed insights to the foraging behaviour of 20
colonies across 5 weeks when provisioned with sucrose
solution spiked with clothianidin at five parts per billion
(ppb), or a sucrose control solution, allowing us to address
the potential chronic effects of exposure on: (i) foraging
activity (rate of returning forager bees), (ii) pollen foraging
performance; (iii) any effect of wind speed and temperature
on foraging patterns; and (iv) a comparison of endpoint
measures including colony brood weight and the produc-
tion of eggs, larvae, pupae and adults.

Materials and methods

FIELD COLONIES, EXPERIMENTAL FEEDING REGIME
AND TREATMENT

Each  B. t. audax colony [mean (£SEM) workers per
colony = 44-4 + 1-67; range = 35-58] was placed inside a wooden
nest box which was then placed within a 110-L plastic container for
protection from weathering and predation. The containers were set
in the grounds of Silwood Park campus (110 ha site of non-agricul-
tural parkland on 6 June 2013, see Figs la and S1, and electronic
supplementary material for description of nesting boxes and land
type). Colonies were assigned to ten pairs using a split block design
to experimentally control for differences in initial colony size
(Fig. 1b), and each pair was randomly assigned to either a control or
treatment group (Table S2). We found no significant difference in
colony size between the control and treatment group in either worker
or pupae number (GLM: workers: Z = 0-738, P = 0-46; pupae:
T = 1221, P = 0-238). Colonies within a pair were located 810 m
from each other, and pairs were placed a minimum of 25 m apart.

Colonies were provided with sucrose solution three times per
week, with the calculated volume provided deemed to be half that
which colonies would typically consume over the course of the
experiment (see electronic supplementary information and
Table S3 for details), but we did not provide any pollen. All control
colonies (n = 10) were fed untreated 40% v/v sucrose/water solu-
tion. Treated colonies (n = 10) were fed sucrose solution containing
a five ppb concentration of clothianidin which approximates a field
realistic concentration (range found in flowering agricultural crops:
<1-0-14 ppb in nectar; see Table S1). Colonies remained in the field
for 5 weeks (35 days) and were then frozen. A colony census was
then conducted by recording colony structure weight (wax, pollen
stores and nectar pots) and the number of eggs, larvae, pupae,
workers and sexuals present. As B. . audax is a native UK sub-
species, we did not fit the colonies with queen excluders, but this
meant we were unable to prevent the dispersal of gynes from the
colonies; therefore, the number of gynes in the colony represents a
snapshot of the colony at the end of the experiment.

COLONY OBSERVATIONS

Observations started 3 days after the first sucrose provision, with
each colony observed one hour per day for 2 days per week (to-
tal = 200 h over all 20 colonies for the 5 weeks; see Table S4). Prior
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Fig. 1. (a) Map showing the spatial loca-
tions of the 20 colonies in Silwood Park,
those colonies placed inside woodland
areas were sited within clearings; (b) a
schematic of the split block design show-
ing each observer, pairings (P,) and indi-
vidual colony identification (nc = control,
nr = treatment).

to the start of the experiment, five pairs were assigned to observer 1
and the remaining five pairs to observer 2 (Fig. 1b). Both the order
in which the colony pairs were observed each day and the order
each individual colony within a pair was observed were randomised,
and there was no significant difference in colony size between obser-
ver 1 and 2 in either worker or pupae number (GLM: workers:
Z = 0-872, P = 0-383; pupae: T'= —0-234, P = 0-817).

Observers were positioned beside the plastic box at a distance
of 0-5-1 m to view the transparent entrance tube. Any worker
returning to the colony was assumed to be a forager, and obser-
vers collected common measurements that included: (i) counting
the number of returning foragers (forager ‘activity’); (ii) recording
whether foragers were carrying pollen; and (iii) taking the mean
of three temperature (°C) and wind speed (m s~ ') readings out-
side (1 m) of the plastic box. In addition, each observer carried
out measurements exclusive to themselves:

Observer 1 — pollen removal

When a forager returned with pollen, a plastic ‘trap-door’ was
used to prevent the bee from entering the colony. The bee was
then held with forceps, and the pollen load from one leg was
removed with a spatula and stored at —20 °C. We only took pol-
len from one corbicula as removal from both may affect future
forager motivation (Raine & Chittka 2007). As pollen is typically
gathered into each corbicula evenly (Winston 1991), we assumed
that the weight of the pollen load mass was half of the total col-
lected pollen. At the end of the observation, each pollen load was
weighed (accuracy: £0-1 mg).

Observer 2 — photographic method

A standardized photograph was taken of each returning forager
[Nikon D3300 SLR (Tokyo, Japan) fitted with a remote shutter
release and 18-55 mm £/3-5-5-6 A-FP Non VR Lens] with the cam-
era consistently placed 200 mm from the entrance tube with a
55 mm focal length. We then calculated the 2D-surface area
(Fig. S2) of the pollen load using the software package Image J
(Rassband 1997-2015) relative to a 10-mm scale bar drawn on the
side of the entrance tube.

DATA ANALYSIS

Statistical analyses were conducted using R version 3.0.1 (R
Development Core Team 2014), with mixed effects models
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using the /me4 (Bates et al. 2015) package and Gaussian,
Binomial or Poisson distributions were used where appropriate
(see model output Tables S5-S7). For foraging data, the spatial
structure of paired colonies and observation regime of the
experiment was modelled by nesting the variable Colony within
Pair within Observer as random effects, while we included a
random slope by observation Day to account for temporal
pseudoreplication. Fixed factors included Treatment, Time (ei-
ther hour of day, or day in the experiment) and Treat-
ment x Time interaction. We initially fitted each model to
include Temperature and Wind Speed as covariates, but these
were only retained when their removal significantly decreased
the fit of the model, determined by a significant likelihood
ratio test. All models analysing colony census data included
Treatment as a fixed effect and Pair nested in Observer as ran-
dom effects.

Results

Over five weeks we recorded 3282 observations of foragers
returning to the 20 colonies [mean (+SEM) bouts per
colony = 164-10 + 10-60], with 54% carrying pollen
loads (pollen removal method: 904/1664; photographic
method: 2: 950/1618). Bees from control and treatment colo-
nies consumed similar amounts of sucrose from the feeders
[mean (£SEM) volume consumed per colony: Con-
trol = 547-5 &£ 51-0, vs. Treatment = 563-6 +42-7 mL;
paired t-test: t = —0-32,d.f. =9, P = 0-757; Table S3].

FORAGING BY TIME OF DAY

Average foraging activity was higher in control relative to
treated colonies as shown by the significant main effect of
treatment and a lack of a significant interaction between
treatment and observation hour (GLMER: ‘Treatment’
Z = -2542, P =0-011, ‘Treatment x ‘Time’ Z = 0-510,
P =0-610; Fig. 2a, Table SS5a); however, foraging activity
in both groups declined as the day progressed
(Z = —6-346, P < 0-001). In contrast, the proportion of
foragers carrying pollen increased as the day progressed
(GLMER: Z =4-508, P <0-001) with both treatment
and control colonies responding similarly (‘7Treatment’
and ‘Treatment x Time’ interaction Z < 1-501, P > 0-33;
Fig. 2b, Table S5b). The average pollen load weight
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increased as the day progressed (LMER: y? = 11.523,
P =0-003, Fig. 2c) with no difference between foragers
from control and treated colonies (x2 < 2-055,
P > 0-357; Fig. 2c and Table S5c). However, the mean
area of the pollen load (calculated from the photo
images) from control colonies was initially smaller
(LMER y?=18:527, P <0-001) and increased as the
day progressed (x*> = 1172, P =0.003), whereas they
remained relatively constant on foragers from treated
colonies (x> = 11-956, P < 0-001; Fig. 2d; Table S5d).
Despite the minor effects of treatment detected by the
photographic method, these did not translate into signif-
icant differences in either total weight or area of pollen
brought back as there was no significant main or inter-
active effect with treatment (LMER: 2 < 361,
P > 0-165; Fig. 2e.f; Table SSe,f).

FORAGING ACROSS DAYS

We next investigated whether there were changes in daily
foraging patterns across 5 weeks, aiming to elucidate any
chronic effects caused by clothianidin treatment. Foraging

activity over all colonies followed a parabolic pattern. In
control colonies, we observed an average of 10 forag-
ing bouts h™! on day 3, increasing to 21 h™! by day 19
followed by a decline to 14 h™' by day 33; a relationship
best described by fitting a polynomial relationship
between foraging activity and observation day (GLMER:
‘Day:  Z=17742, P<0001; ‘Day”: Z=—8513,
P < 0-001; Fig. 3a; Table S6a). The lack of a treatment or
treatment by time interaction indicated that treated colo-

nies made comparable numbers of foraging bouts
throughout the experiment (7reatment: = —1-658,
P =0-097; ‘Treatment’ x ‘Day’: Z =1.255, P = 0-209;

“Treatment’ x ‘Day”: Z = —0-64, P = 0-522).

The proportion of foragers observed carrying pollen
also increased until approximately midway through the
experiment before declining as the colony aged (GLMER:
‘Day’: Z=6:527, P =<0-001; ‘Day”: —6-344,
P <0-001, Table S6b). The significant main effect of
treatment indicated that, early in the experiment, foragers
from treated colonies returned carrying pollen more fre-
quently compared to control colonies (Z = 2-425,
P =0-0153), while the significant treatment by day

Fig. 2. Trends in foraging behaviour
throughout the day plotted from the raw
data gathered across the 5 weeks: (a) box
plots show foraging activity h™' of obser-

o Control © Treatment

vation; (b) mean proportion of foragers
observed carrying pollen h™'; (c) mean
weight of pollen brought back h™'; (d)
total weight of pollen brought back h™';
(e) mean weight of pollen brought back
h™'; (f) total area of pollen brought back
h~!. Plots (a, b) relate to data collected by
both observers, while (c—f) relates to data
from each individual observer. Box plot
central line indicates median value, box
area represents the lower and upper quar-
tiles, and whiskers indicate 95% CI. Error
bars in (b—f) represent s.e.m. Observation
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interactions (‘Treatment’ x ‘Day’, Z = —2-368 P = 0-017;
‘Treatment” x ‘Dayz’, Z =2-357, P=0-018; Table S6b)
showed that both the rate of increase and rate of decline
were significantly lower for treated colonies resulting in
less fluctuation in the proportion of foragers observed car-
rying pollen relative to control colonies (Fig. 3b).

The mean weight of pollen loads showed a curved rela-
tionship initially increasing then decreasing as the experi-
ment progressed across colonies (LMER: ‘Day’: %> = 2872,
P < 0-001; “Day”: x> = 25-73, P = 0-002; Fig. 3c). Foragers
from treated colonies initially carried heavier pollen loads
per foraging bout (x> = 27-63, P = 0-001) and increased the
mean weight of pollen loads at a higher rate than control
colonies (x> = 10-646, P = 0-005; Table Sé6c). Conversely,
observer 2 found no effect of experimental day (LMER
‘Day’ %> = 3-571, P = 0-168; Table S6d) indicating that the
mean area of pollen loads remained constant throughout
the experiment (Fig. 3d). Observer 2 found that the mean
area of pollen loads from foragers returning to treated colo-
nies was significantly smaller than those returning to

3 5 1012 17 19 24 26 31 3
Observation day

3 5 10 12 17 19 24 26 31 33
Observation day

control colonies (x> = 7-193, P = 0-007) and, as we were
unable to detect an interaction between treatment and
observation day (x> = 3-024, P = 0-082), it remained so
throughout the experiment.

Neither observer detected any effect of treatment nor a
treatment by time interaction on either the total weight or
area of pollen brought back per hour. However, they did
find an initial increase in total weight and area of pollen col-
lected in the early stages of the experiment followed by a
decline as the colony aged, mirroring the combined effects of
forager number and the proportion of pollen foraging work-
ers (Weight: LMER: ‘Day’: y* = 27-952, P < 0-001; ‘Day”":
x> = 23-889, P < 0-001; Area: ‘Day’: %> = 21-502, P < 0-001;
‘Day”, ¥* = 17-859, P < 0-001; Fig 3e,f; Table Sée.f).

EFFECT OF TEMPERATURE AND WIND ON FORAGING
BEHAVIOUR

We found similar effects both within and between days,
with higher wind speeds associated with increases in
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foraging activity (LMER: within day; Z=3-117,
P =0-002), proportion of foragers carrying pollen
(GLMER: within day; Z =4979, P <0-001; between
days; Z =4-157, P <0:001), the total weight of pollen
(LMER: between days; Z = 109-16, P < 0-001) and total
area (combined area) of pollen (LMER: between days;
x> =29-475, P < 0-001). Higher temperatures were associ-
ated with fewer foraging bouts (within day; Z = —3-067,
P =0-002; between days; > = —4-894, P < 0-001) and a
lower proportion of foragers carrying pollen (within day:
Z=-2549, P =001; between days; x> = —2-047,
P = 0-041); however, of the foragers observed carrying
pollen, the average load size was larger at higher tempera-
tures (within day: weight; x> = 21-934, P < 0-001; between
days: mean area y°> > 11-094, P < 0-001).

BROOD COMPOSITION AND ADULT CENSUS AFTER 35
DAYS IN THE FIELD

All but one of the colonies increased in weight compared
to the start, although we found no significant difference
between control and treatment colonies in colony weight
change (Table S7a). To see whether treatment induced
changes to the demographic structure of the brood in
colonies, we analysed the number of eggs, larvae and
pupae separately. We found some differences in each of
the life stages with treated colonies containing signifi-
cantly fewer eggs, but significantly more larvae and pupae
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(All: Z =>2-87, P < 0-004, Fig. 4a—c, Table S7b—d). How-
ever, the similarity in colony weight gain and the inconsis-
tent effect of treatment on the number of brood at three
life stages makes it difficult to be confident to determine
what, if any effect treatment had on brood development
(see Discussion; for model outputs for colony weight and
brood composition see Tables S2b and S7a—d). However,
the effect of treatment on the number of adults showed a
consistent pattern with fewer workers, drones and gynes
within treated colonies after 35 days (All: Z > 2.31,
P < 0-02; Table S7e—g, Fig. 4d—f).

Discussion

EFFECT OF CLOTHIANIDIN EXPOSURE

To date, few studies have investigated the effects of pesti-
cide exposure on bee colonies under field settings. Our
study, hence, contributes to this growing evidence base,
but shows novelty by delivering known levels of pesticide
exposure in a semi-field experiment while recording
detailed information on foraging behaviour across time.
In this experiment, clothianidin exposure initially
increased the proportion of bees foraging for pollen in the
early days of the experiment compared to control colo-
nies; however, the proportion of control foragers return-
ing with pollen increased rapidly to similar levels as
treated colonies (Table S6b). Of these pollen foraging

o
0=
C T
E Fig. 4. Census measurements of colonies
at the end of the 5-week experiment in the
field. Graphs show the predicted mean
27 (£SEM) values that were back trans-
formed from the mixed effects model out-
put (Table S7b—g) for the number of (a)
0 - eggs, (b) larvae, (c) pupae, (d) workers, (e)
— .
c - drones and (f) gynes, present in the
colonies.
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trips, while the pollen removal method found that treated
returning foragers brought back heavier pollen loads, the
photographic method found that treated returning for-
agers brought back marginally smaller pollen loads com-
pared to control foragers (Table S6c,d). The results from
the colony measurements at the end of the experiments
were mixed; we found no difference in the weight gain of
the colony and no clear pattern in the effects of clothiani-
din on the number of brood individuals (eggs, larvae and
pupae) within the colony. However, by the end of the
experiment treated colonies contained fewer workers,
drones and gynes in comparison with control colonies.
While we cannot determine if the reduction in the number
of adults is due to the effect of direct exposure to clothi-
anidin during development, indirect impairment to colony
function (i.e. ability to rear brood) or loss of adult work-
ers while foraging, it is interesting that our results are in
agreement with previous semi-field (Gill, Ramos-Rodri-
guez & Raine 2012; Whitehorn et al. 2012; Moffat et al.
2016) and field studies (Goulson 2015; Rundlof et al.
2015) in colonies exposed to a neonicotinoid.

Our behavioural results contrast with similar studies
investigating the effects of imidacloprid and thiamethox-
am, where chronic exposure produces obvious differences
in foraging activity through time in treated colonies while
simultaneously reducing the rate of pollen collection (Fel-
tham, Park & Goulson 2014; Gill & Raine 2014; Stanley
et al. 2015, 2016). An issue with our study is that we could
not distinguish between a lack of motivation to collect pol-
len or impaired ability to collect pollen as we did not mea-
sure nectar foraging (i.e. we could not tell whether bees
returning with nothing had crops containing nectar). How-
ever, we can still ask: why does the effect of clothianidin
on bumblebee foraging behaviour apparently differ from
the studies showing induced impairment from imidacloprid
and thiamethoxam exposure? First, it is possible that envi-
ronmental conditions during our five-week study did not
impose strong enough constraints on foraging, and there-
fore, the treated colonies could buffer any clothianidin-
induced effects. However, similar semi-field studies have
reported large effects on foraging behaviour apparently
under similar environmental conditions (Gill, Ramos-
Rodriguez & Raine 2012; Feltham, Park & Goulson 2014;
Gill & Raine 2014; Stanley et al. 2016), although admit-
tedly the complexity of the landscape, the availability of
floral resources and the interactions with other stressors
make direct comparisons difficult. Secondly, in wild polli-
nator communities, the level of neonicotinoid exposure will
vary depending on floral resource availability and the level
of pesticide contamination in the environment affecting the
acute and chronic doses that individuals receive over time.
Using a method similar to Gill, Ramos-Rodriguez & Raine
(2012), we tried to ensure our dosage was realistic by: (i)
basing the concentration of clothianidin within the range
reported from field samples (Table S1); (ii) allowing bees to
forage on both provisioned sucrose and field nectar; and
(iii) providing what we deemed to be half of the required
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sucrose the growing colonies required. Thirdly, the differ-
ent neonicotinoids do not have a homogenous mode of
action on bumblebee physiology and resultant behaviour.
Although all neonicotinoids function as nicotinic acetyl-
choline receptor agonists, there are sufficient structural dif-
ferences between compounds to alter their toxicity to the
same species of bee (Iwasa et al. 2004) and there is increas-
ing evidence that different bee species/taxa, such as honey-
bees, solitary bees and bumblebees, vary in sensitivity to
the same neonicotinoid (Goulson 2013; Arena & Sgolastra
2014; Laycock et al. 2014; Godfray et al. 2015; Rundlof
et al. 2015; Moffat et al. 2016).

To date, studies have largely focused on imidacloprid
exposure, resulting in comparatively less research on the
other neonicotinoids, despite the use of thiamethoxam and
clothianidin significantly increasing in recent years (UK:
Godfray et al. 2015). Of the studies exposing clothianidin
and thiamethoxam at field realistic levels to bees (<11 ppb)
results have been mixed, with some studies on honeybees
and bumblebees reporting little or no effect on colony suc-
cess (Honeybees: Cutler & Scott-Dupree 2007; Cutler er al.
2014; Bumblebees: Franklin, Winston & Morandin 2004;
Laycock et al. 2014; Scholer & Krischik 2014). Our finding
that clothianidin causes only subtle behavioural changes to
foraging is perhaps encouraging, however, we do still
observe reductions in the number of adults within a colony,
indicating that caution should still be taken when applying
clothianidin onto flowering crops that are attractive to
bumblebees (also see Rundlof ez al. 2015).

BUMBLEBEE FORAGING ECOLOGY

Colonies maintained consistent levels of pollen collection
throughout the day despite the foraging patterns showing
more workers returning in the morning than afternoon.
Our data show that any decrease in foraging activity later
in the day is offset by an increase in both the proportion
of foragers carrying pollen (also see: Free 1955), and the
average amount brought back per foraging bout. While
we did not measure nectar collection, previous research
has shown that early morning bumblebee foraging activity
concentrates more on gathering nectar (Free 1955; Peat &
Goulson 2005), which is consistent with the pattern we
observed. We further found that daily foraging activity
showed a parabolic pattern over the course of the experi-
ment mirroring the pattern of typical production of work-
ers through a colony life cycle (Goulson 2010), and is
what we might expect if the number of pollen foragers
were a function of colony development stage.

Due to the design and nature of the experiment, we
could not appropriately look for tri-interactions between
treatment, time and wind speed or temperature. But we
could look to see how wind and temperature influenced
overall colony foraging activity across all 20 colonies. Per-
haps counter-intuitively, given that wind speed is likely to
increase energetic demands of flying insects (Niitepold
et al. 2009), we found that higher wind speeds correlated
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with increased foraging activity and pollen collection.
Moreover, higher temperatures were associated with
decreases in foraging activity at a colony level but with
greater amounts of pollen brought back by individuals. A
possible explanation could be that pollen may be drier and
easier to collect under such conditions (Peat & Goulson
2005). Alternatively, it may be due to differences in weight
distribution between carrying pollen and nectar loads, con-
centrating on collecting pollen at higher wind speeds to
increase foraging performance relative to nectar (Mount-
castle, Ravi & Combes 2015) which presumably offsets
increased energetic costs of flying in windy conditions.
Given the mild conditions during our experiment, tempera-
ture is unlikely to have placed a lower limit on foraging
activity considering that bumblebees are known to cope
well with low temperatures (Peat & Goulson 2005); in fact,
we found that higher temperatures actually constrained
foraging activity, resulting in fewer foraging individuals
with a lower proportion concentrating on pollen.

APPLIED BENEFITS OF OUR STUDY

While laboratory studies are invaluable tools to investi-
gate causal effects, a common criticism is they represent
unrealistic conditions. For instance, ‘true’ effects may be
easily buffered if colonies are raised under ideal condi-
tions (Godfray et al. 2014, 2015; Macfadyen et al. 2014),
or exacerbated if colonies are fed exclusively on contami-
nated foods or experience an intensified and targeted
application. Although recent studies have been designed
to incorporate multiple stressors, either in the laboratory,
such as combining pesticide by parasite interactions
(Alaux et al. 2010; Vidau et al. 2011; Baron, Raine &
Brown 2014; Fauser-Misslin er al. 2014; Brandt et al.
2016) or by operating partially in the laboratory and in
the field (Whitehorn et al. 2012), it is still difficult to sim-
ulate environmental variability in the laboratory. More
rarely, studies are conducted at a landscape scale under a
‘real-world’ scenario by placing bee colonies next to trea-
ted or untreated fields of flowering crops. Such ambitious
studies should be applauded given the geographic scale
required to prevent bees foraging on neighbouring fields
(Rundlof ez al. 2015), but such an approach is expensive
and logistically challenging. Furthermore, such studies
can suffer from difficulty in controlling exposure to a sin-
gle pesticide given the numerous chemicals applied in the
environment with potential interactive effects (Thompson
et al. 2013; Rundlof er al. 2015) and providing appropri-
ate replication is challenging (Pilling e a/. 2013; Thomp-
son et al. 2016). Although semi-field studies such as ours
are not necessarily novel per se, they are underdeveloped
for risk assessment (EFSA 2013b) and often rely solely on
endpoint measurements. The incorporation of behavioural
data into risk assessment is important for two reasons: (i)
the influence of anthropomorphic stressors on pollinator
behaviour could directly influence the ecosystem services
that pollinators provide, although a recent paper showed

that bumblebees chronically exposed to the neonicotinoid,
thiamethoxam, did not reduce the pollination service pro-
vided compared to non-exposed bees (based on measures
of fruit set and number of seeds; Stanley ez al. 2015); (i1)
behavioural changes may reveal the underlying mechanis-
tic explanation behind changes in pollinator numbers or
decreases in colony fitness.

Here we employed two separate methods for assessing
pollen load, both of which have advantages. The pollen
removal method allowed us to collect complete pollen loads
throughout the experiment, and considering that pollen
loads are not perfectly spherical, taking the mass of each
collected pollen load is likely to provide a better estimate of
pollen foraging performance than relying on the 2D surface
area calculated using the photographic method. However,
the removal method relies on an observer to handle the
bees and collect the pollen — a process which is relatively
time-consuming and labour intensive. In contrast, the pho-
tographic method is quick and simple to implement in the
field. Interestingly, despite the pollen collection method
appearing to be more invasive, we found no significant dif-
ference in the behaviour of foraging bees based on which of
these two collection methods was used, allowing us to pool
the data to measure foraging activity and the proportion of
foragers carrying pollen (Table S8a—d).

In this study, the data collection involved minimal
financial costs, but the collection regime was somewhat
labour intensive, relying on the availability of two obser-
vers, which unfortunately limited the amount of time we
could observe each colony. Furthermore, in our study,
workers were not uniquely marked for identification, so
we could not account for the degree of pseudoreplication
(observing the same worker returning multiple times)
unlike studies that individually tagged workers (Schneider
et al. 2012; Feltham, Park & Goulson 2014; Gill & Raine
2014; Stanley et al. 2015; Thompson et al. 2016). How-
ever, given that our observations were carried out for one
hour per day, the probability of counting the same indi-
vidual more than twice is low, due to the time taken for a
successful foraging bout (Gill, Ramos-Rodriguez & Raine
2012). Moreover, if we consider that the overall amount
of pollen entering the colony is the most critical endpoint
result, then regardless of which individuals are returning,
it is likely that the total food income to the colony is what
matters when focusing on colony growth (although see
Perry et al. 2015). We propose that further development
of our method towards automation, for example RFID
and automated weighing scales (Feltham, Park & Goulson
2014) or the use of video or camera traps, could be uti-
lized for behavioural assays to inform higher tier assess-
ment of pesticides on social bees. Experiments like the
one we present here provide a feasible and appropriate
method to bridge the gap between laboratory and field
experiments, allowing us to expose colonies with known
levels of specific pesticides, in a comparable manner to
laboratory studies, while exposing them to field realistic
conditions to detect any colony level effects (Gill, Ramos-
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Rodriguez & Raine 2012). These data are important in
aiding the conservation of social bee species and provide
crucial insights into pesticide-induced changes to foraging
behaviour; this is particularly important with the increas-
ing need to mitigate threats to insect pollinator services
(Gill et al. 2016).
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Fig. S1. Wooden nest box placed inside the plastic 110L box
(390 x 685 x 440 mm) for protection in the field.

Fig. S2. Image taken by observer 2 (Thomas I. David) of a
returning bee (forager) entering the colony through the transparent
Perspex entrance tube.

Table S1. Selection of studies reporting mean levels and ranges of
Clothianidin residues (in ppb) across a range of agricultural
settings.

Table S2. (a) Census for each experimental colony prior to the start
of the experiment, and (b) census at the end of the experiment after
five weeks in the field. Colonies were assigned into ten pairs based
on colony size (assessed by the number of workers and the number
of pupae), and each pair was assigned to one of two observers using
either a pollen removal method (removal of one pollen load), or
photographic method (photograph taken of pollen load).

Table S3. Volume of provisioned sucrose consumed (to the nearest
0.5 mL) at the time of feeder replenishment (the volume of sucrose
provisioned shows the volume provided two or three days prior to
collection of the feeder).

Table S4. Example of an observer’s timetable for monitoring
foraging behaviour for their 10 assigned colonies.

Table S5. Model outputs for LMER or GLMER for foraging
during the day: (a) forager activity; (b) proportion of foragers
bringing back pollen; (¢) mean weight of pollen; (d) mean area of
pollen; (e) total weight of pollen and; (f) total area of pollen.

Table S6. Model outputs for LMER or GLMER for foraging over
the five weeks: (a) forager activity; (b) proportion of foragers
bringing back pollen; (c) average weight of pollen; (d)average area
of pollen; (e)total weight of pollen and; (f)total area of pollen.

Table S7. Model output for colony census. All models were LMER
or GLMER, using a Gaussian or Poisson distribution.

Table S8. Model output for colony census including collection
method as a fixed effect.
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