
rspb.royalsocietypublishing.org
Research
Cite this article: Leza M, Watrous KM, Bratu

J, Woodard SH. 2018 Effects of neonicotinoid

insecticide exposure and monofloral diet on

nest-founding bumblebee queens. Proc. R. Soc.

B 285: 20180761.

http://dx.doi.org/10.1098/rspb.2018.0761
Received: 5 April 2018

Accepted: 21 May 2018
Subject Category:
Ecology

Subject Areas:
behaviour

Keywords:
bumblebees, neonicotinoids, queens,

nesting, nutrition
Author for correspondence:
Mar Leza

e-mail: mar.leza@uib.es
Electronic supplementary material is available

online at https://dx.doi.org/10.6084/m9.

figshare.c.4114538.
& 2018 The Author(s) Published by the Royal Society. All rights reserved.
Effects of neonicotinoid insecticide
exposure and monofloral diet on
nest-founding bumblebee queens

Mar Leza1, Kristal M. Watrous2, Jade Bratu2 and S. Hollis Woodard2

1Laboratory of Zoology, Department of Biology, University of the Balearic Islands, Cra, Valldemossa km 7.5,
CP 07122, Palma, Illes Balears, Spain
2Department of Entomology, University of California, Riverside, Riverside, CA 92521, USA

SHW, 0000-0003-4948-1282

Bumblebees are among the world’s most important groups of pollinating

insects in natural and agricultural ecosystems. Each spring, queen bumblebees

emerge from overwintering and initiate new nests, which ultimately give rise to

workers and new reproductives later in the season. Nest initiation and survival

are thus key drivers of both bumblebee pollination services and population

dynamics. We performed the first laboratory experiment with the model bum-

blebee species Bombus impatiens that explores how early nesting success is

impacted by the effects of temporary or more sustained exposure to sublethal

levels of a neonicotinoid-type insecticide (imidacloprid at 5 ppb in nectar) and

by reliance on a monofloral pollen diet, two factors that have been previously

implicated in bumblebee decline. We found that queens exhibited increased

mortality and dramatically reduced activity levels when exposed to imidaclo-

prid, as well as delayed nest initiation and lower brood numbers in the nest, but

partially recovered from these effects when they only received early, temporary

exposure. The effects of pollen diet on individual queen- and colony-level

responses were overshadowed by effects of the insecticide, although a mono-

floral pollen diet alone was sufficient to negatively impact brood production.

These findings speak to the sensitivity of queen bumblebees during the nest

initiation phase of the colony cycle, with implications for how queens and

their young nests are uniquely impacted by exposure to threats such as

pesticide exposure and foraging habitat unsuitability.
1. Introduction
Worldwide, many pollinator populations appear to be declining, a trend that

threatens the security of both natural and agricultural ecosystems, given the

invaluable ecosystem services that pollinators provide in these systems [1–4].

Bumblebees (genus Bombus, family Apidae) are among the world’s most ecologi-

cally and economically important pollinators [5] and are also among the

pollinator groups for which there is the greatest evidence of decline. Species

losses, extirpations and declines have now been detected in North America,

Europe and other regions of the world [5–10]. The decline of bumblebees is

being driven by the deleterious effects of pesticides, pathogens and floral resource

unavailability, among other proximate factors resulting largely from agricultural

intensification and global change (reviewed in [10–12]).

Pesticides have been broadly implicated in the decline of wild bee populations

[13,14], and particularly strong evidence has emerged that neonicotinoids, the

most widely used class of insecticides, are having strong negative impacts on

wild bees [15]. These systemic insecticides, which act primarily as nicotinic acetyl-

choline receptor agonists [16], are most often applied as seed coatings, but the

majority of the substance is not incorporated into the treated seeds and instead

enters the surrounding environment [17,18]. Neonicotinoids can then be taken

up by non-target plants from the soil or other routes of exposure, and may

spread broadly throughout plant tissues, including into floral rewards (pollen
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and nectar) consumed by pollinators [19–22]. Although the

concentrations of neonicotinoids typically detected in floral

rewards are not sufficient to cause rapid mortality in pollina-

tors [18], there is considerable evidence that field-realistic

levels of these insecticides can have sublethal negative impacts

on bees. In bumblebees, this evidence originates from a variety

of laboratory-based manipulative studies (e.g. [23]) and

also semi-wild (e.g. [24]) and field (e.g. [25–27]) studies.

These studies have primarily focused on the social phase of

the colony cycle (i.e. when workers are present), and collec-

tively they suggest that neonicotinoids impact individual

bumblebee workers (e.g. reducing foraging and homing abil-

ities [28,29]; reducing feeding [30]; immune effects [31]) in

ways that ultimately negatively impact colony growth and

reproductive capacity [23,32–34].

Despite the current breadth of knowledge on how sublethal

exposure to neonicotinoid insecticides impacts workers during

the social phase of the bumblebee colony cycle, effects on other

bumblebee castes and life-history stages are less well under-

stood. Each spring in temperate regions, bumblebee queens

that eclosed the previous season emerge from overwintering

to initiate new colonies. During this period, queens forage

frequently to provision their nests and may encounter neonico-

tinoid residues, which can persist in the soil and be taken up

into plant tissues for several years following application [35].

The ability of individual queens to successfully initiate new

nests has considerable consequence for bumblebee population

dynamics [36], as each nest can produce up to several hundred

workers as well as new reproductives (queens and males) later

in the season. As it takes several weeks for the first brood

to emerge in newly established nests, early nest-founding

queens must perform all work-related tasks (such as foraging

and nest construction) without the assistance of workers. The

simultaneous physiological demands placed on early nesting

queens related to egg production and brood care [37,38] may

make queens during this stage particularly susceptible to the

effects of neonicotinoids in ways that threaten their nesting

success, a hypothesis that is supported by recent studies. In

early-nesting queens of four species (B. terrestris, B. lucorum,
B. pratorum and B. pascuorum), exposure to sublethal levels of

the neonicotinoid thiamethoxam causes a reduction in oocyte

size [39], which may translate to reduced brood production,

and in B. terrestris, sublethal thiamethoxam exposure reduces

the likelihood (by 26%) that queens will successfully initiate

nests [36]. Similar effects have also been demonstrated in

nest-founding queens of B. impatiens, where exposure to imida-

cloprid at sublethal levels causes increased mortality and

delayed nest initiation and brood production [40].

An additional stressor that bumblebees face is declining

floral resource abundance and diversity, which is being

driven by land use change (including a trend towards mono-

cultural practices), phenological mismatches between bee

flight and plant flowering periods, and other global changes

(reviewed in [41,42]). Bumblebees are largely floral generalists

that collect pollen from a wide variety of plant species [43], and

a breadth of recent studies suggest that a lack of diversity in

their pollen diet, or relying solely on pollen from particular

plant species, can have negative effects on egg production

and larval development in small groups of queenless workers

(termed ‘microcolonies’) [30,44–48]. Recent studies have also

found additive, negative effects of neonicotinoid exposure

and monofloral pollen diet on microcolony growth [23]. How-

ever, the combinatorial effects of these two stressors have not
yet been examined in nest-founding bumblebee queens, and

may differ from workers, given the unique biology of

the castes and the extreme physiological demands placed on

queens during this life stage.

Here, we provide the first examination of how the singular

and combined effects of sublethal, field-realistic neonicotinoid

exposure (imidacloprid in nectar at a level of 5 ppb) and pollen

diet diversity (either one of two monofloral diets or a polyfloral

mix) impact early nest-founding bumblebee (Bombus impatiens)
queens. With the goal of differentiating between direct effects

of temporary imidacloprid exposure by the queen versus

more sustained exposure by the entire social nest (the queen

and also the brood, of which larvae actively feed on nectar),

10-day-old queens receiving the insecticide treatment were

exposed either (1) only until around the time eggs were present

in the nest (17 days) or (2) for the duration of the experiment (37

days), and responses at the queen level (mortality, activity, and

nectar consumption) and colony level (timing and total

production of brood) were examined.
2. Material and methods
(a) Bee rearing and experimental design
Five queen-producing B. impatiens colonies (with an egg-laying

queen, greater than 50 workers, and few or no males in the nest)

were supplied for the experiment by Biobest USA, Inc. (Romulus,

MI, USA). Callow queens (less than 24 h old; identified by their

silvery appearance) were removed from natal colonies on the

day of eclosion and maintained individually in small, plastic

queen rearing boxes (approximately 15 � 8 � 8 cm) stored in

either a temperature- and humidity-controlled incubator (at 28+
2.58C, 60+5% RH) or a queen-rearing room supplied with a

humidifier (at 28+2.58C, 60+10% RH); a subset of queens

from all treatment groups (equal in number) was stored in the

latter. Queens were not mated, in order to minimize effects of

mating variation on the experiment and at ages 12 and 13 days

were treated with CO2 (30 min per day) to cause them to bypass

diapause and initiate laying of haploid, male-destined eggs [49].

Queens were kept under constant darkness for the duration of

the experiment except when food was replenished. Prior to the

start of the treatments, queens were provided with 50% (w/v)

sucrose solution (ad libitum, replaced every other day) and a

wax-coated pollen ball (honeybee-collected, mixed-source pollen

from Brushy Mountain Bee Farm, Moravian Falls, NC); this initial

pollen ball is typically eaten by the first brood of larvae and not by

the queen (described in detail in [50]).
(b) Pesticide and diet treatment administration
A total of 180 queens from five colonies were included in the

experiment, with 15 queens per treatment group (insecticide

exposure�pollen diet, table 1) and equal representation from

each colony across groups. For the imidacloprid-treated queens

(hereafter, ‘IMD’), the 50% (w/v) sucrose solution was treated

with imidacloprid (Pestanal analytical standard, Sigma-Aldrich)

at a level of 5 ppb. Imidacloprid has been detected at this level in

wildflowers near agricultural fields in the southern US (early-

season [51]) and southeastern UK (in early summer [20]), and in

worker bumblebee pollen loads in urban areas in the UK [21],

and thus 5 ppb is a field-realistic exposure level for experimental

analyses, including with queens. A summary of studies on imida-

cloprid exposure is provided in the electronic supplementary

material. To provide either temporary or sustained exposure to

the insecticide, 10-day-old IMD queens (2–3 days prior to CO2

treatment) were either treated only for a period of 17 days and



Table 1. Factorial design of experiment. IMD-A: queens were treated for a temporary period of 17 days; IMD-B: queens were treated for the duration of the
experiment, which lasted for an additional 20 days. Monofloral Cistus (rockrose); monofloral Erica (heather) and mixed-source: mixture of Cistus and Erica.

pesticide exposure

untreated IMD-A (temporary) IMD-B (sustained)

pollen diet mixed (Cistus and Erica) 30 15 15

Cistus 30 15 15

Erica 30 15 15
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then removed from the treatment and fed untreated nectar for the

remainder of the experiment (IMD-A; n ¼ 45), or were treated for

the duration of the experiment, which lasted for an additional 20

days (IMD-B; n ¼ 45). The age at which to begin pesticide exposure

was chosen to allow queens time to mature before starting the

treatment, and the IMD-A queens were removed from the treat-

ment around age 27 day because this is around the time that

CO2-treated B. terrestris queens [24] and B. impatiens queens (in

this experiment) begin to have larvae present in the nest. IMD-A

queens were probably still exposed to residual traces of imidaclo-

prid within the nest-box and from feeding from stored nectar in

honey pots, but were not actively feeding themselves or develop-

ing brood on fresh nectar containing the insecticide beyond day

17. An additional set of 90 control queens were not treated with

IMD. Queens in each of the three pesticide treatment groups also

received one of three unique pollen diet treatments: primarily

Erica (heather) or Cistus (rockrose) pollen (purchased fresh from

Pollenergie and stored at 2808C), or a polyfloral mixture (50%

each by weight) of the two pollens. Previous studies have found

that microcolonies subsisting solely on Cistus and Erica pollens

have reduced larval weights and colony development rates

versus when provided with some other pollen species

[30,46,47,52]. These effects may be due to the relatively low protein

contents of these pollens (e.g. both less than 15% in [31]), although

these pollens probably also differ in regard to other nutritional

constituents, such as micronutrients. In the wild, bumblebees

may preferentially collect pollens with high protein contents [53],

or may collect a mix of pollens with varying protein contents

[54], depending upon the species, but there is also evidence that

profiles of individual amino acids may drive foraging decisions

[48]. Thus, these monofloral diets were intended to mimic scen-

arios where bumblebees are highly limited in their foraging

choices, and the polyfloral diet treatment represented a slightly

more nutritionally complex foraging environment. Additional

information (from previously published studies) about the nutri-

tional content of the commercially available honeybee-collected

pollens used in this study is provided in the electronic supplemen-

tary material. Across the duration of the experiment, nests were

inspected every 1–2 days and pollen was replenished as needed.

(c) Queen responses to treatments
Queen mortality was monitored daily across the experiment. To

examine the effects of neonicotinoid exposure on queen activity

levels, a subset of queens from the IMD-A, IMD-B and untreated

groups (n ¼ 9 per group) were subjected to simple activity

assays at ages 39–41 days; these ages equate to lengths of time

on the imidacloprid treatment of 17 days for the IMD-A group

(followed by 8–10 days on the control diet prior to activity assess-

ments), 25–27 days for the IMD-B group, and 0 days for control

queens. Each of the three sets of observed queens included an

equal number of representatives (n ¼ 3) from all diet treatment

groups and only queens with brood located on the opposite side

of the cage from the feeder were used in the analysis. Queens

were observed under dim red light on 2–3 consecutive days for
periods of 10 min per day (occurring between 12.00 and 16.00 h),

during which the total number of times they were observed cross-

ing the midpoint of the cage was recorded (hereafter referred to as

their ‘activity score’). Observations were performed blind with

respect to treatment.

A separate experiment was performed to determine whether

the presence of neonicotinoids in nectar influences queen nectar

consumption. Here, an additional set of 34 young queens

(24–72 h old based on light-coloured pigmentation) not included

in the nesting experiment were fed untreated or IMD-treated

(5 ppb) 50% w/v sucrose solution (n ¼ 16 treated, 18 untreated

bees). This set of queens received only ad libitum mixed-source hon-

eybee-collected pollen (Brushy Mountain Bee Farm, Moravian

Falls, NC). Queens were placed in individual plastic containers

(as described above), stored in an incubator constantly maintained

at 28+2.58C and 60+5% RH and under constant darkness

(except when feeders were replaced), and subjected to a CO2 treat-

ment (30 min per day) for the first 2 days after being removed from

their natal colonies. On days 1–7 all queens received untreated

nectar, then on day 8 were transferred to new plastic containers

(12 � 13 � 8 cm) with four horizontally positioned feeder tubes

(filled with IMD-treated or untreated nectar, depending on treat-

ment group) designed to prevent spillage. On days 8–14, the

nectar tubes were weighed and replaced every 48 h and changes

in weight were converted to volume based on weight of the

nectar solution, in order to estimate daily nectar consumption.
(d) Colony responses to treatments
For the duration of the experiment, nests were inspected every 1–2

days for the presence of any eclosed adult males. For all queens

that survived for the duration of the experiment (age 47 days for

all queens), nests and their inhabitants were placed in a 2808C
freezer and stored until they were dissected on dry ice. To assess

colony development, brood was removed from the nest-box and

the total number of eggs, larvae, pupae, and adult males were

recorded. The earliest possible age at initiating egg laying (here-

after, ‘age at nest initiation’) was estimated for each queen by

determining the oldest possible age of brood in the nest based

on male brood development times for B. impatiens (maximum

age for eggs: 5 days; larvae: 15 days; pupae: 25 days [55]). This

method was deemed more feasible than using the date eggs

were first observed in nests, as eggs can be difficult to detect in

young nests without disturbing the queen by removing her from

the cage. This estimate is conservative in that it may underestimate

how early nests were initiated by ignoring any eggs that died or

were eaten, and also underestimate brood ages if developmental

rates were delayed in certain pesticide and/or diet treatment

groups; the latter has been demonstrated in bumblebees fed certain

pollen diets [23,30,46,47,52] and neonicotinoid insecticides [23].

Due to the large margin of error from this method, the estimated

mean age at nest initiation was calculated for each group to pro-

vide insight into potential delays in nest initiation, but the ages

were not compared using statistical analysis.
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(e) Statistical analyses
All statistical analyses were performed in R v. 3.3.1 (R Core Team

2017 [56]). Effects of pesticide exposure, pollen diet and colony of

origin on queen responses were examined as follows. The optimal

model for survival data was selected on the basis of which model

produced the lowest value of second-order Akaike information

criterion corrected for small sample sizes (AICc) [57] using the

MuMln package (v. 1.40.0) [58]. Using the best-fit model with

fixed factors (treatment, pollen) and random factor (colony) we

examined the effects of fixed factors on timing of death using a

mixed-effects Cox regression model with coxme (v. 2.2-7) and the

survival package (v. 2.39.5) [59] in R, and visualized using survmi-

ner (v. 0.4.0) and ggplot2 (v. 2.2.1). Survival to the end of the

experiment was analysed using linear mixed effects regression

(lmer) in R using lme4 package (v. 1.1-16). Age at death across treat-

ment levels was analysed using one-way analysis of variance

(ANOVA) in R. Activity level data were analysed with linear

models (lm) in R following AICc model selection as above.

Nectar consumption by treated and untreated queens was

compared using Welch’s two-sample t-test for unequal variances.

The effects of pesticide exposure (untreated, IMD-A or IMD-B),

pollen diet (Cistus, Erica or mixed), and natal colony of origin on

colony-level responses (including total number of eggs, larvae,

and pupae or adults in the nest when collected) were examined

using GAMLSS v. 5.0-6 fitted with a zero inflated negative bino-

mial type I family using the MuMln package. GAMLSS fits

regression models with skewed data, performing transformations

specific to zero-inflated data while including both fixed and

random effects [60]. The best-fit model for these terms was selected

on the basis described above [57]. A summary of these models and

their outputs is provided in table 2. Given that the effect of pollen

diet was minimal compared with the effects of the insecticide treat-

ment in our model selection, a separate analysis was performed to

explore how pollen diet impacted brood production solely in

untreated queens. For this, we analysed brood abundance data

for control (untreated) queens only with linear model (lm) in R

following model selection.
3. Results
(a) Effects of pesticide and pollen diet on individual

queen responses
Queen mortality was only strongly influenced by pesticide

exposure (figure 1), with nearly six times higher mortality

among IMD-B queens (40%) relative to the untreated queens

(7%) ( p , 0.001, estimate ¼ 0.369, 95% CI [0.246, 0.490]), and

three times higher mortality in IMD-B relative to the IMD-A

queens (13%). There was no difference in mortality between

the IMD-A and untreated queens (estimate ¼ 0.078, 95% CI

[20.044, 0.199]). Colony of origin, pollen diet treatment, and

the interaction of pollen and pesticide treatment did not signifi-

cantly affect queen mortality. Mean ages at death were not

significantly different across pesticide treatments, at 35.2,

35 and 37.1 days for untreated, IMD-A and IMD-B groups,

respectively ( p ¼ 0.77).

Imidacloprid exposure also negatively impacted queen

activity levels (figure 2). Untreated queens (mean activity

score ¼ 14.67+5.37 s.e.) were more active than both the IMD-

A (mean activity score ¼ 2.28+0.69 s.e.) and IMD-B (mean

activity score ¼ 4.07+0.90 s.e.) queen groups ( p , 0.03 for

both pairwise comparisons). There was no difference in activity

between the IMD-A and IMD-B groups ( p ¼ 0.92). There

was also no difference ( p ¼ 0.488) in the amount of nectar con-

sumed by IMD-treated versus untreated queens (mean daily
consumption of 0.28 g nectar + 0.02 s.e. for treated queens,

0.31 g nectar + 0.04 s.e. for untreated queens).

(b) Effects of pesticide and pollen diet on nest initiation
and colony development

For queens in all insecticide treatment groups, more than

69% of all surviving queens initiated nests (figure 3 and

electronic supplementary material); the small sample sizes

of surviving queens in the IMD-B treatment group precluded

statistical comparisons of nest initiation between groups.

Imidacloprid-treated queens (in both the IMD-A and IMD-B

groups) initiated nests on average approximately 5 days later

than untreated queens (mean estimated ages at nest initiation:

untreated¼ age 29.8 days +1.0 s.e., IMD-A ¼ 34.8+1.1 s.e.,

IMD-B ¼ 35.1+2.0 s.e.).

Exposure to imidacloprid had strong, negative impacts on

brood production, with around three and four times greater

egg and pupal abundance (respectively) in untreated queens

relative to the IMD queens (figure 4). Moreover, queens with

sustained exposure to imidacloprid exhibited a particularly

strong reduction in the percentage of larvae and pupae pro-

duced, with IMD-B queens exhibiting more than 70%

reduction in pupae as compared with untreated queens. These

results are reported only for queens that lived until the end of

the experiment (n ¼ 62, 29 and 9 for untreated, IMD-A and

IMD-B groups, respectively; see electronic supplementary

material); only one queen that died during the experiment had

brood in her nest (from the IMD-B group). Adult males eclosed

in only two colonies in the experiment (in the control and IMD-A

groups), and were included in the mean number of pupae and

adults (figure 4c). Pollen diet was not an important driver of

brood production overall, but among untreated queens, those

fed monofloral Cistus pollen had significantly fewer larvae and

pupae than queens fed mixed-source or monofloral Erica
pollen ( p , 0.03 for counts of larvae and pupae).
4. Discussion
Here, we demonstrate that sublethal exposure to imidaclo-

prid, a widely used neonicotinoid-type insecticide, has a

broad suite of negative effects on early-nesting bumblebee

queens. These effects were observed at the level of individual

queens, who were less active and exhibited greater mortality

when exposed to imidacloprid, but also at the colony level,

where numbers of brood in the nest were dramatically

reduced in treated queens, particularly when queens experi-

enced sustained exposure to the insecticide. We also show

for the first time that the deleterious effects of this insecticide

during the early nesting stage can be stronger than the

negative consequences of a monofloral pollen diet, another

previously identified stressor for bumblebees, under certain

pesticide exposure regimes. Importantly, there may also be

interactive (e.g. additive or synergistic) effects of neonicoti-

noid insecticide exposure and pollen diet on queens; these

interactions would have been difficult to detect in our

study given the high mortality and subsequent small

sample sizes we observed in imidacloprid-treated queens

(particularly in those that experienced sustained exposure).

We found that many of the adverse effects of imidacloprid

on nesting queens occurred regardless of whether exposure

is temporally restricted (to the period before larvae are present
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in the nest), or is sustained beyond this period. Treated queens

exhibited higher mortality than untreated queens over the life

of the experiment (up to 40% in the IMD-B group), laid far

fewer eggs and were less active than untreated queens even

when they had not received imidacloprid for 12–14 days

prior to observations. Our study is the first to explore how tem-

porally restricted versus sustained exposure to a neonicotinoid

impacts reproduction and other processes in bumblebees, and

our findings suggest that there are enduring behavioural and

physiological effects of these insecticides that may ultimately

have fitness consequences, particularly in regard to survival

and brood production. The negative effects of imidacloprid

on colony development were most extreme in our treatment

group that received sustained exposure to imidacloprid. This
is perhaps unsurprising, given that larvae in these nests also

consumed treated nectar, and may have experienced negative

developmental or other direct effects of the insecticide. Given

that neonicotinoids are systemic insecticides that are broadly

used [61] and can persist in ecosystems for up to several

years [18,62], our sustained exposure paradigm probably

more realistically represents the exposure that bumblebees

face in the wild.

Queens did not consume less imidacloprid-treated nectar in

our feeding experiment at 5 ppb, a finding that is consistent with

previous bumblebee studies that have also found equal [63] or

even greater [64] consumption of neonicotinoid-treated versus

untreated nectar (but see [39]). Thus, the deleterious effects

observed in our treated queens were likely due to

the insecticide itself, rather than being a consequence of reduced

feeding in avoidance of imidacloprid. Neonicotinoid insecticides

are neurotoxins that interfere with nicotinic acetylcholine recep-

tor signalling, but the full extent of their sublethal effects is

currently not well understood. Negative effects on egg laying

have been previously found in workers of the species

B. terrestris [33,65], and in queens of B. impatiens [40] and

B. terrestris [36]. These previous findings, and our similar finding

here, may have been caused in part by the negative effect of the

insecticide on motor activity, which may reduce egg laying,

brood feeding and other activities. Recent studies have found

negative impacts of neonicotinoids on several locomotor

behaviours in bumblebees, such as buzz pollination [34] and

thermoregulation [66]. However, a previous study in bumblebee

queens of multiple species found that exposure to another neoni-

cotinoid (thiamethoxam) caused a reduction in oocyte size [39],

suggesting that these insecticides may also affect the production

of eggs within the ovaries, in addition to locomotor effects.

We found that reliance on pollen from a single plant species

(Cistus) was sufficient to reduce brood production in the

absence of imidacloprid exposure. This finding is consistent

with multiple other studies on bumblebee nutrition, which

have demonstrated that a monofloral diet [23,30,45–47], and

specifically reliance on Cistus pollen [23,30,44], can lead to

reduced larval growth rates and/or lower numbers of brood

in the nest. Cistus pollen has a low essential amino acid content
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(electronic supplementary material) and may be deficient in

other nutrients, but is actively foraged on by bumblebees

[47,48,52,67]. Many ecosystems are losing flowering plant diver-

sity due to conversion to monocultural agricultural schemes

and other processes (reviewed in [41,42]). A corresponding

loss of pollen species diversity in the diet of bumblebees

could have devastating consequences for bumblebee popu-

lations under scenarios where foragers collect pollen from

suboptimal food sources because there is no possibility to

select from among a variety of plant species. Our data suggest

that neonicotinoid exposure might be a greater threat to wild

bumblebee populations than monofloral diets, but, impor-

tantly, lack of pollen diet diversity also appears to limit brood

development on its own, and can also interact additively with

neonicotinoid exposure to limit colony growth [23]. Further,

whereas our polyfloral diet treatment was a combination of

pollens from just two plant species, in many ecosystems bum-

blebees can forage on a far greater number of plants, and we

predict that greater effect size differences would be found if

comparisons of monofloral and more realistically diverse

polyfloral diet treatments were employed.

Our findings speak to the unique biology and sensitivity of

the queen caste in bumblebees, in particular during the early

nest-founding stage. The increased mortality exhibited in our
imidacloprid-treated queens (fourfold) at a concentration

with lesser impacts on mortality in workers of B. terrestris
[32,34,68] suggests that there may be species and/or queen

caste- or stage-specific sensitivity to this insecticide. The nesting

success of an individual queen also has dramatic, resounding

consequences for bumblebee population dynamics. Baron

et al. [36] estimated a high probability of bumblebee population

extinction following their observation of a 26% reduction in nest

initiation by thiamethoxam-treated queens; here, we observed

an even greater decline in nest initiation (69% of untreated

queens initiated versus 64% in IMD-A and 22% in IMD-B, but

here reductions were overwhelmingly due to queen mortality)

as a consequence of sublethal imidacloprid exposure. Given

that queens in our experiment were supplied with food ad libi-
tum, confined in small cages, and maintained under stable and

optimal rearing conditions, wild queens who must also forage

and are exposed to fluctuating abiotic conditions and additional

stressors might be even more strongly impacted beyond the

degree observed in our experiment. Further, we exposed

queens to a level of neonicotinoid that is below what has been

detected in floral rewards in some field studies (electronic sup-

plementary material), and only introduced the insecticide to

nectar, although it can be also present in pollen. Altogether,

our findings are likely to be conservative with respect to realistic
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exposure levels in some landscapes. Our study is one of a small

but growing number of studies examining the unique effects of

neonicotinoid exposure on the solitary life-history stages of

bumblebee queens [36,39,40,69]. Collectively, these studies

suggest that there are unique deleterious effects on queens

that can have dramatic consequences for reproduction and

nesting success. Thus, we posit that queens should be a target

of both insecticide research and conservation efforts, given

their special importance for the persistence of bumblebee

populations and thus the security of their pollination services.
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