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Recent research has demonstrated colony-level sublethal effects of imidacloprid on
bumble bees affecting foraging and food consumption, and thus colony growth and
reproduction, at lower pesticide concentrations than for honey bee colonies. However,
these studies may not reflect the full effects of neonicotinoids on bumble bees because
bumble bee life cycles are different from those of honey bees. Unlike honey bees, bumble
bees live in colonies for only a few months each year. Assessing the sublethal effects
of systemic insecticides only on the colony level is appropriate for honey bees, but for
bumble bees, this approach addresses just part of their annual life cycle. Queens are
solitary from the time they leave their home colonies in fall until they produce their first
workers the following year. Queens forage for pollen and nectar, and are thus exposed
to more risk of direct pesticide exposure than honey bee queens. Almost no research
has been done on pesticide exposure to and effects on bumble bee queens. Additional
research should focus on critical periods in a bumble bee queen’s life which have
the greatest nutritional demands, foraging requirements, and potential for exposure to
pesticides, particularly the period during and after nest establishment in the spring when
the queen must forage for the nutritional needs of her brood and for her own needs while
she maintains an elevated body temperature in order to incubate the brood.
Keywords: queen, neonicotinoid, imidacloprid, sublethal effects, nectar consumption, pesticide exposure,
incubation

INTRODUCTION
Bumble bees are major crop pollinators, particularly in temperate ecosystems. Kleijn et al. (2015)
ranked 11 North American bumble bee species and seven European species among the 100 top
wild bees for crop pollination value worldwide, with Bombus impatiens, Bombus terrestris/lucorum
(indistinguishable in the field), and Bombus lapidarius at the top. Bumble bees pollinate springblooming crops and wildflowers under cooler and wetter weather than honey bees (Corbet et al.,
1993), and pollinate flowers that require high frequency sonication (King and Buchmann, 2003).
Bumble bees are keystone species in natural pollination networks because of the diversity of
flowering plants they visit (Memmott et al., 2004), their ability to use flowers requiring complex
behavior for pollination (Heinrich, 1979), and the long tongues of some species, allowing them to
reach nectar deep in flowers not effectively pollinated by other insects (Corbet, 2000).
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DIFFERENCES BETWEEN HONEY BEE
AND BUMBLE BEE LIFE CYCLES

The importance of bumble bees to agricultural and natural
systems makes the decline in range and abundance of many
bumble bee species a matter of great concern (Colla and Packer,
2008; Goulson et al., 2008; Grixti et al., 2009; Williams and
Osborne, 2009; Cameron et al., 2011; Colla et al., 2012). Of the 68
species of bumble bees in Europe, 31 (45.6%) are declining (Potts
et al., 2015). Surveys of North American bumble bee species
found several species in severe decline, regionally or nationally
(Grixti et al., 2009; Cameron et al., 2011; Colla et al., 2012;
Bartomeus et al., 2013). Similar losses have been found in parts of
China (Xie et al., 2008; Williams et al., 2009), Japan (Inoue et al.,
2008), and Argentina (Morales et al., 2013).
Multiple factors are implicated for these losses (Goulson et al.,
2015) including: loss of long-term flowering habitat (Goulson
et al., 2005; Xie et al., 2008; Grixti et al., 2009), increased
infection with pathogens and parasites (Cameron et al., 2011,
2016; Szabo et al., 2012; Graystock et al., 2015), displacement
of native species by imported commercial species (Inoue et al.,
2008; Morales et al., 2013), and climate change (Kerr et al.,
2015). The decline in bumble bee abundance and shift from
early emerging to later emerging bumble bee species following
spring aerial application of fenitrothion to New Brunswick forests
shows that pesticide application during this sensitive period can
also be a factor (Plowright et al., 1978; Plowright and Rodd,
1980).
Pesticide risk assessments require identifying pesticide
concentrations causing adverse effects on species survival
and reproduction, understanding the routes and magnitude
of pesticide exposure and evaluating these in relation to
each other at all stages of the life cycle (Sanchez-Bayo
and Tennekes, 2015). Historically, pesticide risk assessments
for pollinators focused on acute toxicity, using standardized
methods to determine the median lethal dose (LD50 ) for
honey bee workers, and models to quantify honey bee contact
exposure from foliar applications (Fischer and Moriarty, 2011).
Reviews comparing LD50 values among bee species have shown
that bumble bee workers are similar to or less sensitive
than honey bee workers for most pesticides (Thompson and
Hunt, 1999; Thompson, 2001; Mommaerts and Smagghe,
2011; Arena and Sgolastra, 2014; Sanchez-Bayo and Goka,
2014).
With increasing concern about losses of honey bees in
North America and Europe (Vanengelsdorp and Meixner, 2010),
decline of wild pollinators in Europe (Biesmeijer et al., 2006),
and evidence of sublethal effects of pesticides on pollinators
(Desneux et al., 2007), assessment of pesticide risks to pollinators
has come under increased scrutiny. This scrutiny has particularly
focused on neonicotinoid insecticides (Maxim and van der Sluijs,
2010). Although neonicotinoids have been implicated in direct
mortality of honey bees (Pistorius et al., 2009; Cutler et al.,
2014) and bumble bees (Xerces Society, 2014), the continuing
controversy about the risk of neonicotinoid insecticides to
bees rests on whether the levels to which bees are exposed
cause sublethal effects on the long-term health and survival of
bee populations (Blacquière et al., 2012; Godfray et al., 2014,
2015).
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Honey bees live in eusocial colonies as superorganisms, with the
queen always attended by workers (Straub et al., 2015). A honey
bee queen does not forage. She leaves the protective environment
of the colony only once, for her mating flight (Sammataro
and Avitabile, 1998). Her exposure to pesticides is mediated by
workers who collect pollen and nectar and process them into
bee bread and honey. Large honey bee colonies can compensate
for loss of workers from pesticide exposure, maintaining colony
size and honey production, although small colonies may be more
susceptible (Henry et al., 2015; Wu-Smart and Spivak, 2016).
In contrast, bumble bees live in colonies for only part of the
year, and the potential for the queen to be directly exposed to
pesticides, orally and by contact, is much greater than for honey
bees. Unlike honey bees, which overwinter as a colony, only
the mated bumble bee queen overwinters. In the typical bumble
bee life cycle, after overwintering each queen must successfully
establish a colony in order to reproduce, although there are also
bumble bee species that are inquilines (nest parasites) on other
bumble bee species, and individual queens may usurp the nests
of other queens (Goulson, 2010). Many bumble bee colonies fail,
and many produce only males, with generally only the largest
colonies producing both males and new queens (Duchateau and
Velthuis, 1988; Müller and Schmid-Hempel, 1992). This may
be due to the greater resources required to produce queens.
Queen larvae in Bombus terrestris require approximately 3X as
much food as workers and 2X as much as males (Duchateau and
Velthuis, 1988). As a result, males are generally present in excess,
although in most species queens mate only once (Goulson,
2010).
The most energy-intensive period of the queen’s life is after
establishment of a new colony, because she not only has to forage
for sufficient pollen and nectar to support herself and her larvae,
but also produce enough heat to incubate the developing eggs
and larvae (Heinrich, 2004). She heats this brood clump with
her own body, maintaining a body temperature of 35–38◦ C day
and night during the first few weeks after nest initiation to keep
the brood around 30◦ C (Heinrich, 1974). Incubating Bombus
vosnesenskii queens in a laboratory environment (20–23◦ C), with
a 50% sucrose solution supplied so that they did not have to
forage, consumed ca. 1 ml. of sucrose solution (0.5 g. of sucrose)
per day, 3X as much as non-incubating queens (Heinrich,
1972).
Although for honey bees the gold standard for pesticide risk
assessment is to evaluate effects on the long-term survival of the
colony as a whole, for bumble bees, the appropriate standard
is 2-fold: (1) effects on colony production of new queens and
males, and (2) effects on queen success in mating, overwintering,
establishing, and supporting a new colony capable of reproducing
at the end of the season. A number of studies of sublethal
effects of neonicotinoids have addressed foraging, growth, and
reproduction of bumble bee colonies (Supplementary Table 1);
very few have addressed pesticide exposure to bumble bee queens
or possible effects on their fitness.
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NEONICOTINOID CONCENTRATIONS
WITH SUBLETHAL EFFECTS ON BUMBLE
BEE COLONIES

0.7 ppb in sugar water followed by field foraging had a modest
but significant reduction in total colony weight, but a major
reduction (85%) in queen production. Feltham et al. (2014) also
fed queenright colonies 6 ppb imidacloprid in pollen and 0.7 ppb
in sugar water for 14 days and found a subsequent 31% reduction
in the rate of field pollen foraging. Gill et al. (2012) and Gill
and Raine (2014) used a longer period (28 days) and higher level
(10 ppb in sugar water) of exposure, and similarly found effects
on the efficiency of field pollen foraging and effects on worker
numbers and brood. Moffat et al. (2015), providing colonies
foraging freely in the field with a one-time supplement of 1500
ml of sugar water with 2.1 ppb imidacloprid, found significant
reductions in colony growth, viable brood and surviving bees at
the end of 43 or 48 days. Repeating the experiment the next year
at 2.5 ppb, there was again a significant decrease in brood cells,
although changes in live bees, nest mass, and number of queens
were not significant (Moffat et al., 2016).
In summary, imidacloprid consistently affects foraging and
subsequently colony growth and brood production of B. terrestris
at a level of 10 ppb in sugar water or 6 ppb in pollen and 0.7 ppb
in sugar water for an exposure period of 14 days. Even a sugar
water supplement to natural foraging at 2.1–2.5 ppb imidacloprid
reduced brood production of colonies foraging in the field.
There are fewer studies using B. impatiens, and those found
colony effects at higher imidacloprid concentrations than for
B. terrestris. Scholer and Krischik (2014), testing a range of
concentrations, found reduced production of males and colony
weight at 14 ppb and higher queen mortality at 16 ppb using
queenright colonies traveling 30.5 cm for food. Morandin and
Winston (2003) found less efficient foraging behavior at 30 ppb
in mixed pollen and sugar water patties, but not at 7 ppb, and
found no effect of either concentration on colony growth.
Different neonicotinoid compounds have different effects
on bumble bees at the levels of neurons, feeding behavior
in individual worker bees, and colonies (Kessler et al., 2015;
Moffat et al., 2016). Fewer studies have been conducted with
thiamethoxam and clothianidin than with imidacloprid. Moffat
et al. (2016) directly compared thiamethoxam, clothianidin,
and imidacloprid, each provided at 2.5 ppb in a sugar water
supplement to naturally foraging colonies in the field, and
found that imidacloprid reduced the number of brood cells;
thiamethoxam reduced brood cells, live bees, nest mass, and the
proportion of females in B. terretstris; the only significant effect
of clothianidin at that concentration was to increase the number
of queens produced. By contrast Rundlöf et al. (2015), in a field
study with exposure to higher concentrations of clothianidin
from the nectar and pollen of seed-treated oilseed rape (mean
concentration 13.9 ± 1.8 ppb in honey bee collected pollen,
5.4 ± 1.4 ppb in bumble bee nectar), found a 63% reduction
in new queens produced, and also significant reductions in
colony growth and production of workers and males. Field
studies by Cutler and Scott-Dupree (2014) and Sterk et al.
(2016) found no effect of clothianidin seed treatment on bumble
bee colonies, probably because the concentrations were low—
below 0.8 ppb for corn pollen (Cutler and Scott-Dupree, 2014)
and from 1.3 ppb to below the level of quantification for oil
seed rape pollen (Sterk et al., 2016). In a laboratory study

The specifics of 24 studies of the sublethal effects of oral
exposure to neonicotinoids in bumble bee colonies are presented
in Supplementary Table 1, including whether they were in the
laboratory or field, the extent to which foraging was a component,
the concentration and duration of exposure, and the species used.
One important factor is whether workers traveled for food. This
appears most dramatically in Mommaerts et al. (2010). When
workers had to travel 20 cm to a separate box for food, exposure
to imidacloprid at 10 ppb for 14 days resulted in a significant
(60%) loss of reproduction, whereas in an otherwise identical test
with the food in the nest box, there was no significant loss of
reproduction at 10 or 20 ppb.
Another important distinction is between the studies with
queenright colonies (queen plus workers, generally standardized
by starting size) and those using micro-colonies (small artificial
colonies with 3–5 workers, one of whom becomes dominant
and lays eggs). Due to the haplo-diploid system of reproduction
in Hymenoptera, unmated workers can produce offspring, but
they are always haploid, and thus male (Goulson, 2010). Microcolonies are used only in laboratory or confined greenhouse
experiments (Tasei et al., 2000; Gradish et al., 2010; Mommaerts
et al., 2010); queenright colonies are used for field studies,
whether the pesticide exposure happens in the field (Larson et al.,
2013; Rundlöf et al., 2015), or in the laboratory followed by field
foraging (Whitehorn et al., 2012; Feltham et al., 2014), or by
simultaneous provision of pesticide-treated sugar water and field
foraging (Gill et al., 2012; Gill and Raine, 2014; Moffat et al., 2015,
2016).
Many of the studies in Supplementary Table 1 have
demonstrated adverse effects of imidacloprid on B. terrestris
colonies at concentrations well below the proposed US EPA
trigger levels for honey bees (No Observed Adverse Effect
Concentration of 25 ppb in nectar and the Lowest Observed
Adverse Effect Concentration of 100 ppb in pollen; United
States Environmental Protection Agency, 2016). Mommaerts
et al. (2010) reported significant loss of reproduction at 10 ppb
imidacloprid in micro-colonies required to travel 20 cm for food,
and a complete loss of reproduction in queenright colonies at
10 ppb imidacloprid when required to travel 3 m for food. Even
without requiring the workers to travel, Laycock et al. (2012)
still had a dose-dependent decrease in both sugar water and
pollen consumption and a decline in brood production of microcolonies down to 1.27 ppb imidacloprid with 14 days exposure.
In a subsequent laboratory experiment, Laycock and Cresswell
(2013) found a dose-dependent reduction in brood production
at 0.3–10 ppb of imidacloprid with 14 days of exposure, but the
colonies substantially recovered after 14 days off dose. Bryden
et al. (2013) measured birth and death rates over time in a
laboratory colony at 10 ppb, and found eclosion of new workers
was near zero after 21 days.
In studies requiring field foraging with B. terrestris and
imidacloprid, Whitehorn et al. (2012) found that queenright
colonies fed imidacloprid for 14 days at 6 ppb in pollen, and

Frontiers in Environmental Science | www.frontiersin.org

3

December 2016 | Volume 4 | Article 79

Stoner

Bumble Bee Risk Assessment

with B. impatiens that also involved a foraging assay, Franklin
et al. (2004) found no significant effects on colony health or
foraging behavior at 6 ppb and at 36 ppb. In a laboratory microcolony study, Piiroinen et al. (2016) also found no effect of
clothianidin at 1 ppb, except to bees stressed in a behavioral
test.
For thiamethoxam, laboratory studies differ on the levels
showing negative effects, with Elston et al. (2013) finding
significant delays in nest initiation, fewer eggs laid, and zero
larvae produced at 10 ppb, while Laycock et al. (2014), testing
a range of concentrations, found significant effects on food
consumption and oviposition starting only at 39 ppb. FauserMisslin et al. (2014), in a long-term laboratory study, found
that a mixture of thiamethoxam (4 ppb) and clothianidin (1.5
ppb) resulted in reduced worker survival, reduced production
of workers and males, and a 77% reduction in production of
new queens. Stanley et al. (2016) found no effect of a 2.4 ppb
thiamethoxam sugar water supplement on colony growth, but
found effects on field foraging for pollen, with longer foraging
bouts producing less pollen for treated bees.

hives adjacent to the oilseed rape fields. No thiamethoxam
was found in stored pollen from urban bumble bee nests,
but imidacloprid was found in 1/3 of the urban nests at a
mean concentration of 6.5 ppb. Rundlöf et al. (2015) measured
clothianidin at 5.4 ± 1.4 ppb in bumble bee nectar from colonies
adjacent to treated oilseed rape fields with effects described
above. These neonicotinoid concentrations are higher than
those generally considered “field realistic” in previous reviews
(Blacquière et al., 2012; Godfray et al., 2014, 2015), and are
also higher than mean or median concentrations in area-wide
surveys of trapped honey bee pollen (Chauzat et al., 2006; Stoner
and Eitzer, 2013) or stored honey bee bread (Lawrence et al.,
2016).

Knowledge Gaps
Pesticide risk assessment requires evaluating toxicity (acute,
chronic, and sublethal) and exposure (contact and oral) and
then evaluating the relationship between toxicity and exposure
(Sanchez-Bayo and Tennekes, 2015). Throughout this complex
process, it is crucial to keep the protection goals in mind. A
workshop of government, academic, and industry representatives
identified the protection goal “to maintain pollinator services and
the biodiversity and abundance of bumble bees in a specific area”
(Cabrera et al., 2015). These are knowledge gaps I see in achieving
this protection goal throughout the bumble bee life cycle:

LEVELS OF ORAL EXPOSURE OF BUMBLE
BEE COLONIES TO NEONICOTINOIDS IN
POLLEN AND NECTAR
There are few direct measurements of pesticides in pollen or
nectar collected by bumble bee colonies. David et al. (2016)
provides the most comprehensive data for neonicotinoids and
fungicides in pollen in rural and urban areas near Sussex
(UK). They found thiamethoxam in 100% of their samples of
stored bumble bee pollen from rural areas, and at surprisingly
high concentrations (mean 18 ppb, median 21 ppb) – higher
than in oilseed rape pollen, pollen from wildflowers on the
borders of oilseed rape fields, and honey bee pollen from

Effects of Pesticide Exposure of Colonies
on Queen Production
The appropriate metric for colony fitness is the production
of queens and, to a lesser extent, males, because only mated
queens overwinter and establish new colonies. Few of the
studies in Supplementary Table 1 reported on queen production
(Whitehorn et al., 2012; Larson et al., 2013; Fauser-Misslin et al.,
2014; Scholer and Krischik, 2014; Moffat et al., 2016).

TABLE 1 | Critical periods for nutrition of bumble bee queens.
Stage

Typical timing

Typical duration

Food consumption

Species
studied

References

Larval development of queens

Late summer

9–10 days

Total over larval development: Pollen =
0.11 g (range 0.75–1.35) in regurgitated
mix with nectar and proteins

B. ruderatus

Pomeroy, 1979

Initial feeding by new adult
queens to prepare for hibernation

Late summer or Fall

3–6 days

Total over 6 days: Pollen = 0.28 g (range
0.22–0.36). Nectar (converted to 50%
sugar) = 1.41 g (range 0.98–2.06)

B. terrestris,
B. ruderatus

Pomeroy, 1979; Přidal
and Hofbauer, 1996
(pollen only)

Hibernation

Winter to Early Spring

Variable with climate

Metabolizing fat and glycogen reserves:
e.g., B. lapidarius consumes 90.6 mg fat
(94% of fat reserves and 191 mg dry wt.
(75%). Consumption of honey in honey
stomach (20% water) Mean = 141 mg
(75% of total in stomach)

Mixed species
hibernating in
Southern
England

Alford, 1969

Initial foraging after hibernation to
stimulate ovaries

Early Spring

Ca. 18 days

Weight gain of 109 mg over 18 days,
consuming both pollen and nectar

B. lucorum

Cumber, 1949

Non-incubating queens

Early Spring

3–21 days

0.30–0.38 ml of 50% sucrose per day
(laboratory)

B. vosnesenskii

Heinrich, 1972

Incubation of brood nest

Late Spring

Ca. 30 days

0.90–1.14 ml of 50% sucrose per day
(laboratory)

B. vosnesenskii

Heinrich, 1972
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Food Consumption of Bumble Bee Queens
during Critical Life Stages

incubation (Votavová et al., 2015). A recent paper (Chaimanee
et al., 2016) reported loss of viability of sperm stored in
the spermatheca of honey bee queens exposed to 20 ppb
of imidacloprid for 7 days. Bumble bee queens mate before
overwintering and store sperm for months before beginning
oviposition, so they could be similarly affected.

Bumble bee queens have several critical periods of foraging
between their emergence as adults in the fall and when
the first cohort of workers takes over foraging the following
spring (Table 1). As noted above, spring nest establishment
and incubation make the greatest foraging demands on queens.
In addition to the energy expenditure for nest incubation
(Heinrich, 1972), queens must also expend significant energy
in nectar foraging, requiring major investments in warm-up for
flight (depending on ambient temperature) and for flight itself.
Foraging is required daily, since the queen’s energy storage in
her honey pot is only sufficient for a few hours of incubation
(Heinrich, 2004). Spring foraging is also highly localized to
minimize the energy expense of extended flight and minimize
time away from the nest (Heinrich, 2004).
The estimates of food consumption for each critical stage
in Table 1 were gleaned from literature on several different
species, but at least laboratory estimates for each critical period
for B. terrestris and B. impatiens, which are commercially
available and crucial crop pollinators, should be measured. Food
consumption at each stage is important to assess acute toxicity
by relating pesticide concentration in pollen and nectar to an
oral dose per queen bee, which can then be related to the LD50
(Stoner and Eitzer, 2013), although both the oral dose and the
LD50 would need to be standardized for differences in weight
between queens and workers and for variation among queens
(Thompson and Hunt, 1999).

CONCLUSION
Although, eusocial bee colonies are buffered from the effects of
pesticides in relation to their size (Henry et al., 2015; Straub et al.,
2015; Wu-Smart and Spivak, 2016), and the solitary queen phase
of the bumble bee life cycle and early nest establishment are likely
the periods of greatest sensitivity to pesticides (Thompson, 2001;
Cabrera et al., 2015), current recommendations for additional
risk assessment protocols for bumble bees focus exclusively on
colonies (Cabrera et al., 2015). These recommendations may
become policy not only for neonicotinoids, but also for other
pesticides as pollinator health rises in importance to regulatory
agencies. There is danger in limiting pesticide risk assessment to
what is likely the least sensitive stage of the bumble bee life cycle.
Future pesticide risk assessments should be directed by a
model based on expert knowledge of bumble bee ecology
throughout the life cycle identifying the most critical points
for targeted research (Henry et al., 2016). In the meantime,
evaluation of pesticide concentrations that interfere with nest
establishment, nectar foraging, and brood incubation, and
comparison of those concentrations to probable exposures on
pesticide-treated spring blooming crops would be apparent
priorities for research.

Major Sources of Nectar and Pollen for
Bumble Bee Queens during Critical Life
Stages

AUTHOR CONTRIBUTIONS

Detailed studies of pollen and nectar sources of spring bumble
bee queens have been made in west Scotland (Brian, 1957),
Wisconsin (Macior, 1968), and sub-Alpine environments near
Mount Hood in Oregon (Macior, 1994), and could be extracted
from season-long surveys of bumble bee visits to flowers (e.g.,
Fussell and Corbet, 1992) and from analysis of pollen on queens
from museum collections (Scheper et al., 2014). Bumble bee
queens have been frequently noted as pollinators of springblooming fruit trees and bushes (e.g., lowbush blueberry: Stubbs
et al., 1992; Javorek et al., 2002; apple: Macior, 1968; Adamson
et al., 2012; Russo et al., 2015), and thus use of pesticides on
these crops and on spring-blooming ornamental shrubs and trees
attractive to bumble bee queens, such as rhododendron, lilac and
honeysuckle (Evans et al., 2007), may pose a particular hazard in
this critical stage of the bumble bee life cycle.

The author confirms being the sole contributor of this work and
approved it for publication.

FUNDING
Funding for related research came from the US Department of
Agriculture National Institute of Food and Agriculture grant
NIFA 2011-51181-30673, and from the Connecticut Department
of Energy and Environmental Protection.

ACKNOWLEDGMENTS
Thanks to Tracy Zarrillo for invaluable assistance in compiling
and summarizing the material in Supplementary Table 1 and to
Morgan Lowry for assistance in editing. Thanks also to Bernd
Heinrich for the correspondence about nectar consumption
during nest incubation that initiated this project, and to the
reviewers for helpful comments.

Potential Effects of Pesticide Exposure on
Bumble Bee Queens
There is no data on whether pesticide exposure has sublethal
effects on the solitary stages of bumble bee queens. Bumble
bee queens have major physiological differences from workers
because they build up fat reserves for overwintering, consume
those resources during hibernation, and then switch over to
ovary development, nest establishment, wax production, and
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