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Abstract

To date, regulatory pesticide risk assessments have relied on the honey bee (Apis mellifera L.) (Hymenoptera:
Apidae) as a surrogate test species for estimating the risk of pesticide exposure to all bee species. However, honey
bees and non-Apis bees may differ in their susceptibility and exposure to pesticides. In 2017, a workshop (‘Pesticide
Exposure Assessment Paradigm for Non-Apis Bees’) was held to assess if honey bee risk assessment frameworks
are reflective of non-Apis bee pesticide exposure. In this article, we summarize the workshop discussions on bumble
bees (Bombus spp.). We review the life history and foraging behavior of bumble bees and honey bees and discuss
how these traits may influence routes and levels of exposure for both taxa. Overall, the major pesticide exposure
routes for bumble bees and honey bees are similar; however, bumble bees face additional exposure routes (direct
exposure of foraging queens and exposure of larvae and adults to soil residues). Furthermore, bumble bees may
receive comparatively higher pesticide doses via contact or oral exposure. We conclude that honey bee pesticide
risk assessments may not always be protective of bumble bees, especially queens, in terms of exposure. Data
needed to reliably quantify pesticide exposure for bumble bees (e.g., food consumption rates, soil residue levels)
are lacking. Addressing these knowledge gaps will be crucial before bumble bee exposure can be incorporated into
the pesticide risk assessment process. Because bumble bees exhibit appreciable interspecific variation in colony
and behavioral characteristics, data relevant to pesticide exposure should be generated for multiple species.

Keywords: bumble bee, honey bee, pesticide exposure, risk assessment

Bees provide an invaluable ecosystem service globally as the pri-
mary animal pollinators of many wild and agricultural plants.
Historically, the honey bee (Apis mellifera L.) (Hymenoptera:
Apidae) has been considered the most ecologically and econom-
ically significant bee pollinator (Allen-Wardell et al. 1998, Kevan
1999, Delaplane and Mayer 2000). However, non-Apis bees (i.e.,
all bees other than honey bees) are now recognized for their
equally, or more so for some plants, important role as pollinators

(Klein et al. 2007, Breeze et al. 2011, Garibaldi et al. 2013, Klatt
et al. 2014).

Recently, honey bee and some non-Apis bee population declines
have been documented globally (Biesmeijer et al. 2006, Potts et al.
2010, Cameron et al. 2011, Colla et al. 2012, Bartomeus et al. 2013,
Burkle et al. 2013). These declines have been attributed to many fac-
tors, including exposure to pesticides (Potts et al. 2010, Vanbergen
et al. 2013, Goulson et al. 2015). Depending on the mode of action,

© The Author(s) 2018. Published by Oxford University Press on behalf of Entomological Society of America.

All rights reserved. For permissions, please e-mail: journals.permissions@oup.com.

810z Jaquiaoa( 90 uo 1sanb Aq ¥S0Y 1L ZS/89 L AAU/E8/SE0 L 0 | /I0P/10BIASCE-3dILIB-80UBAPE/98/WO00 dNo dlwapede//:sdiy Woll papeojumod


mailto:agradish@uoguelph.ca?subject=

Environmental Entomology, 2018, Vol. XX, No. XX

dose, and exposure route, pesticides can have lethal or sublethal
effects on bees (Johansen et al. 1983, Thompson 2003, Brittain and
Potts 2011, Godfray et al. 2015), which ultimately can impair their
pollination services (Stanley et al. 2015). Because of these potential
effects, a risk assessment for bees is required by many regulatory
agencies for the registration and re-registration of pesticides, includ-
ing those in North America and the European Union. These assess-
ments have traditionally focussed primarily on the honey bee, with
the assumption that estimates of risk for honey bees were protective
of all bees or that honey bee data could be used to estimate or model
effects in other bees. However, honey bees and non-Apis bees differ
significantly in terms of life history, morphology, and behavior, and
these differences can translate to differences in pesticide susceptibil-
ity and exposure (Scott-Dupree et al. 2009, Brittain and Potts 2011,
Cresswell et al. 2012, Arena and Sgolastra 2014, Heard et al. 2017,
Thompson 2016). Recognition of these potential differences, along
with concern for the accelerated loss of some non-Apis bees, has led
to a global re-evaluation of regulatory risk assessment processes for
pesticides to determine if the honey bee truly serves as a suitable
surrogate for estimating the risk of pesticide exposure to all bees
(EFSA 2012, 2013; USEPA 2012; USEPA et al. 2014, Stoner 2016).

In January 2017, a U.S. Environmental Protection Agency-
hosted workshop titled ‘Pesticide Exposure Paradigm for Non-Apis
Bees’ was held in Washington, DC. The workshop gathered 40 inter-
national participants together to determine if the current honey bee
risk assessment framework adequately accounts for potential routes
and levels of pesticide exposure experienced by solitary (Megachile
rotundata Fabricius and Osmia spp. [Hymenoptera: Megachilidae],
and Nomia melanderi Cockerell [Hymenoptera: Halictidae]),
stingless (Tribe: Meliponini), and bumble bees (Bombus spp.,
Hymenoptera: Apidae). In this article, we summarize the work-
shop outcomes for bumble bees, the proposed surrogate taxon for
estimating the risk of pesticides to social non-Apis bees. Bumble
bees are key wild pollinators of many plants, especially in north-
ern temperate regions. Additionally, Bombus impatiens (Cresson),
B. terrestris (L.), and B. ignitus (Smith) are available commercially
for managed pollination of agricultural crops in North America,
Europe, and Asia, respectively. A growing body of research sug-
gests that bumble bees and honey bees can differ in pesticide sus-
ceptibility and exposure (Scott-Dupree et al. 2009, Cresswell et al.
2012, Stoner 2016), and in response, an international effort to
develop a pesticide risk assessment framework for bumble bees is
underway. Standardized protocols for laboratory acute LD, tests
for bumble bees were recently published by the Organisation for
Economic Co-operation and Development (OECD 2017a,b).
Recommendations for semi-field and field study test designs and
assessment endpoints for bumble bees also have been published
(e.g., Cabrera et al. 2016, Gradish et al. 2016), and the International
Commission for Plant-Pollinator Relationships (ICPPR) non-Apis
working group currently is ring-testing semi-field study protocols,
with the aim of producing an OECD guidance document. Despite
these efforts, uncertainties remain about potential routes and levels
of pesticide exposure to bumble bees and how they compare with
those experienced by honey bees.

Here we compare and contrast bumble bee and honey bee life
history and behavioral traits and review how those traits may result
in similar or different routes and levels of exposure for both taxa.
Based on this review, we then discuss considerations for incorporat-
ing bumble bee pesticide exposure into the risk assessment process,
highlighting critical knowledge gaps that will need to be addressed.
Ultimately, this information will provide further insight into whether
the honey bee is an adequate surrogate for estimating bumble bee

pesticide exposure and aid in the development of risk assessment
frameworks for bumble bees.

Bumble Bee and Honey Bee Life History and

Behavior

There are 250 species of bumble bees (including ca. 45 cuckoo bum-
ble bee species) found globally (Williams et al. 1994, 1998, 2008;
Pedersen 1996), and among these species, there exists substantial
variation in reproductive, developmental, behavioral, and ecological
traits. Thus, we have provided only a basic overview of the colony
cycle and foraging behavior of bumble bees, with a focus on general
traits that are most relevant to understanding bumble bee pesticide
exposure and how it compares with honey bees.

Colony Structure and Developmental Cycle

Bumble bee colonies consist of a queen, female workers, and males.
There is significant intra- and interspecific variation in the number of
individuals per colony, but the largest colonies typically contain no
more than 350-450 workers (Lopez-Vaamonde et al. 2003, Goulson
2010). Adult body size also varies considerably within and between
species and castes, with queen, worker, and male weight ranging from
298 to 1,160 (Beekman et al. 1998, Owen 1988, Lopez-Vaamonde
et al. 2009), 50 to 400 (Owen 1989, Goulson et al. 2002), and 90
to 317 mg (Owen 1989, Lopez-Vaamonde et al. 2009), respectively.

Bumble bees have an annual colony cycle, with queens sin-
gle-handedly founding nests. The colony cycle begins in late winter
or early spring when mated queens emerge from hibernation to
search for suitable nest sites, which include abandoned rodent bur-
rows, hollow logs, rock piles, or dense ground vegetation (Heinrich
2004, Goulson 2010). Once she locates a site, the queen creates a
mass of pollen mixed with nectar. She then builds a small wax cup
on the pollen mass in which she lays a first batch of eggs. She covers
the cup in wax and the larvae develop within these closed wax cells.
Bumble bee species can be grouped according to how their larvae
are fed. In ‘pocket-making’ species, pollen is placed underneath the
larvae, on which they collectively feed (Heinrich 2004, Goulson
2010). Later in their development, larvae are fed regurgitated nec-
tar and pollen by the queen via a hole in their wax cell. Conversely,
the larvae of ‘pollen-storing’ species are fed directly by the queen
or workers throughout their development (Heinrich 2004, Goulson
2010). Initially, the larvae develop and are fed together as a group,
but they separate into individual cells for the latter half of their
development (Heinrich 2004). The queen incubates the brood and
forages regularly to provide pollen and nectar to the developing
brood. After 10-14 d, each larva spins a silk cocoon and pupates
for ca. 14 d (Alford 1975). The adults that emerge following pupa-
tion are almost invariably female workers, and shortly after their
emergence, the queen ceases to leave the colony. Foraging duty is
assumed by some of the new workers, while others help the queen
tend to the developing brood. The queen continues laying eggs des-
tined to become workers, and colony growth rapidly accelerates
(Heinrich 2004, Lopez-Vaamonde et al. 2009).

Later in the season, the colony switches from producing work-
ers to producing males and new queens. Soon after emerging, males
leave the colony permanently to feed and mate. During the day, new
queens leave to forage and usually return to the colony at night.
At this stage, they consume large quantities of pollen and nectar to
build up substantial fat reserves for hibernation. Eventually, each
new queen mates with a male and subsequently finds a hibernation
site in the soil. The growth of the colony then decreases, and the
foundress queen, workers, and males die before winter (Alford 1975,
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Heinrich 2004). The duration of the colony cycle varies with bumble
bee species and is related to the length of the season. In temperate
regions, colonies may live for 12-25 wk, depending on the species
(Goodwin 1995, Heinrich 2004).

Honey bee colonies also consist of a single queen but typically
contain up to tens of thousands of workers and a few thousand
drones (males) (Danka et al. 1986, Michener 2007, Wharton et al.
2007). Adult honey bee queens, workers, and drones weigh ca. 200,
100, and 200 mg, respectively. The majority of honey bee colonies
are managed and reside in human-made boxes and frames. In con-
trast to bumble bees, honey bee colonies last multiple years, with
the entire colony entering a period of dormancy every winter and
surviving on honey and pollen stores. Workers are responsible for
all nonreproductive tasks (e.g., foraging, brood care, wax and comb
production, colony defense), while drones exist solely to mate with
queens. Queens lay eggs, and, in managed colonies, they never leave
the colony except to swarm (in feral/wild colonies, queens leave the
colony to mate, and may leave a second time if the colony swarms).
Queens are fed royal jelly—processed hypopharyngeal and mandib-
ular gland secretions produced by nurse bees—for their entire juve-
nile and adult lives (Winston 1987). Honey bee larvae develop and
are fed individually in wax comb cells. Worker and drone larvae are
fed brood food and royal jelly for the first 3 d of their development
and are provisioned pollen and nectar for the remainder of their
development (Winston 1987).

Foraging Behavior

Bumble bees and honey bees are generalist foragers and visit a wide
variety of plant types for nectar and pollen. In both taxa, work-
ers are responsible for foraging and providing food to the colony;
however, unlike honey bee queens, bumble bee queens also forage
in the spring during colony establishment and in late summer and
fall after emerging from pupation. Although the foraging range of
bumble bees is variable and species-dependent, workers typically
forage within 1.5 km of their colony (Knight et al. 2005, Osborne
et al. 2008). Honey bees usually forage within 3 km of their colony
but may travel up to 15 km if resources are scarce (Winston 1987,
Beekman and Ratnieks 2000, Greenleaf et al. 2007).

Bumble bees are large-bodied compared with other bees and most
are covered with dense hair. Furthermore, bumble bees are capable
of raising their body temperature by rapidly contracting their flight
muscles. These traits enable bumble bees to fly and forage under cool
temperatures (Heinrich 1993, Heinrich 2004). They also are able to
forage under cloudy or low light conditions. Therefore, bumble bees
are typically active earlier and later in the day and season than honey
bees (Heinrich 2004).

Potential Routes of Pesticide Exposure for Bumble
Bees Versus Honey Bees

Figure 1 depicts a conceptual model of the primary pesticide expos-
ure routes for bumble bees (for an analogous exposure model for
honey bees, see USEPA 2012). In Table 1, we list the potential routes
of pesticide exposure for bumble bees and honey bees and rank the
relative importance of each exposure route for each taxon based on
their respective colony cycles and foraging behaviors. We do not
explicitly consider adult male bumble bees or drone honey bees in
our exposure assessments, as pesticide exposure for adult males is
expected to be similar to that experienced by foraging workers.

Contact and Inhalation Exposure
Bumble bees and honey bees may be exposed to pesticides via bod-
ily contact with dust generated during the planting of treated seeds,

foliar sprays, or residues on various substrates (Table 1, Fig. 1). For
both taxa, direct contact with sprays, dust, or plant surface residues
is an important exposure route for workers that leave the colony to
forage but not for larvae or adult bees (e.g., nurse bees) that remain
inside the colony (however, the probability of direct exposure to
sprays or drift is higher for nonforager adults from bumble bee colo-
nies found under vegetation on the ground) (Table 1, Fig. 1). Larvae
and adults of both taxa also may come into contact with pesticide
residues that have accumulated in wax colony structures via the stor-
age of contaminated nectar and pollen (Table 1, Fig. 1).

Compared with honey bee queens, the probability of bodily con-
tact with pesticides is higher for bumble bee queens (Table 1). While
honey bee queens remain protected within the colony, bumble bee
queens may be directly exposed to sprays and residues on plants
while foraging in late summer and fall in preparation for hibernation
and in spring while establishing colonies. Unlike honey bees, which
do not rely on soil for nesting or as structural material, bumble bee
larvae and adults from underground colonies may come into contact
with residues in the surrounding soil, although the likelihood of such
exposure is considered low overall (Table 1, Fig. 1). However, bum-
ble bee queens may also hibernate in the soil, which comparatively
increases their probabilty of exposure to soil residues (Table 1).

Bumble bees and honey bees also may be exposed via the inhala-
tion of pesticide spray or dust particles or fumes generated from the
volatilization of residues from plant surfaces, wax, or soil. However,
inhalation as an exposure route for bees has not been well-described
or investigated.

Oral Exposure

Another major route of exposure for both taxa is the consumption
of food or water resources that contain pesticide residues (Table 1).
Pesticides may enter the nectar or pollen of plants via foliar spray or
dust deposition on open flowers or the translocation of foliar-, soil-,
or seed-applied systemic compounds (Fig. 1). Bumble bee and honey
bee foragers may be exposed directly while consuming contaminated
pollen and nectar from flowers, while larvae and nonforager adults
may be exposed when these contaminated resources are brought
back to the colony by foraging workers (Table 1, Fig. 1).

Finally, honey bee foragers collect water and guttation fluid to
drink and bring back to the colony, and, therefore, foragers and non-
forager adults may be exposed to pesticides if these fluids contain
residues. As bumble bees are not known to collect water or guttation
fluid, these exposure routes are of no or comparatively minor impor-
tance to bumble bees of all life stages and castes (Table 1).

Potential Levels of Pesticide Exposure for Bumble

Bees Versus Honey Bees

Although the potential routes of pesticide exposure are similar
for bumble bees and honey bees, the level of exposure (i.e., dose
received) via any one of those routes may vary due to several mor-
phological and behavioral differences.

Bumble bee adults are generally larger than honey bees.
Consequently, bumble bees exhibit a lower surface area to volume
ratio and, thus, at a given contact exposure, will receive a smaller
dose of pesticide per unit body mass. Bumble bees also are covered in
dense hair, which impedes pesticides from making contact with their
cuticle. These two characteristics mean that exposure, and hence
dose, via direct contact may be lower for individual adult bumble
bees compared with honey bees.

For oral exposure routes, the dose of pesticide received by an
individual bee will depend on how much food it consumes and the
concentration of pesticide the food contains. Based on the limited
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Fig. 1. Conceptual model of pesticide exposure to bumble bees (Bombus spp.) from foliar-applied systemic or nonsystemic pesticides (A) and systemic pesticide
seed treatments (B). Black boxes indicate stressors and residue sources, solid gray boxes denote exposure matrices, and double-lined gray boxes represent

receptors.

data available for bumble bees, rates of daily nectar and pollen con-
sumption by individual adult bumble bee and honey bee workers
are similar (Table 2). Although individual bumble bee queens con-
sume more total nectar and pollen than honey bee or bumble bee
workers (Table 2), the amount of food consumed per mg of body
mass is similar for all three groups (Table 3). Therefore, levels of
oral pesticide exposure would be similar for adult bumble bees and
honey bees based on rates of food consumption. However, adult

honey bee queens consume only royal jelly, which, due to processing
by nurse bees, contains lower pesticide residues than unprocessed
nectar or pollen (USEPA et al. 2012, Lucchetti et al. 2018). Bumble
bee queens, in contrast, consume only unprocessed nectar and pol-
len, and thus may receive higher oral pesticide doses than honey bee
queens (but not workers) on a per weight basis.

While larvae of both taxa consume a similar amount of nectar
per day, bumble bee larvae may consume upwards of 130 times more
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Table 1. Potential routes of pesticide exposure and the expected probability of exposure via those routes (0 = no probability, 1 = low prob-
ability, 2 = moderate probability, 3 = high probability, 4 = very high probability) for different life stages and castes of bumble bees (Bombus

spp.) and honey bees (Apis mellifera L.)

Exposure Route Substrate

Life Stage/Caste

Probability of Pesticide Exposure?

Bumble Bees

Honey Bees

Bodily Contact Air particles (dust or spray)

Plant surface residues

Wax residues

Soil residues

Oral Nectar

Pollen

Water

Guttation fluid

Honey dew

Foraging worker
Nonforaging worker
Queen

Larva

Foraging worker
Nonforaging Worker
Queen

Larva

Foraging worker
nonforaging worker
Queen

Larva

Foraging worker
nonforaging worker
Queen

Larva

Foraging worker
nonforaging worker
Queen

Larva

Foraging worker
nonforaging worker
Queen

Larva

Foraging worker
nonforaging Worker
Queen

Larva

Foraging worker
Nonforaging worker
Queen

Larva

Forager

Nonforager adult
Queen

Larva

O P ORP OO0 OO R, ORI WDRDIBERARWRARRNRERE WRRRLRORAROOAODRAOODN

O RO R R P ORRPRPRARARWRRRWRAODODODOPRAWWER OODOHAORRO N

“Rankings were assigned by bee experts based on the developmental, reproductive, and behavioral traits of each taxon.

Table 2. Total amount (mg/bee) of nectar and pollen consumed per day for different life stages and castes of bumble bees (Bombus spp.)

and honey bees (Apis mellifera L.)

Amount consumed per day (mg/bee)”

Food Life stage/caste Bumble bees Honey bees

Sucrose/nectar” Adult worker 73-400° 32-499%¢
Adult queen 163-1,3107% 0’
Larva (nonqueen) 24-60%10:11 12-117%%9
Larva (queen) Unknown 0’

Pollen Adult worker 20-30%%612.13 0-12%¢
Adult queen 37-60%14 0’
Larva (nonqueen) 10-40%1113 0.3-2.7%1516
Larva (queen) 75-135% 0’

“Depending on the source, values may reflect direct measurements or calculated estimates. For comparison purposes, only data that were reported as or could

be converted to mg per bee per day were included.

Depending on the source, values may reflect direct measurements of nectar or sucrose solution consumption, or estimates of nectar consumption.
References: 'Tasei et al. (1994), *Tasei et al. (2000), >Cresswell et al. (2012), “Laycock et al. (2012), SUSEPA et al. (2012), °EFSA (2013), "Heinrich (1972),
SPomeroy (1979), USEPA et al. (2014), '"Rehof et al. (2014), '"Pereboom (2000), '2Smeets and Duchateau (2001), Tasei and Aupinel (2008), “Pridal and

Hofbauer (1996), "Simpson (1955) and '*Babendreier et al. (2004).
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pollen per day than honey bee larvae (Table 2). Furthermore, for
most of their development, honey bee larvae are fed brood food and
royal jelly, which contain lower pesticide residues compared with
unprocessed nectar or pollen (USEPA 2012, Lucchetti et al. 2018).
Conversely, bumble bee larvae feed exclusively on unprocessed nec-
tar and pollen for their entire development. Finally, the duration of
development, and hence feeding period, for bumble bee larvae is
approximately twice as long as for honey bee larvae. These three
factors (i.e., increased consumption of pollen by larvae, consump-
tion of unprocessed nectar and pollen by larvae, and longer larval
development time) may substantially increase oral exposure of bum-
ble bee larvae to pesticides compared with honey bees.

To the best of our knowledge, measurements of the quantity
of nectar consumed by bumble bee queen larvae are currently not
available. However, in one laboratory study, B. ruderatus queen lar-
vae consumed 75-135 mg pollen per day (Pomeroy 1979), which
is considerably higher than pollen consumption measures for non-
queen bumble bee and honey bee larvae (Table 2). Furthermore, in
bumble bees, queen larvae are fed for a longer duration and con-
sume larger quantities of food than worker larvae (Duchateau and
Velthuis 1988, Goulson 2010). Therefore, larval bumble bee queens
may experience higher oral pesticide exposure compared with both
honey bee and bumble bee nonqueen larvae.

Finally, differences in bumble bee and honey bee foraging behav-
ior may influence the contact and oral exposure of foraging adults.
For instance, although bumble bee and honey bee foragers make
a similar number of daily foraging trips (honey bees: 10 [Winston
1987]; bumble bees: 1-32 [Spaethe and Weidenmiiller 2002, Gill
and Raine 2014, Stanley et al. 2016, Evans et al. 2017]), bumble
bee foragers visit 2-3 times more flowers per trip. Bumble bees are
also typically active in cooler temperatures and poorer weather con-
ditions (e.g., overcast, precipitation), which can result in increased
pesticide exposure compared with honey bees in three additional
ways. First, bumble bees are active earlier and later in the day than
honey bees, and bumble bee foragers thus may be exposed to early
morning or late evening spray applications that are timed to avoid
foraging honey bees. Second, because bumble bees will forage dur-
ing inclement weather or overcast conditions, they will be active,
and hence may be exposed to pesticides, for more hours or days
within a season. Third, bumble bees are active earlier and later in the
season, and, therefore, bumble bee species with long colony cycles
within a treated area may be exposed for a longer duration within
a season (Wisk et al. 2014). Finally, the foraging range of bumble
bees generally is smaller than honey bees, and, therefore, for colo-
nies in agricultural landscapes, bumble bees may encounter pesticide
residues on plants over a larger proportion of their foraging range
(USEPA et al. 2012, Raine and Gill 2015). All of these factors may
comparatively increase the contact and oral exposure of foraging

Table 3. Total amount (mg/mg body mass) of nectar and pollen
consumed per day for different life stages and castes of bumble
bees (Bombus spp.) and honey bees (Apis mellifera L.).

Taxon Caste Sucrose/nectar Pollen

Honey bee Worker 0.32-5.0 0-0.12
Bumble bee Worker 0.40-2.2 0.11-0.16
Bumble bee Queen 0.30-2.4 0.067-0.11

Values were calculated using consumption values from Table 2 and the
median body mass for bumble bees (queens: 550 mg, workers: 184 mg) and

mean body mass for honey bees (workers: 100 mg).

workers and the amount of contaminated nectar or pollen brought
back to the colony.

Implications and Considerations for Pesticide Risk
Assessment

Our comparison of bumble bee and honey bee life history and behav-
ior suggests that each taxon may experience differential pesticide
exposure. Although the major routes of pesticide exposure are sim-
ilar for honey bees and bumble bees, bumble bees face an increased
likelihood of exposure via the direct contact and oral exposure of
foraging queens and a differential route of exposure via the contact
or inhalation exposure of adults (especially queens and nonforaging
workers) and larvae via soil residues (Fig. 1). These exposure scenar-
ios are not considered in current honey bee risk assessments. Bumble
bees may also experience higher pesticide exposure than honey bees
under some circumstances. Available data suggest that adult bumble
bee and honey bee nectar and pollen consumption rates are similar,
and current protocols for Tier I, acute honey bee oral exposure esti-
mates are conservative and assume bees consume only unprocessed
nectar and pollen (USEPA et al. 2012). Based on these factors, honey
bee acute oral exposure estimates are considered protective of adult
bumble bees (USEPA et al. 2012). However, limited data on bumble
bee food consumption are available, and some of those data suggest
that bumble bee larvae consume more pollen than honey bee larvae.
Furthermore, in some cases on a per individual basis, bumble bee
foragers may experience higher pesticide doses via contact or oral
exposure compared to honey bees. Therefore, oral pesticide doses
received by larval and adult bumble bees, especially queens, may
be underestimated by honey bee risk assessment estimates. Finally,
pesticide residue levels in matrices relevant to bumble bee expos-
ure, such as soil around nest or hibernation sites, have not been
well-quantified, making it difficult to compare exposure levels with
those of honey bees.

Because of the apparent differences in pesticide exposure for
bumble bees and honey bees, current risk assessment frameworks
may need to be expanded to include bumble bees. It is particularly
important to incorporate exposure to bumble bee queens as their
loss to pesticide exposure during their solitary life phases (hiberna-
tion, colony establishment, and postemergence foraging) translates
into the loss of whole colonies (Baron et al. 2017a,b; Fauser et al.
2017, Wu-Smart and Spivak 2017, Leza et al. 2018). The incorpo-
ration of bumble bees into a risk assessment process necessitates
exposure estimates for all life stages and castes of bumble bees,
which in turn requires quantifiable data on bumble bee traits rele-
vant to pesticide exposure. Currently, such data are generally lacking
for bumble bees and available data are heavily biased toward B. ter-
restris. Therefore, generating more baseline data related to pesticide
exposure for bumble bees should be a research priority. As bumble
bee species differ in traits that may determine pesticide exposure,
this research should be conducted on multiple species, and in par-
ticular should focus on B. impatiens and B. terrestris, the proposed
surrogate species for bumble bee risk assessments in North America
and Europe, respectively.

Estimates of oral pesticide exposure require knowledge of food
consumption rates. Bumble bee nectar and pollen consumption data
are scarce and difficult to summarize due to differences in the meth-
ods used to quantify consumption rates and units of data reported.
This is especially true for bumble bee queens: To date, only five
studies have investigated adult queen food consumption, and each
focussed on a different species and/or time point in the colony cycle
(Cumber 1949, Alford 1969, Heinrich 1972, Pomeroy 1979, Pfidal
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and Hofbauer 1996). Furthermore, most consumption data for
bumble bee adults have been collected under laboratory conditions
from nonforaging workers or queens (e.g., Tasei et al. 1994, Tasei
et al. 2000, Cresswell et al. 2012, Laycock et al. 2012, Rotheray
et al. 2017), and these measures may underestimate consumption by
actively foraging adults with comparatively higher energy demands.
To generate reliable oral exposure estimates for bumble bees, more
data on pollen and nectar consumption by larvae and adults under
natural foraging conditions are needed.

Food consumption by bees can be measured directly by provid-
ing individuals with radiolabeled glucose and tracking its movement
(Nixon and Ribbands 1952, Rehof et al. 2014). Alternatively, con-
sumption can be estimated based on factors related to foraging ener-
getics. For instance, estimates for the maximum nectar consumption
rate by foraging honey bee workers can be obtained using the fol-
lowing equation (Rortais et al. 2005):

D, .= T x S x D x F/P
where T is the average number of foraging trips made per day, S, is
the quantity of sugar required for flight, D is the duration of each
foraging trip, F represents the fraction of the foraging trip spent
flying, and P denotes the percentage of sugar in nectar (accepted
average = 30%).

For bumble bees, the number and duration of daily foraging
trips has been studied exclusively with B. terrestris (Spaethe and
Weidenmiiller 2002, Peat and Goulson 2005, Gill and Raine 2014,
Stanley et al. 2016, Evans et al. 2017), and to our knowledge, the
remaining variables have not been measured for any bumble bee spe-
cies. These data will be needed before estimates of nectar consump-
tion can be determined for bumble bee foragers.

Measurements of food consumption specific to adult bumble bee
queens also are needed. Data on food consumption by bumble bee
workers should not necessarily be scaled up to estimate consump-
tion by adult queens, because the energy demands, and hence nectar
and pollen consumption, of bumble bee queens change during three
distinct periods of their adult lives and may be overall higher than
that of workers. Following emergence from pupation, queens forage
and consume large quantities of pollen and nectar to build up fat
reserves for hibernation. In the spring, the resource requirements of
queens again are high, as they expend significant energy alternat-
ing between daily foraging trips and brood incubation, while also
developing new eggs. Once foraging is assumed by workers, queens
remain in the colony incubating brood and consuming food brought
back to the colony by foragers. Therefore, to estimate lifetime pes-
ticide exposure for bumble bee queens, pollen and nectar consump-
tion data will be required for each of these stages.

Pesticide residue data also are necessary for estimating expos-
ure via all routes, and such data are generally lacking for matrices
relevant to bumble bee exposure. Of particular importance will be
generating pesticide residue data for soil, from which estimates of
exposure to bumble bee queens during hibernation (and, to a lesser
extent, brood and adults in underground nests) can be derived.
Generating such estimates will be challenging as the concentration of
pesticides in soil, and how they dissipate and partition over time, is
influenced by many factors, including pesticide chemistry and appli-
cation method, soil type and moisture level, agricultural practices
(e.g., tilling, irrigation), and environmental conditions (e.g., precip-
itation). Nevertheless, the potential hazard to bumble bee queens
makes the development of soil exposure estimates a high priority.
Soil residue data are often collected from within agricultural fields;
however, bumble bees are unlikely to nest or hibernate directly

within fields. Therefore, soils adjacent to or near agricultural fields
should be sampled, and the resulting residue data can be used to
develop models to predict soil contamination levels in areas where
bumble bees are likely to nest or hibernate.

Contact with residues in wax also is an important potential
exposure route for developing larvae and adult queens and nonforag-
ing workers that make contact with wax while incubating the brood.
Although pesticide residues in honey bee wax have been quantified
(e.g., Chauzat and Faucon 2007, Mullin et al. 2010), it is unclear if
comparable concentrations are found in bumble bee colony wax.
There also have been few attempts to quantify the concentrations of
pesticides found in stored nectar and pollen in bumble bee colonies
(but see Thompson et al. 2013, David et al. 2016, Botias et al. 2017,
Nicholls et al. 2018). Such data will be important for estimating oral
exposure, particularly for larvae and nonforaging adults.

Finally, several aspects of bumble bee foraging behavior (e.g.,
daily and seasonal activity, foraging range) theoretically may influ-
ence the exposure of foraging adults and whole colonies. However,
the impact of these behaviors on bumble bee pesticide exposure has
not been quantified. This will need to be considered when develop-
ing bumble bee-specific exposure estimates, particularly for contact
exposure for foraging workers and queens.

Conclusions

Because of their pronounced biological and ecological differences,
there has been increasing concern that the routes of exposure cur-
rently used for honey bee risk assessment are not conservative or
broad enough to represent the major exposure routes for bumble bees.
Our comparison of the life histories and behaviors of bumble bees
and honey bees indicates that certain life stages/castes of bumble bees
may experience differential or higher pesticide exposure compared to
honey bees, and, therefore, in terms of exposure, honey bees may not
be an adequate risk assessment surrogate for all life stages and castes
of bumble bees. Of particular concern is that current honey bee expos-
ure scenarios cannot account for exposure to bumble bee queens. Our
findings reiterate the need for the inclusion of bumble bees in the risk
assessment process, which will require quantifiable data from which
to estimate bumble bee pesticide exposure and susceptibility. Although
the major pesticide exposure routes for bumble bees are recognized, a
lack of data makes it difficult to reliably quantify or estimate the level
of exposure they may experience via those routes. Therefore, research
efforts directed toward developing bumble bee risk assessment frame-
works should prioritize quantifying individual- and colony-level traits
relevant to bumble bee pesticide exposure.
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