Environmental Entomology, XX(XX), 2022, 1-14 S 1 ENTOMOLOGICAL
https://doi.org/10.1093/ee/nvac093 Q P SOCIETY OF AMERICA

. 9 SHARING INSECT SCIENCE GLOBALLY
Review -

OXFORD

Review

Ecological Drivers and Consequences of Bumble Bee Body
Size Variation

Jacquelyn L. Fitzgerald,'?*4° Jane E. Ogilvie,* and Paul J. CaraDonna'??

'Plant Biology and Conservation, Northwestern University, Evanston, IL 60201, USA, 2Chicago Botanic Garden, Negaunee Institute
for Plant Conservation Science & Action, Glencoe, IL 60022, USA, *Rocky Mountain Biological Laboratory, Crested Butte, CO 81224,
USA, and *Corresponding author, e-mail: jfitzgerald@chicagobotanic.org

Subject Editor: Therese Poland

Received 6 July 2022; Editorial decision 19 October 2022.

Abstract

Body size is arguably one of the most important traits influencing the physiology and ecology of animals. Shifts
in animal body size have been observed in response to climate change, including in bumble bees (Bombus spp.
[Hymenoptera: Apidae]). Bumble bee size shifts have occurred concurrently with the precipitous population
declines of several species, which appear to be related, in part, to their size. Body size variation is central to
the ecology of bumble bees, from their social organization to the pollination services they provide to plants. If
bumble bee size is shifted or constrained, there may be consequences for the pollination services they provide
and for our ability to predict their responses to global change. Yet, there are still many aspects of the breadth
and role of bumble bee body size variation that require more study.To this end, we review the current evidence
of the ecological drivers of size variation in bumble bees and the consequences of that variation on bumble bee
fitness, foraging, and species interactions. In total we review: (1) the proximate determinants and physiological
consequences of size variation in bumble bees; (2) the environmental drivers and ecological consequences of
size variation; and (3) synthesize our understanding of size variation in predicting how bumble bees will re-
spond to future changes in climate and land use. As global change intensifies, a better understanding of the
factors influencing the size distributions of bumble bees, and the consequences of those distributions, will
allow us to better predict future responses of these pollinators.
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Organismal body size is correlated with everything from individual
thermoregulation and nutritional needs to population density and
competition (Calder 1996). Body size influences how an animal
interacts with its environment and other organisms, and ultimately
its fitness, and an animal’s body size itself can be determined by
its environment and interactions with other organisms (Peters and
Peters 1986). Body size variation is therefore an important compo-
nent of predicting species responses to ongoing and increasing global
change, especially for species key to ecosystem functioning, such as
bees.

Among bees, bumble bees (Bombus spp. [Hymenoptera: Apidae])
exhibit substantial size variation within and between species
(Michener 2000). Bumble bees are large and eusocial, with distinct
castes that differ in both average size and in the amount of size var-
iation (Medler 1962) (Fig. 1). Within a single colony, Bombus im-
patiens Cresson (Hymenoptera: Apidae) worker size may vary by a

factor of ten (an order of magnitude, Couvillon et al. 2010b), while
workers of other, non-Bombus, eusocial bee species may only vary by
a factor of two (Roulston 2000). With more than 260 species glob-
ally, bumble bees are abundant, generalist pollinators in natural and
agricultural ecosystems, native to all continents except Antarctica
and Australia (Goulson 2010). While they are found across a range
of ecosystems, bumble bees are largely cold-adapted and occur in
montane habitats. Bumble bees’ large body size contributes to their
success in these colder regions (Bishop and Armbruster 1999, Peat
et al. 2005b), and their large size also appears to increase their sen-
sitivity to climatic warming (Williams et al. 2009, Bartomeus et al.
2013).

Shifts in bumble bee body size have been recently observed (Gérard
et al. 2020, 2021), including decreases in average size (Oliveira et al.
2016, Nooten and Rehan 2020, Theodorou et al. 2020a), consistent
with broader trends of declining animal body size with climate change
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Fig. 1. A) Size variation between a B. flavifrons Cresson queen (left), worker (center), and male (right); B) Size variation between B. californicus Smith queen
(left) and worker (right); C) Size variation within B. bifarius Cresson workers. Specimens from the Rocky Mountain Biological Laboratory research collection.

(Gardner et al. 2011, Sheridan and Bickford 2011). The drivers and
consequences of variation in bumble bee body size are multifaceted,
making it challenging to predict the effects of these size distribution
shifts. Disentangling the factors related to bumble bee size variation
is particularly important considering recent bumble bee population
declines and range shifts and their position as ecologically and eco-
nomically important insect pollinators (Potts et al. 2010, Cameron et
al. 2011, Cameron and Sadd 2020, Soroye et al. 2020).

Here, we review the current evidence of ecological drivers and
consequences of body size variation in bumble bees. We define eco-
logical drivers as determinants of body size variation — any natural
or anthropogenic factors that directly or indirectly cause changes in
size distributions. We define ecological consequences as the role of
size variation — how size variation relates to fitness, foraging, and
various species interactions. We first consider the role of sociality in
bumble bee body size, then review the proximate determinants of
size variation, and biogeographic and climatic patterns of size varia-
tion in bumble bees. We then review the consequences of size varia-
tion on bumble bee physiology, pollination services, and interactions
with other species. Finally, we identify hypotheses on the role of
body size variation on bumble bees’ fitness and population declines,
particularly in the context of ongoing and increasing global change.

Literature Review

To identify and synthesize articles on the ecological drivers and
consequences of bumble bee body size variation, we conducted a
systematic literature search. We used the following search criteria
in Web of Science, applied to titles, abstracts, and author keywords:
(bombus OR ‘bumble bee” OR bumblebee) AND (‘body size’ OR
‘size variation’). We included papers published either online via early
access or with a publication date before 31 December 2021. These
parameters returned 304 papers. We then repeated these search
parameters in Scopus, which returned 225 papers. We combined
these two searches for a total of 350 papers. We then assessed
whether each of these papers: (1) included bumble bees in their
study; (2) described a cause or consequence of size variation (i.e., we
excluded papers that only documented size variation); and (3) were
ecological in nature (i.e., we excluded papers focused on molecular
physiology or genetic mechanisms of size regulation). The genetic,
physiological, and cellular mechanisms that regulate bee body size
are important and have been reviewed elsewhere (Chole et al. 2019).
We additionally included 36 relevant papers that we encountered
but were not represented in our systematic searches (e.g., papers
from older journals whose abstracts are not fully digitized, papers
cited in articles included in our systematic search).

A total of 187 papers met our final criteria for inclusion, span-
ning 1955-2021 (Fig. 2A, Table 1, Supp Table 1 [online only]).

The number of papers focusing on bumble bee body size variation
has steadily increased, peaking in 2021. From these, we categorized
67 papers as drivers and 134 as consequences (Fig. 2B). Of these
studies, 90 (48.6%) were conducted in or included bees from North
America, 82 (43.9%) were conducted in or included bees from
Europe, 13 (7.0%) in Asia, and 9 (4.9%) in South America. In total,
153 Bombus species were represented in these papers: B. terrestris
Linnaeus was a focal species in 91 (48.6%) studies and B. impatiens
in 53 (28.6%), while 58 species were only represented once. Overall,
most papers focused on two easily reared species in temperate re-
gions (B. terrestris and B. impatiens, 141 studies [76.2%]).

Size Variation and Sociality in Bumble Bees

To understand the importance of bumble bee body size variation,
we must first consider the role of size polymorphisms in the organ-
ization of bumble bee colonies. Bumble bees are eusocial hymenop-
teran insects with three distinct castes: large reproductive queens,
smaller functionally sterile female workers, and similarly small males
(Fletcher and Ross 19835) (Fig. 1). The worker caste is the most var-
iable in size, spanning up to an order of magnitude: for example, B.
terrestris workers from a single colony can range from 0.05 to 0.40 g
in mass (Goulson 2003). However, apart from the few commercially
reared species (e.g., B. impatiens and B. terrestris), the degree of in-
traspecific size variation in bumble bees remains poorly understood,
particularly in natural populations.

Bumble bee workers of different sizes tend to perform different
tasks within the colony (Robinson 1992, Walton et al. 2019): larger
workers are more likely to forage and guard the nest, whereas
smaller workers are more likely to stay inside the nest to tend to the
brood. Physiological differences in size, such as size-based circadian
rhythms (Yerushalmi et al. 2006), are hypothesized to drive these
labor divisions. While size-driven task differentiation can be flexible
(Cartar 1992), even when size variation has been artificially reduced,
larger workers are still more likely to forage than smaller workers
(Crall et al. 2018, Holland et al. 2021). Thus, size-based task special-
ization is important to the social organization of bumble bee colo-
nies, as is the flexibility of worker behavior in the nest (but see Foster
et al. 2004, Jandt et al. 2009).

Ecological Drivers of Bumble Bee Body Size
Variation

Proximate Determinants of Size Variation

The adult body size of bumble bees is determined during larval de-
velopment and is shaped by larval diet and environment, mediated
by interactions within the colony. As the temperature experienced by
the brood increases, bumble bee adult body size tends to decrease
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Fig. 2. (A) Number of papers on the drivers or consequences bumble bee body size across time. (B) Number of papers on the drivers and consequences of
bumble bee body size divided by category and by the level of organization the paper considers: within species (intraspecific), between species (interspecific), or
both. (C) Specific drivers and consequences of size variation within (intraspecific) and between species (interspecific).

(Guiraud et al. 2021, but see Kelemen and Dornhaus 2018), con-
sistent with the “Temperature-Size Rule’ (Atkinson 1996, Kingsolver
and Huey 2008). Through regulation of nest temperature, humidity,
and CO, levels (Vogt 1986, Weidenmiiller et al. 2002, Heinrich
2004), bumble bee colonies are hypothesized to reduce variation in
larval size driven by external environmental fluctuations. Bumble
bee larval size is additionally controlled by diet, which is managed
by tending workers. Brood that are fed larger volumes of pollen de-
velop into larger adults (Pendrel and Plowright 1981), as are brood
that are fed more frequently (Shpigler et al. 2013), and those that
receive pollen with higher protein content (Rotheray et al. 2017).
How much food a bumble bee larvae receives is shaped by how a
species provisions its brood, either as ‘pollen-storers’ that feed larvae
individually or ‘pocket-makers” which feed larvae in groups (Sladen
1912). The position of larvae in pocket-making species affects how
much food an individual receives, and larvae of species with this
feeding strategy may be more variable in size (Hagen and Dupont
2013). In addition, larvae positioned closer to the center of the nest
tend to be fed more frequently and experience a more stable thermal
environment, and are generally larger than larvae on the periphery
of the nest (Couvillon and Dornhaus 2009).

Larval size variation is also shaped by social dynamics within the
colony. Early in the colony lifecycle, brood are primarily cared for by the
queen (Goulson 2003) (Fig. 3). As the colony develops, larvae are increas-
ingly tended to by workers and average larvae size tends to increase as a
consequence of improved brood care (Knee and Medler 19635, Shpigler et
al. 2013), and appears to be unrelated to the size of the tending workers

(Cnaani and Hefetz 1994). During early stages of the colony, queens
may intentionally rear smaller workers to encourage worker sterility
(Shpigler et al. 2013, Costa et al. 2021). In some scenarios, large, domi-
nant workers develop (Ayasse et al. 1995, Princen et al. 2020) and begin
to lay haploid eggs, which are only able to develop into male bees (Free
1955a, Zhao et al. 2021b). Thus, queens may try to prevent usurpation
of the colony by suppressing worker size, as predicted by the maternal
manipulation hypothesis (Brand and Chapuisat 2012, Jandt et al. 2017).

The Role of Climate Conditions on Size Variation

Climate conditions are hypothesized to be a key driver of bumble bee
body size. The relatively large size of bumble bees compared to other
bees has contributed to their success in colder regions (Bishop and
Armbruster 1999, Goulson 2003), but bumble bees can be quite flex-
ible in their habitat requirements, such as the large, desert dwelling
Bombus sonorous Say (Williams et al. 2014) and the smaller, neo-
tropical B. pauloensis Friese (Cameron and Jost 1998). Some spe-
cies occur over broad climatic ranges, like the moderately-sized B.
griseocollis De Geer, which can be found from the Southeastern USA
to Northwestern Canada (Mitchell 1960), while others are more
tightly constrained, like the large B. polaris Curtis and B. alpines
Linnaeus, which are exclusively found above the arctic circle and in
the European alpine, respectively (Biella 2015, Williams et al. 2019).
Thus, colder temperatures may limit the lower size range of bumble
bees, but higher temperatures may not constrain upper limits, at
least on evolutionary scales (Peat et al. 2005b, Ramirez-Delgado
et al. 2016).
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Table 1. The number of papers that explicitly consider external environmental drivers or ecological consequences of bumble bee body
size variation from a within-species (intraspecific) or between-species (interspecific) perspective, or both. (see SuppTable 1 [online only])

Number of papers

Interspecific Intraspecific Total
Ecological drivers
Climate 7 6 7
Competition 4 4 N
Floral resources 2 9 10
Habitat fragmentation 1 2 2
Habitat loss 1 0 1
Landscape® 15 13 20
Pesticide exposure 1 2 2
Temperature N 8 8
Other 1 5 5
Ecological consequences
Competition 1 0 1
Fitness 15 13 15
Flight 1 8 8
Foraging” 25 31 37
Parasitism 6 9 10
Physiology* 3 16 16
Population decline 5 5 5
Predation 1 2 3
Thermoregulation 6 12 13
Other 5 21 21

“Includes agriculture, urbanization, corridors, forest cover, wildfire.

’Includes foraging range, foraging rate, pollination effectiveness, floral choice.

“Includes vision, olfaction, circadian rhythms, immunocompetence.
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Fig. 3. Annual life cycle of a bumble bee colony. In the spring, bumble bee
queens that were born the previous fall emerge from winter diapause and
begin to forage. Queens that successfully found a nest will go on to produce
a colony of workers. Towards the end of the growing season, the colony will
produce sexual new queens and males. New queens will mate and enter
diapause.

Thermodynamically, body size limits bumble bees at both ends
of the thermal spectrum, such that larger bees appear to be more
sensitive to high temperatures and smaller bees to low temperatures
(Pyke 1978, but see Martinet et al. 2020). With increasing body size,
bumble bees have a relatively smaller surface area to volume ratio
and slower convective heat loss, while smaller individuals have a
larger surface area to volume ratio, allowing for faster cooling

(Heinrich 1983). Too hot, and these cold-adapted bees will experi-
ence heat stress and may ultimately die (Oyen and Dillon 2018). Too
cold, and bumble bee flight muscles cannot contract quickly enough
for flight (Stone and Willmer 1989). Consistent with Bergmann’s
rule (Bergmann 1848), bumble bee species and populations in colder
climates tend to be larger than those in temperate regions (Scriven et
al. 2016, Gérard et al. 2018) but not necessarily males, (Cueva del
Castillo et al. 2015). This sets up the general hypothesis that larger
sized bumble bees may struggle to a greater degree with increasing
temperatures associated with climate change (Bartomeus et al. 2013).

The Role of Variation in Floral Food Resources on
Bumble Bee Size

The availability of floral food resources has strong influence over
bumble bee body size because it determines the development of
larval bees. Such effects depend not only on the quantity but also the
quality of floral food resources. In general, access to abundant and
high-quality floral resources supports greater mean size at the colony
level (Grass et al. 2021). At the population level, with increasing
food availability, bumble bees tend to produce larger workers and
males (but not necessarily larger queens, Sutcliffe and Plowright
1988, Schmid-Hempel and Schmid-Hempel 1998, Kerr et al. 2021,
Zaragoza-Trello et al. 2021). Larvae fed pollen with higher protein
content tend to be larger in size (Tasei and Aupinel 2008, but see
Vanderplanck et al. 2014), consistent with work in non-Bombus bee
species (Roulston and Cane 2002). At the community level, greater
floral diversity and the number of native plant species appear to sup-
port larger bodied bee species (Wray et al. 2014).

If bumble bee colonies experience resource limitation (i.e., an ab-
sence of abundant, high-quality floral food resources), then they may
tradeoff between investing in fewer, larger workers and more, but
smaller workers. Larger workers tend to be more efficient foragers
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(see consequences for bumble bee foraging below) but are more en-
ergetically expensive to produce (Smith and Fretwell 1974, Kerr et
al. 2019). With limited resources, colonies may produce a greater
number of smaller workers, which may return fewer resources to
the colony but require fewer resources to produce. However, direct
tests of how floral resource availability affects the resource alloca-
tion strategy of bumble bee colonies are needed and it is unclear
which strategy (many small workers versus fewer large workers)
confers a greater overall fitness benefit under different conditions.
For example, under experimental conditions, when given access
to a greater abundance of resources, colonies of B. vosnesenskii
Radoszkowski (a medium-sized species) appear to favor producing
fewer, larger workers, particularly during the early stages of colony
development (Malfi et al. 2019, Kerr et al. 2021).

In the early stages of development, bumble bee colonies have few
bees and may experience harsh environmental conditions (Fig. 3)
and are therefore more vulnerable to failure and may be particularly
sensitive to the availability of floral resources. Nevertheless, life his-
tory theory suggests producing smaller offspring may be advanta-
geous when energetic costs are high (Smith and Fretwell 1974), and
it remains unclear the extent to which the production of fewer larger
workers is a general pattern across species. Certain abiotic and bi-
otic conditions may give rise to colonies preferentially producing a
greater frequency of smaller bodied workers, and some species may
generally adopt one strategy, but this is an outstanding question, par-
ticularly in wild systems.

The Role of Competition on Bumble Bee Body Size
Competition with other pollinator species may influence the body
size distribution of bumble bees, and body size plays a key role in
competitive interactions with other bumble bees (see consequences
for competition below). The effect of competition on bumble bee
body size is likely mediated through competition for floral re-
sources. Competitively dominant species may deplete the avail-
ability of floral food resources and these decreases may in turn
reduce the body size of other co-occurring bumble bees (Bowers
1985). With less and/or lower quality food available for devel-
oping brood, larvae will develop into smaller adult bumble bees.
Alternatively, resource limitation as a result of interspecific compe-
tition may also force bumble bee colonies to send a greater number
of workers out to forage. These workers may be smaller individuals
that would otherwise remain in the colony tending brood, thereby
reducing the average size of foragers. Smaller foraging workers also
tend to be less productive foragers (see consequences for foraging
below), which may reduce the overall quality of the colony’s re-
source return. This in turn may further reduce larval size and addi-
tionally reduce the quality of brood care if there are fewer nurses
in the nest.

However, few studies have empirically asked how native Bombus
species affect the size distributions of co-occurring bumble bee
species (but see Bowers 1985), which limits our understanding
of the mechanisms driving the coexistence of bumble bee species.
Competition with managed honey bees (Apis Meliffera Linnaeus
[Hymenoptera: Apidae]) has been associated with decreased body
size of native bumble bee species (Goulson and Sparrow 2009,
Elbgami et al. 2014). It is probable that introduced bumble bee spe-
cies influence the body size distributions of native bumble bees, as
introduced Bombus species can compete with other bumble bees
(Ings et al. 2006) and have been implicated in the decline of native
bumble bees (Morales et al. 2013). The introduction of B. terrestris
does not appear to have influenced the size of native bumble bees in
Japan (Nagamitsu et al. 2006, 2010), but the effect of competition

with introduced bumble bees on the body size of native Bombus spe-
cies is an open question in other regions.

Ecological Consequences of Variation in
Bumble Bee Body Size

Consequences of Body Size Variation for Bumble

Bee Physiology

The physiology of bumble bees varies with body size in ways that
affect their interactions with the environment and other organisms.
These ecophysiological differences do not necessarily scale linearly
with size. For example, larger workers generally have larger eyes
(Maebe et al. 2013, Kelber and Somanathan 2019), greater optical
sensitivity (Streinzer and Spaethe 2014, Taylor et al. 2019), and
stronger phototaxis response (Merling et al. 2020). For B. terrestris,
with an approximate one third increase in body size, worker vision
sensitivity and resolution doubles (Spaethe and Chittka 2003), and
with an approximate doubling in body size, worker sensitivity to
odors increases by 36-times (Spaethe et al. 2007). Higher visual
and olfactory acuity may allow larger workers to better orient to,
and differentiate between, floral resources in the landscape under a
wider range of environmental conditions (Kapustjanskij et al. 2007).
Larger individual workers also appear to learn tasks and make
inferences faster (Worden et al. 2005, Raine and Chittka 2008, but
see Riveros and Gronenberg 2009, Evans and Raine 2014), which
may improve their foraging abilities when presented with novel spe-
cies or floral morphologies.

From a thermoregulation perspective, larger bumble bees tend
to be better at maintaining consistent internal body temperatures
at both the inter- and intraspecific levels (Heinrich 1983, Bishop
and Armbruster 1999, but see Kelemen and Dornhaus 2018).
Critically, however, the relationship between bumble bee size and
thermal tolerance is less resolved. Of the studies that explicitly ad-
dress the role of size on bumble bee critical thermal tolerance—the
extreme limits of temperature an organism can tolerate—results
are mixed. Some evidence finds that larger bumble bee workers,
both between and within species, can tolerate more extreme heat
and cold (Oyen et al. 2016, 2021), whereas others find no effect
of size on the thermal tolerance of workers (Hamblin et al. 2017,
Oyen and Dillon 2018, Maebe et al. 2021), or in males (Martinet
et al. 2020, Zambra et al. 2020). One important caveat is that
the breadth of sizes considered in these studies is relatively small
and may not fully capture the true range of sizes possible within a
colony or population (but see Martinet et al. 2020). The relation-
ship between thermal tolerance and bumble bee body size may be
particularly important in the context of rising global temperatures,
and this lack of resolution represents a considerable knowledge
gap in our understanding of how bumble bee species may respond
to climate change.

Larger body size may confer benefits in resource-rich
environments, but larger bumble bee workers and queens may
also be more vulnerable to resource limitation. For instance,
larger workers have relatively less lipid stores compared to smaller
workers (Couvillon et al. 2011), and may therefore be more vul-
nerable to starvation (Couvillon and Dornhaus 2010). In ad-
dition, there is no evidence that size affects bumble bee immune
responses (Schmid-Hempel and Schmid-Hempel 1998, Baecuerle
et al. 2020). Taken together, through improved thermoregulatory
ability, learning capacity, and sensory sensitivity, larger individual
bumble bees may be able to effectively forage under a greater range
of environmental conditions, but larger body size is not universally
beneficial.
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Consequences of Body Size Variation for Bumble

Bee Foraging

Body size influences bumble bees’ ability to move between floral
resource patches and to effectively collect pollen and nectar from
flowers. Larger bee species, including bumble bees, tend to have
larger maximum foraging ranges (Greenleaf et al. 2007, Mola et
al. 2020), and relatively small differences in size between bumble
bee species can translate to tenfold differences in potential foraging
ranges (Westphal et al. 2006). Furthermore, larger bumble bee
individuals can traverse greater distances at higher speeds (Ohashi
et al. 2008), forage at different times of day and at lower light levels
(Hall et al. 2021), and forage on lower density resource patches that
may not be worth the energy expenditure for smaller bees (Foster
and Cartar 2011).

Bumble bee body size also mediates an individual’s floral choice
and ability to extract pollen and nectar from flowers within a re-
source patch (Morse 1978, Barrow and Pickard 1984, Suzuki et al.
2007). Larger-bodied bees appear to forage for nectar from flowers
with deeper corollas, whereas smaller-bodied bees prefer to forage
from shallower or dish-shaped flowers, largely due to differences in
tongue length (Peat et al. 2005a, Inoue and Yokoyama 2006, Liang
et al. 2021). At the species level, longer-tongued (and larger-bodied)
bumble bee species tend to have more specialized diets than shorter-
tongued (and smaller-bodied) species (Wood et al. 2021). In addi-
tion, larger bumble bees tend to have higher foraging rates (Spaethe
and Weidenmiiller 2002, Ings 20035, Peat et al. 2005a). Thus, larger
workers generally return relatively larger pollen and nectar loads to
the colony (Free 1955b, Ings et al. 2005, Kerr et al. 2019), and this
may in part account for their greater metabolic needs (Plowright et
al. 1993), which may increase the overall caloric needs of the colony
(Cueva del Castillo et al. 2015, Hendriksma et al. 2019, Balfour et
al. 2021).

Morphological size matching among plants and pollinators is
an important component of plant fitness (Raine and Chittka 20085,
Vézquez et al. 2009, Kuriya et al. 2015), and larger bumble bees may
be more efficient at extracting pollen from some plant species (Klein
et al. 2017, Koski et al. 2018). These larger bees remove and deposit
more grains of pollen per visit than smaller bees both across species
(Willmer and Finlayson 2014, Foldesi et al. 2021) and within spe-
cies (Goulson et al. 2002, Russell et al. 2021), although this pattern
may largely be due to larger bees’ increased surface area (Thomson
1986). Depending on the size and morphology of a flower, smaller
bumble bees may be more efficient pollinators, especially for com-
plex floral morphologies (Stout 2000, Edens-Meier et al. 2011).
For flowers that require buzz pollination, larger bumble bees can
sonicate anthers at higher amplitudes and frequencies, releasing
more grains of pollen (De Luca et al. 2014, Miller-Struttmann et al.
2017, De Luca et al. 2019, but see Arroyo-Correa et al. 2019, Rosi-
Denadai et al. 2020).

The relative benefits of large workers to the colony are likely
dependent on the type of floral resources available in a local eco-
system, and these benefits may change across the growing season
as the number and variety of available floral species changes (e.g.,
Simanonok and Burkle 2014, CaraDonna and Waser 2020). Larger
workers may offset their high rearing cost through greater re-
source return (Goulson et al. 2002), but once production costs are
accounted for, smaller workers may provide equivalent or greater
resource contributions (but see Kerr et al. 2019). The optimal range
of forager sizes may then vary by local floral resource conditions,
at different times of the year, and the density of competitors for
resources (Goulson 2003). The distribution of bumble bee body
sizes within a colony or population will mediate the number and

diversity of resources in their diet and changes in bumble bee size
distributions at the community, population, or colony level may have
large consequences for foraging and pollination services.

Consequences of Body Size Variation for

Antagonistic Interactions: Competition

The influence of bumble bee body size on intra- and interspecific
competition is complex as it integrates a variety of size related
factors, including tongue length, phenology, and metabolism—all
of which may be difficult to disentangle. For example, differences
in phenology between bumble bee species has been observed to
suppress the size of later emerging species, likely because earlier
emerging species competitively dominate floral resources (Bowers
1985). In addition, because bee species with longer tongues tend to
be larger bodied (Cariveau et al. 2016, Arbetman et al. 2017), they
may extract resources from flowers that are not be available to other
bees (Harder 1986, Peat et al. 2005a). In other words, larger bodied
species may be able to exploit a disproportionate share of high
quality resources under resource rich conditions, but under poor re-
source conditions, smaller species may be advantaged by their lower
metabolic costs (Pyke 1978).

At the community-level, tongue length, and by extension body
size, may at least partly mediate coexistence between broad func-
tional groups of bumble bees: species with relatively long, medium,
or short-tongues (Inouye 1978, Pyke 1982, Ranta 1984). If species
with similar tongue lengths are using the same floral resources, then
competition between them should be strong, particularly when re-
sources are limited. However, empirical evidence for competition
among species with similar tongue lengths is generally lacking (Ranta
and Vepsildinen 1981, Ranta and Tiainen 1982, Goulson 2010). For
example, honey bees (Apis mellifera) are a relatively short-tongued
species, but their presence has been associated with decreased size of
co-occurring bumble bee species of all tongue-lengths (Goulson and
Sparrow 2009, Elbgami et al. 2014).

Body size likely contributes to competition within bumble bee
species, both between conspecific foundress queens and between
foragers from different colonies. Within an individual colony, larger
workers tend to be more aggressive and dominant over other workers
(van Doorn 1989, Pandey et al. 2020, but see Foster et al. 2004).
However, to our knowledge no studies have explicitly addressed the
consequences of size variation on intraspecific competition, which
is a critical component for understanding the potential for species
coexistence (Chesson 2000).

Consequences of Body Size Variation for

Antagonistic Interactions: Predation

The relationship between bumble bee body size and predation is
relatively understudied, but evidence suggests that body size affects
predator avoidance behavior. Across species, field evidence suggests
that larger bumble bee species exhibit less anti-spider behavior (i.e.,
predator avoidance) than smaller-bodied species (Dukas and Morse
2003). On an intraspecific level, larger B. terrestris foragers may
also be better at avoiding predation by spiders (Gavini et al. 2020);
however, this pattern may vary by species, as no evidence of sized-
based differences in predator avoidance have been observed in B.
impatiens (Jones and Dornhaus 2011). It is important to note that
these two studies considered bumble bee behavior under laboratory
conditions with simulated attacks or artificial spiders. Between spe-
cies, larger bees’ greater mass may allow them to escape predators
more easily, whereas differences in behavior within species may indi-
cate that larger workers initiate anti-predator behavior sooner. This
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may be because larger bumble bees tend to be less agile than smaller
individuals, or that the greater visual acuity of larger bumble bees
may allow them to detect potential predators faster than smaller
bees. Larger bees may also be more obvious targets for attack. Size
may mediate bumble bee vulnerability to non-spider predators, e.g.,
beewolves (Philanthus spp. [Hymenoptera: Crabronidae]), sphecid
wasps Sphecidae [Hymenoptera:Apoidea], birds, etc., but to our
knowledge there are no studies that consider these relationships.

Consequences for Antagonistic Interactions:

Parasitism

The size of bumble bee hosts may mediate the likelihood and intensity
of parasite infection, which has been implicated in bumble bee pop-
ulation declines (Cameron and Sadd 2020). Bumble bees are com-
monly parasitized by the larvae of conopid (Conopidae) and phorid
flies (Apocephalus borealis Brues [Diptera: Phoridae]), in addition
to tracheal mites Locustacarus buchneri Stammer [Trombidiformes:
Podapolipidae], intestinal parasites Crithidia bombi Léger
[Trypanosomatida: Trypanosomatidae] and Vairimorpha bombi
Fantham & Porter [Microsporidia: Nosematidae], and wax moths
Aphomia sociella Linnaeus [Lepidoptera: Pyralidae], a European
nest parasite. If larger host size allows for more physical space and
opportunity for parasites to exploit (Kuris et al. 1980), then larger
bumble bees may experience higher rates of parasitism. At an assem-
blage level, parasite richness may be higher for larger bees, at least in
agricultural settings (Cohen et al. 2021), but across wild bumble bee
species, there is no evidence that body size affects the diversity of asso-
ciated parasitic species (Durrer and Schmid-Hempel 1995). However,
larger bumble bee species and individuals do tend to have greater
rates of conopid fly parasitism, both in wild communities (Muller
et al. 1996, Schmid-Hempel and Schmid-Hempel 1996, Otterstatter
2004, Malfi and Roulston 2014), and in commercial B. impatiens
colonies (Gillespie et al. 2015). This does not necessarily indicate
host preference for larger bees but may instead suggest that smaller
workers are simply better at avoiding fly attacks, or conopids are
less likely to develop in smaller hosts, or that because larger workers
spend more time foraging, they are more likely to be attacked.

The role of body size on intestinal parasite infection is unclear.
While some studies find no relationship between intraspecific size
variation and parasite infection (Colla et al. 2006, Otti and Schmid-
Hempel 2007, Figueroa et al. 2021), other evidence is mixed (Malfi
and Roulston 2014, Van Wyk et al. 2021). Laboratory experiments
suggest that while smaller workers may have more intense infections,
larger individual B. impatiens were nearly twice as likely to transmit
the trypanosomatid parasite Crithidia bombi (Van Wyk et al. 2021).
As Crithidia is spread through feces, larger bees may shed a greater
volume of parasites, increasing the likelihood of transmission. Host
size may also mediate disease transmission through behavior, rather
than physiological differences in vulnerability. Larger bees are more
likely to forage (see above) and may have more opportunities to ex-
pose uninfected bees. If larger bees experience greater rates of para-
sitism, then this may further stress species and populations that are
already vulnerable as a consequence of their size.

Consequences of Body Size Variation for Bumble

Bee Fitness

The body size distributions within bumble bee colonies, populations,
and communities have the potential to mediate colony fitness and
population dynamics. The most advantageous size distribution
may differ across space, time, and resource environments. Greater
size variation among workers may allow colonies to forage more
efficiently under a greater range of biotic and abiotic conditions.

Alternatively, greater average size among workers may allow col-
onies to maximize the volume of resources returned, even under
less-favorable conditions. Both hypotheses could hold true under
different contexts and for different species. Empirical evidence
suggests that as mean worker size increases, bumble bee colonies
tend to produce more new queens (Herrmann et al. 2018), and the
benefits of larger workers hold across resource conditions (Kerr et
al. 2021). Although bumble bee colonies may produce a greater va-
riety of worker sizes in less-favorable conditions, these colonies with
more worker size variation do not appear to produce more workers
or reproductives (Kelemen et al. 2020). Thus, greater average worker
size may confer the greatest fitness benefits.

If larger workers tend to have lower survival rates (Kelemen et
al. 2019, Kerr et al. 2019) and tend to be less hardy against starva-
tion (Couvillon and Dornhaus 2010), then a greater proportion of
large workers may be less desirable when floral resources are lower
in quality or quantity (but see Kelemen et al. 2020). High worker
mortality is also associated with smaller new queens (Muller and
Schmid-Hempel 1992). In general, new queens in the fall are more
variable in size compared to queens that emerge in the spring, which
tend to be larger on average (Owen 1988, Inoue 2011). Such ev-
idence suggests that smaller queens may be less likely to survive
overwintering, perhaps due to faster depletion of macronutrient
stores, which may be an important aspect to bumble bee persistence
under climate change (Holm 1972, Vesterlund et al. 2014, but see
Cameron and Jost 1998). Yet, among queens that do survive winter,
larger individuals are not necessarily more likely to successfully
found nests (Muller and Schmid-Hempel 1992).

It remains unclear how worker size may influence the size of
males, but larger males tend to be more reproductively successful,
producing more sperm (Zhao et al. 2021a) and copulating faster
(Amin et al. 2012). In eusocial hymenopterans, there is strong sexual
size dimorphism, where males are virtually always smaller than
queens. Under limited resources to produce reproductive bees, colo-
nies may then invest in producing more larger, higher quality males,
rather than expending more resources to produce large, high quality,
but expensive, queens (e.g., Trivers and Willard 1973). Bumble bees
may invest more in males when resources are limited (Bourke 1997,
Pelletier and McNeil 2003), and a further understanding of the
role of body size in sex ratios would clarify the resource allocation
strategies of bumble bee reproduction.

It is important to note that the consequences of size on an
individual-level do not necessarily translate to colony-level fitness.
For example, greater interspecific size improves thermoregulatory
ability in bumble bees (Bishop and Armbruster 1999) but experimen-
tally reduced worker size variation does not influence colony-level
thermoregulation of the nest (Jandt and Dornhaus 2014). In total,
larger overall size of individuals in a colony generally confers fit-
ness benefits but these benefits come at a metabolic cost. If resources
are scarce or the colony is otherwise stressed, it may be disadvanta-
geous for a colony to produce large workers, males, or new queens.
Empirical tests of this hypothesis will be important, particularly in
the context of bumble bee decline and increasing global change.

Effects of Global Change on Bumble Bee Body
Size

Consequences of Climatic Warming for Bumble Bee
Body Size

Anthropogenic climate change has the potential to dramatically alter

bumble bee size distributions directly through exposure to increasing
temperatures and indirectly by altering floral resources (Fig. 4A). As
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climate change progresses, organisms will experience both higher
overall temperatures and an increasing frequency and intensity of
extreme temperature events (Pachauri et al. 2014). For bumble bees,
these scenarios may act synergistically to alter the development of
bumble bee larvae and the activity of adult bees. Some work has
shown that the size distribution of active B. impatiens foragers is
unaffected by air temperatures (Couvillon et al. 2010a), however,
the highest temperature foragers experienced in this study (36°C)
does not reflect the severity of extreme heat waves. Under extremely
high temperatures (>40°C), bumble bees begin to approach their
critical thermal limits (Oyen and Dillon 2018), which will restrict
the foraging activity of bumble bees (Kenna et al. 2021) and may
ultimately be lethal.

Reductions in bumble bee body size have been observed in mul-
tiple species over the past century in Europe and North America,
and appear to be related in part to rising temperatures (Oliveira et
al. 2016, Nooten and Rehan 2020, Theodorou et al. 2020a, but see
Gérard et al. 2020), consistent with general patterns of declining an-
imal body size with climate change (Gardner et al. 2011, Sheridan
and Bickford 2011). Critically, the specific mechanisms of bumble
bee size declines remain unclear (Fig. 4A). If declining size is a plastic
response, then higher temperatures may directly reduce the size of
developing larvae, as per the “Temperature-Size Rule’ (Atkinson
1996, Kingsolver and Huey 2008, CaraDonna et al. 2018), or in-
directly by altering the size of developing larvae by reducing the
quality or quantity of floral resources (Forrest 2015, Kuppler et al.
2021). If declining body size is an adaptive response, then higher
temperatures may directly increase the mortality of large individual
bumble bees, selecting for smaller adult size of queens and males
(Leiva et al. 2019).

Although there have been no direct tests of the mechanism by
which bumble bee populations have experienced size declines, lab-
oratory evidence suggests that higher temperatures may decrease
the size of developing larvae. Under standard ranges of bumble
bee nest temperatures (20-30°C), the average size of bumble bee
larvae does not vary with developmental temperature (Kelemen and
Dornhaus 2018), perhaps because workers are able to cool the nest
environment through wing fanning (Vogt 1986). However, higher
temperatures (>30°C) may decrease the size of developing workers
and males (Guiraud et al. 2021). Field evidence on the effect of
greater temperatures on bumble bee size is mixed, with some evi-
dence suggesting higher ambient temperatures drives smaller body
size and more size variation in adult foragers (Theodorou et al.
2020a), while some find that worker and queen size increases and
size variation decreases, with increasing temperatures (Zaragoza-
Trello et al. 2021). Regardless, larger overall bumble bee species ap-
pear to be disadvantaged under high temperatures (Osorio-Canadas
et al. 2016, Gérard et al. 2021). Other extreme climatic events, such
as drought, may also shape the body size distributions of bumble
bees (Hung et al. 2021), but this is less explored. As climate change
continues and accelerates, declines in bumble bee body size at the
colony, population, or community-level may continue, and may
have negative consequences for colony fitness and worker foraging
abilities (see above) with cascading consequences on the plants that
rely on bumble bees for pollination.

Consequences of Land Use Change for Bumble Bee
Body Size

Land use change is a complex process and there are multiple po-
tential mechanisms underlying the effects on bumble bee body size.
For example, habitat loss and fragmentation affect the dispersal
ability of foragers and reproductives, which should select for larger

body sizes. The loss of floral resources and urban heat island effects
may alter the development of different sized bees, and exposure to
insecticides may affect which sized bees survive. Thus, the effects of
land use change on bumble bee body size variation are complex and
understanding them requires a multi-faceted approach.

The conversion of natural areas to agricultural or urban uses,
leading to the loss of floral resources and available nesting habitat,
is the most direct consequence of land use change on bees (Winfree
et al. 2011, Wray et al. 2014). Outside of these food and nesting
losses, increasing intensity of land conversion increases the dis-
tance between resource patches and bee movement is subsequently
restricted (Van Dyck and Matthysen 1999, Williams et al. 2010).
Larger bumble bee species generally have larger foraging ranges (see
above) and may be better able to traverse these distances, potentially
leading to selection for larger body size (Fig. 4B). Empirical evidence
generally supports this idea: larger bumble bees are associated with
greater landscape fragmentation at both interspecific (Hirsch et al.
2003, Williams et al. 2010, Jauker et al. 2012, Maas et al. 2021) and
intraspecific levels (Murta et al. 2011, Gérard et al. 2020). The effect
of fragmentation on body size may depend on the relative mean size
of species, with larger overall bumble bee species increasing in size
and smaller species decreasing in size (Gérard et al. 2021).

Beyond simple losses of floral resources and nesting habitat, the
landscape surrounding resource patches exerts a strong influence
on bumble bee body size (Hirsch et al. 2003, Persson and Smith
2011, Jauker et al. 2012, Hutchinson et al. 2021). For example, con-
ventional agricultural lands tend to support larger bee species at an
interspecific level (likely for dispersal-related reasons, De Palma et
al. 2015), but smaller average worker size on an intraspecific level
(likely for nutrition-related reasons, Gayer et al. 2021). Urbanization
has similarly complex effects, with evidence suggesting shifts in in-
terspecific size-distributions in favor of large-bodied bee species at
the community level (Bennett and Lovell 2019). However, at the
species level, the effects of urbanization are mixed, with evidence
for both increases (Theodorou et al. 2020a) and decreases in size
(Eggenberger et al. 2019). The specific effects of urbanization may
be difficult to disentangle from modifications related to climate,
including urban heat island effects (Hamblin et al. 2017), reduced
floral food resources (Burdine and McCluney 2019), and toxic pesti-
cide exposures (Siviter et al. 2021).

The interactive effects of pesticides can compound the effects of
land use changes on bumble bee size. The timing, type, and relative
intensity of pesticide exposure likely differ with the type of land use,
i.e., exposure from conventional agricultural fields differs from that
of urban yards. New generations pesticides, including noenicitinoids,
which may be less harmful to vertebrates but act as neurotoxins to
insects, have been found translocated to nectar and pollen, where they
may be consumed by bumble bees and other pollinators (Blacquiere
et al. 2012). Sufficiently intense pesticide exposures are lethal (Straw
et al. 2021), and smaller bumble bees have lower lethal doses
(Thompson 2001). Smaller species and individual bees may there-
fore be more vulnerable to mortality following pesticide exposure.
Pesticides can also have sub-lethal effects on bumble bees, including
impaired brood development, decreased foraging, and damage to
the gut (Morandin et al. 2005, Straw and Brown 2021). The specific
effects of exposure can vary by the type of pesticide (Bernauer et al.
20135, Siviter et al. 2021), which may also be body-size related.

Conclusions and Future Direction

Body size variation in bumble bees is integral to the social organi-
zation of the colony and has strong effects on bumble bee foraging
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Fig. 4. (A) Hypothetical pathways by which higher temperatures could
lead to smaller mean body size in bumble bees. Developmentally, higher
temperatures could lead to smaller bees through the temperature-size rule
or indirectly through changes in floral resources affecting larval nutrition.
For adult bees, size-based differences in thermal tolerance could lead to the
mortality of large individuals. These hypotheses are not mutually exclusive,
multiple pathways could be acting simultaneously. (B) Hypothetical
pathways by which habitat fragmentation could lead to larger mean body
size in bumble bees. Discontinuity of resources selects against small bee
species and small individuals that have lower dispersal ability and are unable
to traverse large distances or meet their caloric needs from small, isolated
patches. The specific effects of habitat fragmentation may be difficult to
disentangle from the effects of habitat loss and land use change, which may
impose contrasting pressures on size.

and fitness. Understanding the ecological drivers and consequences
of bumble bee body size variation requires integration of ecology,
evolution, and physiology, and can help us better predict the persist-
ence of this key group of pollinators under global change. It is per-
haps not surprising that the current evidence suggests that bumble
bee body size represents an important, multidimensional trait that
can strongly modify how these organisms respond to environmental
changes. If we are to better understand and predict the fates of
bumble bee species under continued global change, body size is likely
to play a key role.

However, considerable knowledge gaps remain in our under-
standing of the role of body size variation on bumble bee vulner-
ability to population decline. As a starting point, we still lack a
basic understanding of body size distributions at the species level
and how this variation integrates with other fundamental aspects of
bumble bee ecology, including diet breadth, competition, and colony
fitness. Furthermore, most work in this area focuses on a handful
of species (e.g., Bombus impatiens and B. terrestris), mostly from

temperate regions, and mostly under laboratory conditions. We have
learned a great deal from these studies, but we understand much less
about how size plays out in the wild under a range of environmental
conditions and bumble bee species. To address this knowledge gap,
observational studies of the size distribution of wild bumble bee
populations conducted across time and space that can capture varia-
tion in climate and floral resources, and experiments that leverage an
understanding of this natural variation, would be valuable.

As global changes in climate and land use advance and intensify,
it is likely that shifts in bumble bee body size distributions will also
continue, and the direction and magnitude of these size shifts will
have consequences for pollination services. A better understanding
of the environmental variables that have a major influence on
bumble bee body size distributions will have important implications
for our ability to predict species responses to global change.
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