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Abstract – Bumble bees (Bombus spp.) have been commercially propagated for over three decades. As the
environmental conditions experienced by commercial bumble bees differ greatly from those experienced by wild
bumble bees, commercial rearing of bumble bees may cause phenotypic changes. Here, we compare the foraging
behavior and size of worker bumble bees (Bombus impatiens ) from commercial and wild colonies. For this
experiment, we measured worker body size, recorded if the workers returned with pollen, and examined the contents
of pollen loads via microscopy. We found that, while commercial and wild bumble bees foraged on similar
communities of flowers, wild bumble bees returned to colonies with purer pollen baskets (higher proportion of
the most common species) and were more likely to return to the colony with pollen than their commercial
counterparts. Commercial bumble bees were also smaller than wild bees. Our work highlights differences between
commercial and wild bumble bees, in addition to raising important unanswered questions about the mechanism and
drivers of these differences.
Bombus / bumble bee / body size / foraging behavior / commercial propagation / domestication

1. INTRODUCTION
The use of commercially propagated animals
as study subjects is common in biological research. Though these animals are often assumed
to represent their wild counterparts, the environmental conditions and selective pressures experienced by commercially propagated animals may
differ from those experienced by animals in the
wild. Differentiation between domesticated and
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wild organisms has been well characterized across
a wide range of taxa, including plants (Harlan
et al. 1973), mammals (Trut et al. 2009), and fish
(Huntingford 2004), though relatively few studies
have addressed the impacts of domestication and
commercial rearing on insects (Lecocq 2019).
Nevertheless, many species of commercially
propagated insects play important roles as scientific subjects: for example, the availability of commercially propagated mason bees (Osmia spp.),
honey bees (Apis mellifera ), and several species
of bumble bees (e.g., Bombus terrestris and
B. impatiens ) has facilitated studies of both social
and solitary bees (Pitts-singer and Cane 2011).
The common eastern bumble bee
(B. impatiens ), a social pollinator native to the
Eastern United States, has been propagated
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commercially since 1990 (Velthuis and van
Doorn 2006). Though bumble bees have a relatively short history of captive rearing (Velthuis
and van Doorn 2006), phenotypic changes in domestic or managed populations are often induced
in as few as five generations of captive breeding
for other taxa (e.g., hatchery fish) (Araki et al.
2008). Commercial bumble bee populations
might experience limited gene flow from wild
populations, as the producers of commercial bumble bees maintain their own source populations
(Velthuis and van Doorn 2006). Artificial conditions are likely to be stressful for bumble bees, as
rates of colony success can vary greatly according
to rearing techniques (Gurel and Gosterit 2008;
Imran et al. 2016) and more than half of wildcaught queens may fail to establish colonies in
laboratory conditions (Strange 2010). This stress
may lead to selection for performance in lab conditions: previous research has shown commercial
B. terrestris to produce significantly more gynes
and workers than a native genotype in a common
garden laboratory rearing experiment, with hybridization between commercial and native genotypes generally resulting in intermediate expression of these colony traits (Gosterit and Baskar
2016). This difference may be unsurprising, given
producers of commercial bumble bees are known
to select for colonies that establish quickly and
grow rapidly (Yoon et al. 2011).
Phenotypic differentiation between commercial and wild organisms could also originate solely
from differences in rearing environment. For example, many research animals are fed ad lib,
which is suspected to lead to the expression of
gyne-like characteristics in workers, at least for
the social insect Polistes (Jandt et al. 2015). Bumble bees reared in artificial conditions may have
no experience handling flowers and are typically
fed Apis -collected pollen (Velthuis and van
Doorn 2006), which is lower in protein than pollen collected by bumble bees (Leonhardt and
Blüthgen 2012). In addition, producers of commercial bumble bees can manipulate the phenology of colonies by altering the hibernation period
of queens (Velthuis and van Doorn 2006). This
flexibility allows commercial greenhouse growers
to deploy large bumble bee colonies in the early
spring, when wild bumble bee workers are not yet

abundant. During field studies, it is not unheard of
for researchers to put out large colonies (approximately 100 workers strong) as early as May,
when B. impatiens queens are typically still
looking for nest sites (Drummond 2016; Gervais
et al. 2020), or to put out similarly sized colonies
at different times of the year during a single experiment (e.g., Osborne et al. 1999). Furthermore,
although natural B. impatiens and B. terrestris
nest sites are typically found belowground (Plath
et al. 1922), commercial colony nest boxes are
often installed above the ground to prevent nests
from flooding (Osborne et al. 1999; Westphal
et al. 2006) and are likely less well insulated from
daytime temperatures. These, and other common
practices associated with the use of commercial
bumble bees in research, have unknown impacts
on the behavior of workers once colonies are
placed outdoors.
In this paper, we investigate whether inference
from commercially propagated colonies of
B. impatiens differs from inference from wild
colonies. Specifically, we present a field experiment designed to compare size and foraging behavior of wild B. impatiens workers and workers
from commercial colonies installed in the field. As
metrics of behavior, we monitored the proportion
of workers returning to the nest with pollen and
identified the contents of pollen loads to morphospecies. Identifying pollen grains to morphospecies allowed us to assess the purity of each pollen
load (i.e., the proportion of pollen grains
representing the most common morphospecies in
the pollen load). We also measured the
intertegular span (IT span) of captured workers
as they returned to the nest. Behavioral or morphological differences between bees from wild
and commercial colonies could reflect a range of
causes, including differences in colony phenology, age, and demographic history (e.g., methods
of establishing colonies in the lab), as well as
possible behavioral and genetic differences due
to propagation methods per se. In our experiment,
including these differences was necessary because
we want to represent commercial colonies as they
are typically used, and at least some aspects of
propagation are proprietary (trade secrets). Thus,
if we conclude that bees from commercial colonies are similar to bees from wild colonies, then
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we can conclude generally that commercially
propagated bumble bees are good surrogates for
their wild counterparts (at least for the traits we
measured). If we find differences, our work could
provide motivation for further research into the
mechanisms behind these differences.
2. METHODS
2.1. Study site
Appleton Farms (~1000 acres) is located in
Ipswich, Massachusetts, and is maintained by
the Trustees of Reservations. We selected a 0.3ha meadow as our study site because of its relatively high worker bee density (Pugesek, personal
observation). This meadow is mowed annually in
the late fall to prevent succession.
2.2. Pollen collection
We collected pollen from 8 commercial and 8
wild B. impatiens colonies over the course of the
study period. During each year of the study (2017
and 2018), four commercial colonies (Natupol Excel
Observation, Koppert Biological Systems) were
installed at the edges of the study site (see
Appendix 1). Colonies were installed in July; each
colony was placed on a wooden pallet and shaded
with a tarp tent, in accordance with the recommendations of the supplier to provide shade on all sides of
the colony. Colonies were fed sugar water (“Bee
Happy,” Koppert Biological Systems) for a period
of 1 week, after which we removed the nectar reservoir (included with the artificial nest box) to minimize
the effects of feeding (Martin et al. 2018). Colonies
were then left to acclimate for an additional 2 weeks,
an acclimation period similar or greater than that of
other studies that use commercial bees as study subjects (Osborne et al. 2008; Couvillon et al. 2010). By
the time we began collecting data, we expected high
turnover of foraging workers, as their life span in the
wild is short (< 20 days in a field study of an
ecologically similar species, B. vosnesenskii (Kerr
et al. 2019). During this 3-week acclimation period,
we located four wild B. impatiens colonies during
each year of the study by freely searching the study
site for workers entering or exiting colony entrances
(Iles et al. 2019). Although commercial colonies were

located at the edge of our study meadow (see
Appendix 1), the field we worked in was quite small,
less than half a hectare.
After the acclimation period was complete,
workers were netted as they returned to their nest
site for about 1 week. To induce cold anesthesia,
workers were placed in vials on ice for 5–10 min.
For each captured individual, we checked for the
presence or absence of pollen loads and measured
the intertegular (IT) span, the shortest distance
between the two-wing tegulae, a common measure of bumble bee body size (Greenleaf et al.
2007). In 2017, we also collected pollen loads
from workers nondestructively using a sterilized
razor blade and preserved pollen loads on ice.
After measurements were complete, workers
were marked using a Sharpie paint pen and released. Marked workers were not repeatedly measured. All workers were collected between 8 am
and 3 pm. We alternated collecting workers from
wild and domestic colonies (collecting 1 worker
from each colony before rotating to the next) to
better ensure that time of day did not bias sampling (Free 1955; Peat et al. 2005).
2.3. Pollen identification
Pollen loads were suspended in 100-μl ethanol,
and 20 μl of this solution was combined with 40μl fuchsin gel (Beattie 1971) and plated onto
microscope slides. A ZEISS Axio Scope A1 microscope was used to view pollen grains, and
pollen grains were imaged and measured using
Spot 5.2 software. Pollen grains were categorized
to one of 13 morphospecies, differentiated by size,
surface markings, and shape, though they were
not assigned to specific plant species or genera
(Appendix 2). For each slide, 200 pollen grains
were identified to morphospecies, with 40 pollen
grains were sampled haphazardly from each corner and an additional 40 sampled from the center
of the slide.
2.4. Statistical methods
All statistical analyses were performed in R,
version 4.0.2 (RStudio Team 2019). We compared the body size of workers originating from
commercial and wild bees using a linear mixed
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effects model (lme4), derived using restricted
maximum likelihood (REML = TRUE). Bee origin (commercial or wild) and year (2017 or 2018)
were included as fixed effects, and colony ID was
included as a random effect (Bates et al. 2015).
(Note that comparison of body size could only be
done with foraging workers because B. impatiens
colonies are subterranean and cannot be nondestructively monitored.) Similarity, pollen load
presence or absence was analyzed using binomial
family, generalized linear mixed effects models
(lme4) (Bates et al. 2015) with bee origin and year
as fixed effects and colony ID as a random effect.
The significance of each fixed term was determined using type II marginal hypothesis tests
implemented with the ANOVA function in the R
package car (Fox and Weisberg 2019).
To evaluate the purity of pollen loads, we determined the most common pollen morphospecies
contained in each pollen load and calculated the
proportion of pollen grains representing this morphospecies from the total sample. We used linear
models to analyze data with bee origin as a fixed
effect. To meet assumptions of normality, data
were logit transformed after rescaling from 0.025
to 0.0975. The significance of bee origin was
determined using type II marginal hypothesis tests
implemented with the ANOVA function.
We compared the morphospecies composition of
pollen loads collected by commercial and wild bumble bees using a permutational multivariate analysis
of variance (PERMANOVA) with bumble bee origin as a predictor variable, implemented with the
function adonis2 (package vegan) (Anderson 2017)
in R, using Bray–Curtis dissimilarity indices. Data
were square root transformed to minimize the effects
of most abundant groups. We performed an additional, unconstrained analysis (non-metric multidimensional scaling ordination, i.e., NMDS) to visualize pollen morphospecies abundance data. NMDS
was performed using a two-dimensional solution
(stress = 0.1015) and Bray–Curtis dissimilarity indices (function metaMDS, package vegan). Data were
square root transformed prior to analysis (once
again, to minimize the effects of most abundant
groups). The plot produced from NMDS is not
meant to represent the results of our constrained
analyses (PERMANOVA), as approaches for dimensionality reduction differ between constrained

and unconstrained analyses (Paliy and Shankar
2016; Scott and Crone 2021). Our NMDS analysis
simply serves to visualize data in a reduced dimensional space.
3. RESULTS
Over the course of 2 years, a total of 271
workers were sampled from 16 colonies (4 colonies/treatment/year): in 2017, we collected
102 commerical workers and 101 wild workers,
while in 2018, we collected 29 commercial
workers and 39 wild workers.
Commercial worker bumble bees were smaller
than their wild counterparts (χ 2= 10.618, df = 1, P
= 0.001) (Figure 1). In 2017, average IT span was
3.30 (SE = 0.06) mm for commercial and 3.43 (SE
= 0.06) mm for wild workers, while in 2018,
average IT span was 3.45 (SE = 0.10) mm for
commercial and 3.92 (SE = 0.09) mm for wild
workers. Worker bumble bees collected in 2017
were also significantly smaller than bees collected
in 2018 (χ 2 = 18.705, df = 1, P < 0.001)
(Figure 1). There was a significant interaction between these main effects (χ 2= 4.679, df = 1, P =
0.031): the size difference between commercial and
domestic bees was larger in 2018 (Figure 1). Worker body size did not differ much among colonies
within groups, as indicated by random effect standard deviation of 0.06 for IT span.
Workers from wild colonies were more likely
to return to the colony with pollen than workers
from commercial colonies (χ 2= 6.72, df = 1, P =
0.010) (Figure 2). In 2017, 34.4% (SE = 7.1) of
commercial workers and 49.8% (SE = 7.7) of wild
workers returned to the nest with pollen, while in
2018, 22.0% (SE = 9.0) of commercial workers
and 58.9% (SE = 9.9) of wild workers returned
with pollen. There was no significant effect of
year on the proportion of workers found returning
to the colony with pollen (χ 2= 0.010, df = 1, P =
0.922), nor was there a significant interaction
(χ 2= 1.544, df = 1, P = 0.214). Pollen foraging
differed moderately among colonies within
groups, as indicated by random effect standard
deviation of 0.46 for the proportion carrying pollen (note that this SD is on a logit-scale)
According to PERMANOVA, the composition
of flower morphospecies communities visited by
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Figure 1. The average intertegular (IT) span of foraging worker bumble bees from commercial and wild colonies. In
2017 and 2018, 203 and 68 worker bumble bees were measured, respectively. Error bars represent 95% confidence
intervals.

commercial and wild bumble bees did not differ
(F 1, 70= 1.5691, R 2= 0.02192, P = 0.193). In
addition, NMDS analysis showed no clear separation of contents of pollen loads collected by
commercial and wild bees (Figure 3). Both commercial and wild bumble bees tended to visit more
than one flower morphospecies during foraging
bouts: 71 of 72 of pollen loads contained pollen
from more than one morphospecies. However, the
pollen loads collected by commercial bumble bees
were not as pure than those collected wild bees
(F 1, 70= 9.317, P = 0.003) (Figure 4). Together,
these results suggest that while commercial and
wild colonies collected the same diversity of pollen, individual workers were more specialized in
wild colonies.
4. DISCUSSION
Workers from commercial and wild bumble bee
colonies differ in terms of foraging behavior. While
commercial and wild workers visited similar

communities of flowers (Figure 3), commercial
workers were less likely to return to the colony
with pollen. Our results also suggest wild bumble
bees may be more specialized foragers relative to
commercial bees, as wild bees collected purer pollen loads. Past studies have shown that domesticated insects may be as effective as their wild counterparts when handling food, at least in highly
controlled laboratory environments (Cohen 2000;
Hagler 2009). However, in other taxa, domestication often leads to changes in foraging behavior.
For example, domestic pigs (Sus scrofa ) and fowl
(Gallus gallus domesticus ) move less during foraging (Gustafsson et al. 1999; Andersson et al.
2001; Schütz et al. 2001), suggesting that domestic
animals are not as willing to allocate resources to
highly energetic foraging behaviors. In contrast,
brown trout (Salmo trutta ) reared in hatcheries
tend to move more and feed less while foraging
than wild brown trout (Bachman 1984). Domestication can clearly affect foraging behavior of many
taxa, including B. impatiens .

G. Pugesek et al.

Figure 2. The proportion of foraging worker bumble bees found to return with pollen for bumble bees from
commercial and wild colonies. In 2017 and 2018, 203 and 68 worker bumble bees were measured, respectively.
Error bars represent 95% confidence intervals.

Foraging workers from commercial colonies
were smaller than those of wild origin
(Figure 1). Our results contrast with those of Ings
et al. (2006), who found that foragers from nonnative, commercial B. terrestris colonies tended
to be larger than foragers from colonies of native
subspecies. One reason for this difference may be
that Ings et al. (2006) compared a native subspecies of B. terrestris , B. t. audax , to a commercially available non-native subspecies, B. t.
dalmatinus . Thus, differences in body size observed by Ings et al. (2006) may have been driven
by differences between subspecies, as opposed to
commercialization. In contrast, there are no recognized subspecies of B. impatiens . In other insect taxa, artificial selection may lead to larger
body sizes (e.g., silkworms) (Lecocq 2019),
though captive rearing has led to decreased body
size for some species of insects (Cohen 2000;
Schultz et al. 2009). In the case of bumble bees,
it is possible that selection for larger colony sizes
(i.e., colonies with more workers) has led to an

inadvertent selective pressure for smaller workers.
Among larger colonies of B. impatiens , workers
tend to be smaller (Couvillon et al. 2010). Production of larger workers requires more resources,
and thus there are trade-offs between producing
larger workers and producing a larger number of
workers for bumble bees (Kerr et al. 2019).
In our study, another cause of variation in body
size could be the developmental age or stage of
bees in domesticated vs. wild colonies (Chole
et al. 2019). Colonies purchased from Koppert
(and other commercial suppliers) are classified
by the number of workers, rather than colony
age or developmental history. Therefore, we did
not know the demographic composition of these
colonies. We were also unable to infer the age or
developmental state of wild colonies, as we located established colonies in July, when colonies
were large and more conspicuous. For other bumble bee species, anecdotal evidence has suggested
bumble bee worker body size increases as the
colony develops (Chole et al. 2019). However,
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Figure 3. Non-metric multidimensional scaling ordination plot of morphospecies composition of pollen loads for
commercial and wild bumble bees, with convex hulls drawn to enclose points in each group.

to our knowledge, only one study (Couvillon et al.
2010) has addressed ontogeny of worker body
size distribution in B. impatiens colonies, finding
no evidence average worker body size changes
through time. It is worth noting that the Couvillon
et al. study took place entirely in the laboratory —
it is possible that other patterns could arise in the
field. Understanding the mechanisms of body size
differences would require some combination of
field studies done in close collaboration with commercial suppliers and common garden studies
with colonies founded by mated queens either
from the wild or from a commercial producer
(e.g., Gosterit and Baskar 2016). Nonetheless,
colonies of unknown demographic history are
now routinely used in ecological research to represent wild bumble bees (Drummond 2016;
Gervais et al. 2020). Our study suggests that further research into the differences between commercial and wild colonies would help us understand how to interpret these studies.

Similarly, many factors could contribute to the
differences we measured in foraging behavior of
workers from commercial and wild colonies. Since
our goal was to compare inference from commercial
colonies as they are typically used, we installed them
as directed by the manufacturer, rather than in a way
that was comparable to the conditions experienced by
wild bumble bees. Bombus impatiens colonies usually occur underground (Pugesek and Crone in
press); in 2017, we excavated two of these nests at
our field site, and they were located at the end of
several feet of underground tunnels (presumably in
abandoned small mammal burrows). These conditions are not feasible to recreate for colonies in nest
boxes; instead, Koppert and other commercial suppliers recommend placing colonies aboveground beneath trees or under tents to prevent colonies from
overheating. The use of aboveground boxes is a
common technique to study bumble bees in the field,
even with colonies propagated from wild-caught
queens (Kerr et al. 2019; Malfi et al. 2019). If these
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Figure 4. The purity of pollen loads (i.e., the proportion of pollen grains representing the most common morphospecies in a pollen load) collected by commercial and wild bumble bees in 2017. Error bars represent 95%
confidence intervals.

differences in colony position affect foraging behavior of bees in our study, they would also lead to
similar confounding factors in many studies that use
bees in aboveground boxes to represent wild bees.
Although commercial colonies were installed
under trees toward the edges of the field site, we
suspect that colony location was not a significant
factor in the differences we observed because all
colonies were located in a small (< 1 ha) field
(Appendix 1). Wild colonies were often within 50
m of commercial colonies. To our knowledge,
there are no published estimates of B. impatiens
foraging ranges; however, other species of bumble bees readily forage more than 250 m from nest
sites (Osborne et al. 1999; Walther-Hellwig and
Frankl 2000), with some workers foraging at distances greater than a kilometer (Osborne et al.
2008; Walther-Hellwig and Frankl 2000). If
B. impatiens foraging ranges are similar, we
would expect that foraging ranges of commercial
and wild bumble bees would overlap almost
completely (Appendix 1). In addition, we did not
observe any differences in the overall pollen composition collected by workers from commercial
vs. wild colonies (Figure 3), suggesting that they

were foraging for similar resources. Rather, the
difference was in the purity of loads brought back
by single workers.
It is tempting to speculate that the two effects we
observed — differences in body size and foraging
behavior — are related. In some bumble bee species,
larger workers collect nectar at a faster rate than
smaller bumble bees (Goulson et al. 2002). In fact,
Ings et al. (2006) cites differences in foraging worker
body size as a potential driver of differences in
nectar return between lab-reared B. t. audax and
commercial B. t. dalmatinus . In that study, commercial bumble bees weighed 20–70% more than wild
workers (depending on the study site location), compared to a 9% difference of average IT span (3.35 vs.
3.63 mm) in our study. Kerr et al. (2019) observed
essentially no change in the probability that larger
B. vosnesenskii workers would carry pollen over
this size range, although very large workers
(4.5 mm IT span) were more likely to forage for
pollen, and carried slightly more pollen per trip. In
our data, IT span was not a significant predictor of
the probability workers would carry pollen, after
accounting for colony origin (Appendix 3). Based
on these results, it may be parsimonious to conclude
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that differences in body size and pollen foraging
result from different causes.
Large workers have a better memory and are
faster learners than small workers (Worden et al.
2005; Riveros and Gronenberg 2009). Thus, larger workers may be more suited to challenging or
complex foraging tasks like collecting pollen or
handling flowers. This result could explain the
difference in pollen purity, if we reason that
“majoring” on a species during foraging bouts is
a complex behavior. However, it could be argued
that “majoring” simplifies the foraging process
and would require less cognitive capability. Like
many aspects of the effects of domestication on
bumble bees, the causes and consequences of this
difference would be a fascinating direction for
future research.
The use of commercial bumble bees, both for
pollination services and for research, has increased tremendously since the late 1980s
(Velthuis and van Doorn 2006), and there is growing interest in identifying new candidate species
for commercialization (Baur et al. 2019). Commercially propagated bumble bees (B. impatiens
and/or B. terrestris ) have been used to evaluate a
wide range of foraging behaviors: floral preference (Vaudo et al. 2014), worker bumble bee
foraging ranges or trip duration (Osborne et al.
1999, 2008; Westphal et al. 2006), and worker
foraging performance or resource return (Goulson
et al. 2002; Raine and Chittka 2008; Feltham et al.
2014). Researchers have frequently used commercial colonies to evaluate foraging worker behavioral response to colony manipulation of pollen or
nectar stores (Plowright et al. 1999; Kitaoka and
Nieh 2009; Hendriksma et al. 2019) or with exposure to insecticides (Feltham et al. 2014). If our
results represent commercially propagated bumble bees in general, they inform our inference
about which kinds of studies commercial bumble
bees would best represent wild bumble bee colonies. For example, inference about pollen foraging
(Leonhardt and Blüthgen 2012) and floral preferences of workers (Vaudo et al. 2014; Drummond
2016) may be transferrable from commercial to
wild populations, given that we observed commercial and wild bumble bees to visit similar
communities of flowers (at least in terms of morphospecies). However, inference about net

resource return (Goulson et al. 2002; Feltham
et al. 2014) or preferences for pollen over nectar
(Plowright et al. 1999; Peat and Goulson 2005;
Hendriksma et al. 2019) may be less transferrable,
if (as suggested by our results) wild bumble bees
generally return with pollen more frequently or
are more likely to major on particular species
while foraging for pollen. This study highlights
that, although commercial bumble bees are similar
to wild bumble bees in many ways, they are not
perfectly substitutable.
In spite of these differences, we do not seek to
completely discourage the use of commercial
bumble bee colonies in research. Many of the
published studies which use commercial bumble
bees as study subjects would not otherwise have
been possible, and there are many benefits to
using similarly sized bumble bee colonies in experiments. However, we believe it is important to
recognize the caveat that the bees used in these
experiments may well differ from their wild counterparts. Although challenging, it is possible to
locate bumble bee colonies in the field with large
enough sample sizes to ask focused ecological
questions (cf. Harder 1986; Pugesek and Crone
2021). In the future, it will be useful to complement research on domesticated bumble bees with
research on wild colonies.
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