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Abstract. Many species of bumble bee (Bombus) have declined in range and abundance
across Europe, the Americas, and Asia, whereas other species have persisted and remain com-
mon and widespread. One explanation as to why some species have declined, based primarily
on studies of the European bumble bee fauna, is that declining species have relatively narrow
pollen-foraging niches and are less able to use alternative host plants in the absence of their
preferred hosts. Though extensively explored in Europe, this hypothesis has not been investi-
gated in North America, in part due to incomplete information on the foraging niche of many
species. We selected 12 bumble bee species found in Michigan and quantified their pollen diets
using museum specimens. We also extensively resurveyed the state to understand their contem-
porary status and distribution. Compared to a pre-2000 baseline, six species remain relatively
common and widespread, whereas six species show range contractions of over 50%. There was
a significant relationship between dietary breadth and distributional range change, with
declined or declining species collecting around one-third fewer pollen types than stable species.
Though there were significant compositional differences, we found no differences in the num-
ber of pollen types collected by species with differing tongue lengths. Overall, these results sup-
port the hypothesis that species with narrower dietary niches are at greater risk of decline.
However, it is not clear if narrow dietary niches are a cause of declines, or if both are driven by
an underlying factor such as proximity to the edge of climatic niches. Further research is
needed to improve our understanding of dietary niche in bumble bees, and how it interacts
with other factors to influence population trajectories of stable and at-risk species.

Key words: dietary specialization; Fabaceae; introduced weeds; low-intensity agriculture; niche breadth;
pollen analysis; tongue length.

INTRODUCTION

Bumble bees (Bombus species) are a moderately large
genus of eusocial or socially parasitic bees containing
around 250 described species globally (Williams et al.
2008). They are found predominantly in the Northern
hemisphere, with the greatest diversity in mountainous
areas (Williams 1998). Due to their large body size,
social behavior, and their abundance and diversity in
areas frequented by scientists and natural historians,
bumble bees are well represented in museum collections
and in the scientific literature, particularly in compar-
ison to other wild bee groups (e.g., Sladen 1912, Robert-
son 1929, Løken 1973, Milliron 1973, Williams 1982,
Kerr et al. 2015).
Bumble bee populations have shown substantial

changes in distribution and abundance over the last

100 yr. In Europe, bumble bee species began to decline
dramatically after the Second World War, particularly in
more agriculturally intensified regions (Williams 1982,
Kosior et al. 2007, Casey et al. 2015). In North Amer-
ica, regional declines have been reported from southern
Ontario (Colla and Packer 2008), Illinois (Grixti et al.
2009), Arkansas (Tripodi and Szalanski 2015), Okla-
homa (Figueroa and Bergey 2015), the northeastern
United States (Bartomeus et al. 2013, Jacobson et al.
2017, Richardson et al. 2018), as well as from most of
the continental USA (Cameron et al. 2011). Compared
to Europe, the temporal profile of these declines appears
to be different. For some species, such as Bombus affinis
Cresson, changes in status were only reported from the
2000s onwards (Giles and Ascher 2006), leading to the
suggestion that declines in North America were being
driven by factors different from those in Europe
(Williams et al. 2007). One common feature on both
continents is the considerable variation in population
trends amongst species. Species such as Bombus impa-
tiens Cresson remain common in eastern North Amer-
ica, whilst B. affinis has been lost from 87% of its
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historical range (Cameron et al. 2011), a situation mir-
rored by Bombus terrestris L. and Bombus sylvarum L.
in Britain, Belgium, and the Netherlands (Williams
1982, Kleijn and Raemakers 2008).
Several hypotheses to explain these trends have been

put forward (see Williams and Osborne 2009 for review).
Bumble bee declines have been linked to multiple driving
factors including habitat loss (Carvell et al. 2006, Grixti
et al. 2009), climate change (Kerr et al. 2015), novel
pathogens (Cameron et al. 2011), and fungicide use
(McArt et al. 2017). However, some authors have argued
that factors inherent to particular bumble bee species
may also be important, and that declining species have a
narrow dietary niche and use relatively few plant species
for pollen compared to stable species (Rasmont 1988,
Goulson et al. 2005, Kleijn and Raemakers 2008). If
environmental change or agricultural intensification
leads to the loss of plant species, those bumble bee spe-
cies with a narrow dietary niche are less likely to be able
to switch to alternative hosts, compared to species with
broader diets. Consequently, they may be less able to
persist in the same area, resulting in declines for species
with narrow diets. Studies on the importance of dietary
breadth have focused on European bumble bee species
to date, and this “food preference hypothesis” (Kleijn
and Raemakers 2008) has not been investigated in the
North American fauna.
Despite being attractive targets for collectors, rela-

tively little is known about the habitat requirements and
dietary niches of individual North American bumble bee
species when compared to the European fauna (Colla
and Packer 2008). Floral associations have been docu-
mented for certain species in some detail (e.g., Robertson
1929, Fye and Medler 1954), with revisionary works
summarizing this information (e.g., Milliron 1973).
More recent faunal guides (Williams et al. 2014) and
online resources (Ascher and Pickering 2018) also list
some recorded flower visits. However, simple lists of
flower visits are often not standardized, with an unspeci-
fied number of observations, and so comparative mea-
sures of dietary breadth cannot be calculated. Moreover,
many authors do not distinguish between visits for pol-
len and visits for nectar, or they combine male and
female visits (reviewed in Kleijn and Raemakers 2008),
which makes identification of the most important pollen
host plants more difficult.
Bee species use a more restricted range of plant species

for pollen than for nectar. Though polylectic bee species
will visit many botanical families for both pollen and
nectar, they visit a more restricted suite for pollen com-
pared to nectar (M€uller and Kuhlmann 2008, Wood and
Roberts 2018). Additionally, some species thought to be
polylectic due to observations at a wide range of families
have been found to be oligolectic, collecting pollen from
one botanical family only. For example, Andrena wilkella
Kirby was considered to be a highly polylectic species by
LaBerge (1989), because male and female specimens
were collected from a wide variety of families. However,

analysis of pollen collected by female bees demonstrates
that A. wilkella is oligolectic on Fabaceae (Westrich
1989, Wood and Roberts 2017). Such selectivity for pol-
len collection may be driven by physical (M€uller 1996,
Thorp 2000) or chemical defenses (M€uller and Kuhl-
mann 2008, Praz et al. 2008) used by plant species to
protect pollen from overcollection that require special-
ized behavioral, morphological, or physiological adapta-
tions by bees to overcome.
Given the lack of detailed data on species-level pollen

preferences, it is challenging to assess the food-prefer-
ence hypothesis in bumble bees in North America. How-
ever, as noted by Kleijn and Raemakers (2008), a small
proportion of bumble bee specimens in museum collec-
tions still retain pollen on their hind legs. This pollen
can be removed, rehydrated and viewed under a micro-
scope to identify with a high degree of confidence the
host plants from which that particular bumble bee was
foraging. The proportion of each collected pollen type
can also be quantified, allowing for an assessment of the
relative importance of different pollen host plants and a
standardized assessment of dietary breadth.
In this study, we set out to test the food-preference

hypothesis using bumble bees from Michigan, USA. The
state is influenced by both northern and southern cli-
mates and the Lower Peninsula is split by a floral ten-
sion zone separating broadleaf forest from northern,
predominantly coniferous forest (McCann 1979). The
distribution of several bumble bee species ends at or
around the floral tension zone, with many species on the
edge of their northern or southern ranges (Husband
et al. 1980). Assessments of temporal changes in the
bumble bee faunas of the neighboring regions of Ontario
and Illinois have been conducted, as well as more widely
across the Midwest. However, the contemporary surveys
of Cameron et al. (2011) did not include Michigan or
much of northern Wisconsin and Minnesota, meaning
recent data are lacking for much of the transition zone
between the agriculturally dominated landscapes of the
Midwest and the more boreal climate of central Canada.
With this in mind, we set out to achieve the following

objectives using museum samples, extensive contempo-
rary surveys, and pollen-load analysis: (1) to quantify
temporal change of bumble bee populations in Michigan
over the past century, (2) to determine the foraging niche
of Midwestern bumble bee species in more detail and
identify important host plants for declining species, and
(3) to investigate if declining bumble bee species in this
region have narrower dietary niches than stable species.

METHODS

Species selection

Eighteen bumble bee species have been recorded
with confidence from Michigan (Gibbs et al. 2017). Of
these, four species are social parasites that collect no
pollen. Two species, Bombus rufocinctus Cresson and
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Bombus sandersoni Franklin, were found to have few
museum specimens retaining pollen loads, and so only
the remaining 12 social species were selected for inclu-
sion in this study. Following Williams et al. (2008), these
species are distributed across the bumble bee phylogeny
and belong to the following six subgenera: Bombias
(n = 1), Bombus auricomus (Robertson); Bombus s. str.
(n = 2), B. affinis and Bombus terricola Kirby; Cul-
lumanobombus (n = 1), Bombus griseocollis (DeGeer);
Thoracobombus (n = 2), Bombus fervidus (Fabricius) and
Bombus pensylvanicus DeGeer; Pyrobombus (n = 5),
Bombus bimaculatus Cresson, B. impatiens, Bombus
perplexus Cresson, Bombus ternarius Say, and Bom-
bus vagans Smith; and Subterraneobombus (n = 1), Bom-
bus borealis Kirby. Based on surveys in neighboring
regions, B. affinis, B. auricomus, B. borealis, B. fervidus,
B. pensylvanicus, and B. terricola are likely to be declin-
ing in Michigan, with the remaining species stable (Colla
and Packer 2008, Grixti et al. 2009, Cameron et al.
2011).

Change in distribution

Most assessments of bumble bee declines report the
number of specimens studied (Grixti et al. 2009,
Cameron et al. 2011, Jacobson et al. 2017). However,
because a large number of specimens are often collected
from the same place on the same day, this can obfuscate
the number of true records: unique species, place, and
time occurrences (Bartomeus et al. 2013). We first
assembled a database of Michigan bumble bee records
initially based on the data set of Cameron et al. (2011)
that included B. affinis, B. bimaculatus, B. impatiens,
B. pensylvanicus, and B. terricola and the maps pre-
sented by Husband et al. (1980). Data on the other
seven bumble bee species were added from material
housed in the collections at Michigan State University
and the University of Michigan. Where possible, the
original specimens from Cameron et al. and Husband
et al. were re-examined to ensure the correct species
determination.
Contemporary data on bumble bee distributions were

obtained from surveys conducted by MSU scientists
(Isaacs Lab collection), U.S. Forestry Service surveys of
National Forests, Michigan Natural Features Inventory
surveys at natural areas across the state, published
papers reporting precise records (Glaum et al. 2017),
verified iNaturalist observations, GBIF records, and pri-
vate collections. In order to complement these records
and to ensure contemporary data from every part of the
state, during 2017–2018 TJW visited every county in
Michigan at least once between May and August to sur-
vey for bumble bees. Sites were selected casually, favor-
ing areas with an abundance of flowers, with efforts
made to collect from roadsides in agricultural areas as
well as natural areas. Surveys were unstructured, with no
standardized sampling time. Bumble bees were netted
freely at each site until no new species were immediately

apparent. Sampling locations and dates can be found in
Appendix S1: Table S1. These surveys aimed to replicate
the historical baseline provided by R. R. Dreisbach, who
collected thousands of bee specimens across Michigan in
the 1930s, 1940s and 1950s, but his surveys were casual
in nature and he only recorded locality data at the
county level (Gibbs et al. 2017). A breakdown of the
number of records from each of these sources can be
found in Appendix S1: Table S2.
Records were divided into historical (pre-2000) and

contemporary (post-2000) blocks. The last confirmed
records of B. affinis (1999) and B. pensylvanicus (1997)
occurred in the 1990s, the period during which rapid
declines in North American bumble bees are thought to
have begun (Cameron et al. 2011). As such, the year
2000 was chosen as a cut-off point for this analysis. Fol-
lowing Szabo et al. (2012), species occurrence data were
analyzed at the county level, with a species considered to
have persisted in a county with at least one post-2000
record. A finer resolution was not chosen because a
large part of the historical material available was
recorded only at the county level (see Gibbs et al. 2017).
Changes in range were calculated as the percentage
change in the number of occupied counties between two
time periods.
The final database comprised of 5,709 records. This

included 3,454 records from the historical period and
2,255 records from the contemporary period, with spa-
tial coverage of all 83 counties in both periods.

Pollen identification and quantification

Bumble bee specimens with pollen remaining on their
hind legs were visually inspected, and pollen was
removed from one leg using an entomological pin and
stored in individual tubes until identification. The bulk
of the specimens came from the A. J. Cook Arthropod
Research Collection at Michigan State University and
the Museum of Zoology at the University of Michigan.
Other specimens were selected from the Isaacs Lab col-
lection (Michigan State University), J. B. Wallis–R. E.
Roughley Museum of Entomology, and the personal col-
lections of TJW and Larry Olsen (the latter housed at
Adrian College). Material was well distributed across
the state of Michigan, with 811 specimens from 81 of the
83 Michigan counties (Appendix S2: Fig. S1a). Speci-
mens were captured between 1893 and 2018 (Table 1).
Specimens with pollen loads were unevenly and sparsely
distributed over this time period, making a robust analy-
sis of a temporal change in dietary breadth impossible.
However, the limited number of studies that have con-
ducted such an analysis have found no change in abso-
lute (Kleijn and Raemakers 2008) or relative dietary
breadth (Wood and Roberts 2017) within species over
time.
Pollen preparation and identification methods fol-

lowed those described by Wood and Roberts (2017).
Before removing pollen balls from the corbicula, the
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total size of each load was estimated relative to a full
load, ranging from 1/8 (one-eighth full) to 8/8 (a full
load). One pollen ball was removed per specimen and
was suspended in water on a microscope slide and
allowed to rehydrate. Where data were available, the
Julian day of the year was recorded for each pollen load
analyzed. The slide was gently heated to allow grains to
expand and for excess water to evaporate. Molten fuch-
sin jelly was added and the slide was sealed with a cover-
slip. The proportion of the load comprised of different
plant species’ pollen was estimated along three ran-
domly selected lines across the cover slip at 4009 magni-
fication. The proportion of the load by volume was
estimated by the relative area of the slide occupied by
each plant species, rather than the absolute number of
grains, in order to reflect the total volume of pollen col-
lected. This is an important correction in mixed loads
where pollen grains of different plant species often differ
widely in size (Cane and Sipes 2006). Species represent-
ing <2% of the load were excluded from further analysis
as they may have arisen from contamination (Westrich
and Schmidt 1986).
These proportions were corrected and weighted

according to the overall size of the pollen ball. For
example, a full load (8/8) of 50% Trifolium pratense and
50% Melilotus spp. would receive a T. pratense weight
of 50 and a Melilotus spp. weight of 50. A quarter load
(2/8) of 100% T. pratense would receive a T. pratense
weight of 25. The overall weight thus depends on both
the overall size of the pollen ball (from a worker/queen
just starting to collect pollen to a completed pollen-fora-
ging trip) and the proportion of a particular pollen in
that load. These weightings were used to calculate final
proportion data for each pollen type in the diet of each
bumble bee species.
Pollen grains were identified using Sawyer (1981) and

the Isaacs Lab pollen collection. This contains reference

slides for approximately 250 Midwestern flowering plant
species and was partially assembled during contemporary
specimen collection for this project. Pollen reference slides
from plant pollen were assembled with the same tech-
nique as for the bumble bee pollen. Most pollen grains
cannot be reliably identified to species, and so are usually
identified to genus or to genus-group where closely related
genera cannot be separated morphologically. Our analysis
identified 80 pollen types from 37 botanical families that
are summarized in Appendix S3: Table S1, detailing con-
stituent genera where only group-level identification was
possible. Midwestern bees are known to follow the sea-
sonal flowering plant phenology in their choice of forage
plants (Wood and Roberts 2018), and so pollen types
were characterized as woody or herbaceous in order to
quantify this phenological pattern in bumble bees. Pollen
types were characterized based on the nature of their con-
stituent plant species, with pollen from trees and shrubs
classified as woody, and pollen from forbs classified as
herbaceous, see Appendix S3: Table S1.

Rarefaction and dietary breadth

In order for a fair comparison of dietary breadth
between species to be made, sample size must be stan-
dardized. This can be achieved through rarefaction
(Williams 2005, Kleijn and Raemakers 2008, Wood and
Roberts 2017). In this study, dietary breadth is therefore
a measure of the number of pollen types (Appendix S3:
Table S1) each bumble bee species would be expected to
collect in the sample size of the least well-represented
species (B. borealis, n = 37). We chose to conduct this
rarefaction at the lowest taxonomic resolution possible
in line with previous studies (Kleijn and Raemakers
2008). The function rarefy from the R package vegan
(Oksanen et al. 2015) was used to calculate dietary
breadth values based on the observed frequencies of

TABLE 1. Pollen-load sampling information for selected Michigan bumble bee species (Bombus). Species are ordered by
phenology, with the species that peak earliest in the year listed first. The proportion of the pollen diet collected from herbaceous
plants and the proportion from the botanical family Fabaceae is also included.

Species
Sampling
years

n of pollen
loads

Median
pollen-foraging
day of the year

Proportion of pollen
collected from herbaceous

plants
Proportion of pollen

collected from Fabaceae

Bombus bimaculatus 1925–2018 78 8 June 58.2 40.4
Bombus perplexus 1917–2018 58 23 June 39.5 7.7
Bombus terricola 1924–2018 65 7 July 76.1 35.1
Bombus griseocollis 1893–2018 86 9 July 80.2 46.6
Bombus borealis 1921–2018 37 19 July 90.2 57.3
Bombus ternarius 1915–2018 62 22 July 60.3 33.5
Bombus auricomus 1934–2018 52 23 July 89.9 54.6
Bombus fervidus 1912–2018 66 23 July 92.8 63.8
Bombus vagans 1913–2018 76 30 July 88.3 45.5
Bombus impatiens 1930–2018 144 6 August 83.5 18.8
Bombus affinis 1914–1996 46 6 August 86.3 11.4
Bombus pensylvanicus 1912–1996 41 15 August 99.8 65.0

Total 811 Mean � SE 78.7 � 5.0 Mean � SE 40.2 � 5.6
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collected pollen types, chosen at random without
replacement 1,000 times. As this procedure is designed
for integer data (e.g., the number of discrete visits to dif-
ferent flower species) and the pollen-load analysis data
is noninteger (proportions of differently sized pollen
loads), the pollen-load data was first transformed. The
total number of pollen loads analyzed for each species
was multiplied by the proportion of each collected pol-
len. For example, across all samples B. fervidus (n = 63)
collected 26.0% of its pollen from T. pratense, giving
16.4 “complete” pollen-load equivalents, i.e., in 63
unique B. fervidus foraging bouts for pollen, 16 would
have been to T. pratense. This value was calculated for
each pollen collected by each bumble bee species, and
then these values were all multiplied by 10 and rounded
to the nearest whole number to give an integer equiva-
lent used in the rarefaction procedure.
Although rarefaction can be used to standardize for

sample size, it does not take into account where these
samples come from. A criticism of previous studies to
investigate the food-preference hypothesis is that it is not
a fair comparison between bumble bee species if not all
species have access to the same dietary options from
which to make their choices (Williams 2005). For exam-
ple, if an insect species is on the northern edge of its
range then it may be restricted to sites that provide a suf-
ficiently warm microclimate, independent of the avail-
ability of forage. As the sampled geographic area
increases, so does the c-diversity of plant species, and
hence a more widespread species (such as B. impatiens)
might appear to have a wider diet when compared to a
more restricted species (like B. auricomus), simply
because it has access to a wider range of plants upon
which to forage. To address this concern, the data set
was manually rarefied to an equivalent geographic area.
The species with pollen loads from the smallest number
of counties (B. auricomus, n = 13) was selected, and a
subset of pollen loads from 13 counties were each
selected for the other species. Priority was given to
selecting pollen loads from counties with the greatest
number of species present, to ensure the greatest possible
overlap in geographical area and to ensure that plant
c-diversity was as close as possible for all species. This
produced a reduced data set of 480 samples (67.2% of
total samples) from 35 counties (45.4% of total sampled
counties, Appendix S2: Fig. S1b). Although it was not
possible to restrict the analysis to the same 13 counties,
the majority of these data (78.1%) were from the same
set of 13 counties.

Importance of dietary breadth in bumble bee range
changes

The relationship between dietary breadth and changes
in range between the pre- and post-2000 period was
tested with the use of a generalized linear model (GLM)
with a Gaussian error distribution. The consumption of

Fabaceae has also been linked to bumble bee declines
(Rasmont 1988, Goulson et al. 2005), as has queen
emergence date (Williams and Osborne 2009). Bumble
bee emergence has been linked to pollen collection from
early (woody) and late (herbaceous) flowering plants
(Frison 1918), and so use of these groups may be a proxy
for emergence patterns. To determine the importance of
these factors, the percentage of the pollen diet comprised
of Fabaceae, of all herbaceous plants including Faba-
ceae, and the median pollen-foraging day of the year
(phenology) was calculated. These variables (dietary
breadth, Fabaceae, herbaceous, phenology) were tested
for collinearity. Phenology and herbaceous (linear
model, t10,11 = 3.91, P = 0.003, R2 = 0.604) and herba-
ceous and Fabaceae (t10,11 = 2.55, P = 0.029, R2=0.393)
were significantly positively correlated. Each of phenol-
ogy, herbaceous, and Fabaceae were tested against range
change as individual factors and the factor with the
highest R2 was selected for inclusion in the model. The
model was simplified by removing nonsignificant factors
and testing for changes in the AIC value using an
ANOVA. Final model fit was assessed through visual
inspection of residuals and a Shapiro-Wilk test to deter-
mine the fit of residuals to a normal distribution.

Compositional differences between bumble bee species
groups

Bumble bee pollen diets were visualized with the use
of nonmetric multidimensional scaling (NMDS) plots
with the ordiplot function from the vegan package.
Though not linked to bumble bee decline in North
America (Williams et al. 2009), tongue length is associ-
ated with bumble bee species-level preferences (de Key-
zer et al. 2016). Bumble bee species were divided into
four groups based on tongue length (short, medium,
medium–long, and long) following Williams et al.
(2014). Differences in pollen-load composition between
stable and declining species and between different ton-
gue-length groups were tested using permutational mul-
tivariate analysis of variance (PERMANOVA) tests with
function adonis from the vegan package. The medium–
long-tongued B. vagans was not included in the tongue-
length analysis as it is the only representative of this
tongue length in Michigan. The most important taxa
contributing to differences in pollen-load composition
between groups were identified using similarity percent-
age (SIMPER) analyses with the simper function from
the vegan package.
Differences in rarefied dietary breadth, range changes,

and the percentage of Fabaceae in the diet between the
different tongue length groups were tested using one-
way ANOVAs with Tukey Honestly Significant Differ-
ence (HSD) post hoc tests after testing for normality of
the response variables using Shapiro-Wilk tests.
All analyses were conducted in R version 3.3.2

(R Development Core Team 2016).
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RESULTS

Changes in the distribution of Michigan bumble bee
species

There were substantial changes in the Michigan bum-
ble bee fauna between the pre- and post-2000 periods
(Fig. 1), with half of the studied species experiencing a
range contraction of 50% or more (Table 2). Though
not recorded in museum collections since 1997, B. pen-
sylvanicus was found to still be present in Michigan at
two prairie sites in Newaygo County, western Michigan,
USA. Pre-2000 species distributions can be seen in
Appendix S4: Fig. S1. Species that remain relatively
stable are from a subset of subgenera—all five Pyrobom-
bus species (B. bimaculatus, B. impatiens, B. perplexus,
B. ternarius, and B. vagans) and the one Cullumanobom-
bus species (B. griseocollis). Long-tongued species dis-
played significantly greater range contractions (n = 4,
�72.7 � 9.5%, Table 2) than medium-tongued species
(n = 4, 9.6 � 13.8%, ANOVA, F2,8 = 6.018, Tukey
HSD, P = 0.026). Short-tongued species declined more
than medium-tongued species, but this was not signifi-
cant (n = 3, �55.6 � 32.7, Tukey HSD, 0.093), as even
though B. affinis and B. terricola declined substantially,
B. griseocollis remains common across the state.
Because of low and variable collecting effort between

1960 and 2000, particularly in the 1980s and 1990s, it is
difficult to pinpoint the precise point at which species
began to decline. There are 2,255 records in the post-
2000 period, compared to only 1,809 records in the
1960–1999 period. Although comparisons of county
occurrence records are challenging given the unequal
distribution of data across time ranges, differences
between the pre-1960 and 1960–1999 periods indicate
that the greatest changes were seen in B. pensylvanicus
(�48.7% number of recorded counties), B. borealis
(�47.6%), and B. auricomus (�46.9%, Appendix S2:
Table S1), with changes occurring primarily in central
and eastern Michigan (Fig. 1). In contrast, B. affinis
showed almost no change during this time period, being
recorded in just one fewer county between 1960–1999
compared to the pre-1960 period (�2.9%), before declin-
ing rapidly to the point where it has not been recorded
in Michigan since 1999.

Importance of dietary breadth

Bumble bee species in this study collected 80 pollen
types from 37 botanical families (Appendix S3:
Table S1), with only 0.1% of pollen by volume not iden-
tifiable to genus group. Standardized dietary breadth
values were calculated for both the full and the geo-
graphically restricted data sets (Table 3). For the full
data set, there was a significant positive relationship
between the number of sampled counties and dietary
breadth (GLM, t11 = 8.986, P < 0.001, R2 = 0.890,
Appendix S2: Fig. S2a). Dietary breadth values from the

geographically reduced data set are a significant predic-
tor of dietary breadth values from the full data set
(GLM, t11 = 9.383, P < 0.001, R2 = 0.898, Appendix S2:
Fig. S2c), indicating that as species are sampled from a
larger geographic area they will be recorded collecting a
greater number of pollen types. At the same time, cer-
tain species will collect new pollen types at a greater rate
because of inherent differences in dietary breadth. The
full data set was therefore used for dietary breadth
calculations.
Both dietary breadth and the percentage of the pollen

diet collected from herbaceous plants were selected for
inclusion in the model for range changes. There was a
negative relationship between the percentage of the diet
collected from herbaceous plants and bumble bee range
changes between the pre- and post-2000 periods, but this
was not significant (GLM, t11 = 1.742, P = 0.116,
R2 = 0.255). Removing this factor led to a nonsignifi-
cant increase in the AIC value of the model (ANOVA,
Deviance = 2323.4, P = 0.082). In the final model, there
was a significant positive relationship between dietary
breadth and bumble bee range changes between the pre-
and post-2000 periods (GLM, t11 = 4.051, P = 0.002,
R2 = 0.621, Fig. 2).
The 12 species of bumble bees in this study can be

divided into two groups based on changes in county-
level occurrence between the pre- and post-2000 periods.
Bombus affinis, B. auricomus, B. borealis, B. fervidus,
B. pensylvanicus, and B. terricola all showed a range
decline of 50% or greater and can be classed as declining.
Bombus bimaculatus, B. impatiens, B. griseocollis, B. per-
plexus, B. ternarius, and B. vagans showed range declines
or expansions of between �21% and +37% and can be
classed as stable. There was considerable variation in
dietary breadth across species. Bombus impatiens, the
most polylectic species, collected three times as many pol-
len types as B. auricomus, the least polylectic species.
Standardized to a sample size of 37 pollen loads, stable
species (n = 6, 30.4 pollen types) collected significantly
more pollen types than declining species (n = 6, 18.7 pol-
len types, t-test, t8.5 = 3.686, P = 0.006). Long-tongued
species collected fewer pollen types on average (n = 4,
17.0 � 1.9 pollen types) compared to medium- (n = 4,
29.4 � 3.8 pollen types) and short-tongued species
(n = 3, 26.7 � 4.8 pollen types), though this was not sig-
nificant (ANOVA, F2,8 = 3.743, Tukey HSD, P = 0.070
and P = 0.202 respectively).

Pollen use by Midwestern bumble bee species

Bumble bee species collected pollen from awide variety
of flowering plants, with considerable variation in pollen-
load composition between species (Fig. 3). There was no
overall difference in the composition of pollen loads col-
lected between stable and declining species (PERMA-
NOVA, F1,10 = 1.331, P = 0.226). The composition of
pollen loads collected by different bumble bee species dif-
fered significantly by tongue length (PERMANOVA,
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Bombus affinis, 100% decline Bombus auricomus, 64% decline Bombus bimaculatus, 37% increase

Bombus borealis, 50% decline Bombus fervidus, 65% decline Bombus griseocollis, 10% increase

Bombus impatiens, 31% increase Bombus pensylvanicus, 98% decline Bombus perplexus, 21% decline

Bombus ternarius, 7% decline Bombus terricola, 71% decline Bombus vagans, 13% decline

FIG. 1. Distribution maps for selected bumble bee species in Michigan between 1887 and 2018, with associated geographical
expansion or contraction, as expressed as a percentage of occupied counties in the pre- and post-2000 period. Red, 2000–present;
black, 1980–1999; dark gray, 1960–1979; light gray, pre-1960.
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F3,8 = 2.531, P = 0.005, Fig. 4). Long-tongued species
and medium-tongued bees formed clusters, with the
medium–long-tongued B. vagans intermediate between
these groups. No consistent pattern was seen for short-
tongued bees, with both B. griseocollis and B. terricola
falling within the 95% confidence intervals for the med-
ium-tongued group. Long-tongued species collected a sig-
nificantly greater proportion of their diet from Fabaceae
(n = 4, 60.2 � 2.5%) compared to medium-tongued spe-
cies (n = 4, 25.1 � 7.3%, ANOVA, F2,8 = 7.380, Tukey
HSD, P = 0.016), but not short-tongued species (n = 3,
32.0 � 11.1%, Tukey HSD, P = 0.061).
SIMPER analysis showed that species of Fabaceae

were the largest contributors to compositional differences

between the pollen diets of stable and declining species
(Table 4). Declining species foraged more from herba-
ceous and fabaceous plants such as Trifolium pratense
(10% of the difference between groups), Vicia-type (7%),
and Melilotus spp. (6%), whereas stable species foraged
more from woody plants such as Vaccinium-type (6%)
and Rubus (6%). Species of Fabaceae were also the lar-
gest contributors to differences between the different ton-
gue length groups (Appendix S2: Table S2).
There was a significant relationship between median

pollen-foraging day (Table 1) and pollen-foraging choice,
with an earlier median pollen-foraging day correlated
with a greater proportion of pollen collected from woody
plants (GLM, t10,11 = 3.906, P = 0.003, R2 = 0.604). The
two species with the latest median pollen-foraging days,
B. affinis and B. pensylvanicus, collected 86% and 100%
of their pollen from herbaceous plants respectively, com-
pared to the two earliest species B. bimaculatus and
B. perplexus, which collected 58% and 40% of their pol-
len from herbaceous plants, respectively. There was no
relationship between median pollen-foraging day and the
proportion of pollen collected from Fabaceae (GLM,
t11 = 0.752, P = 0.469, R2 = 0.053).

DISCUSSION

Our results demonstrate that Michigan bumble bee
species display considerable variation in both pollen diet
composition and pollen diet breadth. Dietary composi-
tion was associated with the progression of the season,
with different bumble bee species peaking in their pollen
collection over a 2-month period. Composition was also
affected by bumble bee tongue length, with tongue
length groups showing distinctly different preferences.
However, regardless of specific dietary composition and
bumble bee tongue length, only dietary breadth was

TABLE 2. Changes in range for selected Michigan bumble bee
species between the pre- and post-2000 period.

Species Tongue length

No.
occupied
counties

% decline
Pre-
2000

Post-
2000

Bombus affinis Short 49 0 �100.0
Bombus auricomus Long 39 14 �64.1
Bombus bimaculatus Medium 49 67 +36.7
Bombus borealis Long 54 27 �50.0
Bombus fervidus Long 76 27 �64.5
Bombus griseocollis Short 72 79 +9.7
Bombus impatiens Medium 62 81 +30.6
Bombus
pensylvanicus

Long 45 1 �97.8

Bombus perplexus Medium 53 42 �20.8
Bombus ternarius Medium 45 42 �6.7
Bombus terricola Short 72 21 �70.8
Bombus vagans Medium–long 79 69 �12.7

TABLE 3. Dietary breadth � 95% confidence intervals after rarefaction for Michigan bumble bee species (Bombus) for both the
complete (sample size n = 37 pollen loads) and geographically restricted (n = 30) data sets. Tongue-length classification from
Williams et al. (2014). Dietary breadth for Bombus borealis has no standard error, as this is the sample size other species were
rarefied to.

Species
Tongue
length

Full data set Geographically restricted dataset

Sample
size No. counties

Dietary
breadth

Sample
size No. counties

Dietary
breadth

Bombus affinis Short 46 23 19.9 � 0.2 36 13 17.0 � 0.1
Bombus auricomus Long 52 13 13.0 � 0.9 51 13 12.4 � 1.0
Bombus bimaculatus Medium 78 30 29.3 � 1.0 51 13 28.1 � 0.8
Bombus borealis Long 37 20 16.0 30 13 13.0
Bombus fervidus Long 66 28 22.3 � 1.1 41 13 18.5 � 0.6
Bombus griseocollis Short 86 38 36.0 � 1.4 45 13 27.3 � 0.8
Bombus impatiens Medium 144 40 40.3 � 1.8 52 13 30.3 � 1.1
Bombus pensylvanicus Long 41 18 16.7 � 0.5 36 13 15.3 � 0.7
Bombus perplexus Medium 58 26 24.6 � 1.0 35 13 22.5 � 0.6
Bombus ternarius Medium 62 28 23.6 � 0.6 37 13 17.9 � 0.3
Bombus terricola Short 65 28 24.1 � 0.8 32 13 19.0 � 0.1
Bombus vagans Medium–long 76 38 28.5 � 1.2 34 13 20.7 � 0.5
Total 811 81 24.5 � 0.9 480 35 20.2 � 0.6
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associated with range changes from their historical to
their contemporary geographical distributions. Declin-
ing species collected around one-third fewer pollen types
than stable species, an almost identical result to that
found in the bumble bee fauna of northwestern Europe
(Kleijn and Raemakers 2008). To our knowledge, this is
the first study to link dietary niche breadth to bumble
bee declines in North America.
In line with previous authors (Williams 1985, Kleijn

and Raemakers 2008), we found no evidence of tongue
length as a predictor of dietary breadth. Although long-
tongued species generally collected fewer pollen types
than other groups, this relationship was not significant
because of the high variation in dietary breadth seen
amongst the short-tongued bees, a group that includes
some of the most strongly declining species in North
America (de Keyzer et al. 2016). This supports the find-
ings of other authors (Colla and Packer 2008, Williams
et al. 2009) that bumble bee declines are not predicted
by tongue length in North America, as we found declin-
ing, stable, and increasing species contained short-, med-
ium- and long-tongued bumble bee species. Our results
suggest that more consideration should be given to
quantifying the dietary niches of bumble bee species
rather than using tongue length as a proxy measurement
for this trait (Williams 1985).

Dietary breadth—cause of or effect of susceptibility to
decline?

Although species with narrower diets were found to
decline more than species with wider diets, there are sev-
eral possible confounding factors. Bumble bees on the
edge of their climatic range may be forced to be relatively
more specialized in these areas, using a subset of the
most profitable resources (Williams 1985). However, it is
also on the edge of their climatic range where bumble
bees tend to be in decline (Williams and Osborne 2009,
Williams et al. 2009). Thus, although dietary breadth
may well be narrower for declining species, the underly-
ing cause may be something else, such as range edge
effects. In Michigan, the declining B. auricomus, B. bore-
alis, B. pensylvanicus, and B. terricola are all on the edge
of their climatic ranges (Husband et al. 1980, Sheffield
et al. 2016), though the stable B. ternarius is also on the
edge of its southern range. However, data that would
allow for explicit testing of the range edge specialization
hypothesis are lacking, both in Europe and in North
America. Dietary breadth studies have been restricted to
species-level data from within individual countries, rather
than from sampling stratified between the edge and the
center of a species’ range (Goulson et al. 2005, Kleijn
and Raemakers 2008, Williams et al. 2009). Analysis of
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FIG. 2. The relationship between rarefied bumble bee (Bombus species) pollen dietary breadth (number of pollen types collected
in a standardized sample of 37 pollen loads) and the change in geographic range between the pre- and post-2000 time periods. Spe-
cies are colored by tongue length, with green = long, black = medium–long, blue = medium, and brown = short. Trian-
gles = stable species, circles = declining species.
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FIG. 3. The relative contribution of different plant species to the pollen diets of bumble bee species found in Michigan. Plant
species comprising <2% of the pollen diet are condensed into Others <2%. For pollen groups, see Appendix S1: Table S1.
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FIG. 3. (Continued)
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pollen loads from species such as B. pensylvanicus and
B. impatiens from areas where the proximity to their cli-
matic range edges is reversed, such as Oklahoma (Fig-
ueroa and Bergey 2015), would provide a test of whether
diets narrow or are consistent as bumble bee species
approach the edge of their climatic ranges.

Importance of phenology for dietary breadth

Frison (1918) noted that bumble bee phenology fol-
lows the seasonal flowering plant phenology in their
choice of habitat, with early-emerging species nesting in
and foraging from woodland, and with late-emerging
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FIG. 4. Nonmetric multidimensional scaling (NMDS) plot detailing similarities between the pollen diets of selected Michigan
bumble bee species based on Bray-Curtis dissimilarity. Species are grouped by tongue length, with green = long, black = medium–
long, blue = medium, and brown = short. Triangles = stable species, circles = declining species. Ellipses represent 95% confidence
intervals for the different tongue-length groups, with no ellipses for Bombus vagans, as it is the only species considered here in the
medium–long tongue-length group. Samples sizes: Bombus affinis, n = 46; Bombus auricomus, n = 52; Bombus bimaculatus, n = 78;
Bombus borealis, n = 37; Bombus fervidus, n = 66; Bombus griseocollis, n = 86; Bombus impatiens, n = 144; Bombus pensylvanicus,
n = 41; Bombus perplexus, n = 58; Bombus ternarius, n = 62; Bombus terricola, n = 65; B. vagans, n = 76.

TABLE 4. Results of the similarity percentage (SIMPER) analysis comparing the composition of pollen loads collected by stable
and declining bumble bee species. Only the top 10 species contributing the most to overall variation are included.

Species Bloom time

Average percentage collected

Contribution (%)Declining species Stable species

Trifolium pratense June–September 13.0 7.6 9.6
Vicia-type June–July 9.5 4.3 7.0
Trifolium repens–type June–September 10.4 15.3 6.9
Vaccinium-type May–June 1.8 8.0 5.7
Rubus May–July 2.1 8.8 5.7
Melilotus June–July 5.9 5.0 5.6
Cirsium-type July–August 7.7 1.7 5.5
Solidago-type August–September 5.7 3.4 5.2
Solanum June–August 5.0 3.6 4.4
Monarda-type July–August 4.7 2.7 3.3
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species nesting in and foraging from grassland. We
found that bumble bees in Michigan follow this trend,
with the early-peaking B. bimaculatus collecting half of
its pollen from woody plants and the late-peaking
B. pensylvanicus collecting essentially all its pollen from
herbaceous plants. Bumble bee species with late-emer-
ging queens appear to be more susceptible to decline, as
these would be the most vulnerable to a loss of summer
food resources in mid to late colony development
(Williams et al. 2009).
However, late-emerging species could also be affected

by seasonal phenology in a different way. In the Midwest
region, summer-flying bee species are active when a
more restricted suite of flowers is available to them com-
pared to spring-flying bees. In Michigan, the diversity of
pollen types collected by the wild bee community peaks
in May, before linearly declining into September (Wood
et al. 2018). Relative to early-emerging species, late-
emerging bumble bee species may consequently have a
narrower diet simply due to a lower diversity of plants
flowering at this time, necessitating greater specializa-
tion. This trend is seen in the solitary bee community in
the Midwest, where the summer-flying community con-
tains a greater proportion of dietary specialists com-
pared to the spring-flying community (Graenicher 1935,
Wood et al. 2018). Based on pollen-foraging phenology
as determined in this study, the two Michigan bumble
bee species showing the greatest declines, B. affinis and
B. pensylvanicus, are those that peak latest in the year.
Though no overall relationship between peak pollen for-
aging and species decline was found, bumble bee species
have colony lifespans that can differ substantially in
length. Bombus bimaculatus and B. impatiens are both
spring-emerging bumble bees (Husband et al. 1980), but
whereas B. bimaculatus peaks in early June, B. impatiens
has a much longer colony cycle, with peak foraging not
reached until early August. An improved understanding
of how emergence phenology affects the dietary breadth
of bumble bees is required, and whether this is also mod-
ified by range edge effects.

Use of introduced European plant species

Though there was no overall difference in pollen com-
munity composition between stable and declining spe-
cies, declining species collected more of their pollen from
red clover (T. pratense), vetch (Vicia spp.), and sweet clo-
ver (Melilotus spp.) than stable species. These pollen
types are predominantly represented in Michigan by
introduced European plant species (Voss and Reznicek
2012). These fabaceous species were introduced to North
America as fodder crops in hay meadows and for use in
crop rotations because of their nitrogen-fixing proper-
ties. In Michigan, the area used for hay production was
nearly 3 million acres in 1925 (Appendix S5: Table S1,
U.S. Department of Agriculture [USDA] 2018). Some
85% of this was comprised of timothy grass and clovers,
which at an area of nearly 4,000 square miles was

equivalent to 7% of Michigan’s surface area. Extensive
use of agricultural Fabaceae by Midwestern bumble bees
was noted in Wisconsin by Fye and Medler (1954), par-
ticularly the use of red clover by species such as B. fer-
vidus and B. borealis. Agricultural expansion has
facilitated the movement of wild bee species into areas
from which they were previously absent, as can be seen
in the example of the squash bee Peponapis pruinosa Say,
which followed the cultivation of squash Cucurbita
across the North American continent (L�opez-Uribe
et al. 2016). Prior to the arrival of European settlers,
Michigan was not a state with extensive open habitats,
being almost entirely forested (Chapman and Brewer
2008). Deforestation by settlers combined with the
expansion of agriculture would have provided bumble
bee–suitable forage across much of Michigan, poten-
tially facilitating the spread of more specialized species
into areas where they were not previously present.
The decline in many European species of Bombus has

been linked to a loss of Fabaceae-rich agricultural grass-
land (Williams 1985, Rasmont 1988, Goulson et al.
2005, Kleijn and Raemakers 2008). The proportion of
Michigan’s hay acreage comprised of timothy and clover
declined as it was replaced by alfalfa, and by 1974 was
just 200,000 acres, 8% of the total acreage in 1925 and
15% of the acreage in 1945. Both European and North
American regions may have gone through similar peri-
ods of increasing bumble bee–suitable fabaceous forage
in agricultural areas followed by a very sharp reduction
driven by technological and industrial advancements in
farming following the Second World War (Williams
1985, Robinson and Sutherland 2002, Carvell et al.
2006). Given the distributional changes seen in Michi-
gan over this time period, this loss of forage may have
differentially affected species with narrow diets more
than generalized species.

CONCLUSIONS

These results demonstrate that, in common with
European bumble bee species, declining Midwestern
bumble bee species have narrow dietary niches, at least
in this part of their range. Further research is needed
into the dietary niches of other North American bumble
bee species, and also into the species studied here, but
across other parts of their range, in order to understand
better if the dietary breadths measured here are inherent,
or are instead modified by the proximity of each species
to its climatic range edge. Either way, these findings
emphasize the importance of museum specimens for
understanding the ecology of species that have become
rare or locally extirpated, in addition to providing a his-
torical record of their distribution in space and time.
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