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Abstract

Premise: Bees provision most of the pollen removed from anthers to their larvae and
transport only a small proportion to stigmas, which can negatively affect plant fitness.
Though most bee species collect pollen from multiple plant species, we know little
about how the efficiency of bees' pollen transport varies among host plant species or
how it relates to other aspects of generalist bee foraging behavior that benefit plant
fitness, such as specialization on individual foraging bouts.

Methods: We compared the pollen collected and transported by three bee species for
46 co-occurring plant species. Specifically, we compared the relative abundance of
pollen taxa in the individual bees' scopae, structures where bees store pollen to
provision larvae, with the relative abundance of pollen taxa on the rest of bees' bodies,
which is more likely to be transferred to stigmas.

Results: Bees carried five times more pollen grains in their scopae than elsewhere on
their bodies. Within foraging bouts, bees were relatively specialized in their pollen
collection, but transported proportionally less pollen for the host plants on which they
specialized. Across foraging bouts, two bee species transported proportionally less
pollen for some of their host plants than for others, though differences didn't
consistently follow the same trend as at the foraging bout scale.

Conclusions: Our results suggest that foraging-bout specialization, which is known to
reduce heterospecific pollen transfer, also results in less-efficient pollen transport.
Thus, bee foragers that visit predominantly one plant species may have contrasting
effects on that plant's fitness.
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The choices bees make on individual foraging trips affect
their patterns of pollen transfer and ultimately their
contributions to plant reproduction. For the most part,
studies of bees' foraging behaviors and their consequences for
pollen transfer have focused on individual plant species and
their visitor taxa (Harder and Thomson, 1989; Irwin
et al, 2001; Castellanos et al, 2003; Stanton, 2003;
Larsson, 2005; Bronstein et al., 2006; Burkle et al., 2007;
Sahli and Conner, 2007; Toju et al., 2017; but see Irwin and
Maloof, 2002). Logistical constraints typically prevent

measurement of bees' pollen removal and deposition for
many co-occurring plant species (Jordano, 1987; Vazquez
et al.,, 2005; Dormann et al., 2009; Knight et al., 2018). Thus, a
continuing challenge is to understand how the effects of bees'
foraging behaviors scale up to affect the reproduction and
coevolution not just of a single host plant, but an entire
community of interacting plant species (Stanton, 2003;
Bronstein et al., 2006; Ashman et al., 2020; Thomson, 2021).

While foraging, bees frequently groom their bodies to
remove pollen grains from the areas where it might be
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lost to pollination and sequester it in pollen-collecting
structures (i.e., scopae) where it is less likely to come off
(Thomson, 1986; Thorp, 2000). This behavior allows them
to remove large quantities of pollen from plant populations,
feed most of it to their larvae, and deposit only a small
proportion of it onto stigmas (e.g., bees deposit only 3.7% of
pollen produced by Campanula rapunculus on to stigmas)
(Schlindwein et al., 2005; Danforth et al., 2019). Pollination
biologists often refer to this proportion of pollen a bee
removes from anthers and actually deposits onto stigmas as
a bee's “pollination efficiency” (e.g., Castellanos et al., 2003;
Koski et al., 2018). Frequent visitation by inefficient bee
pollinators can contribute to pollen limitation in plant
populations and appears to have played a major role in
floral evolution, selecting for floral adaptations that prevent
bee grooming of pollen into scopae, limit the rate of bee
pollen removal, or exclude bees as pollinators entirely
(Harder and Thomson, 1989; Castellanos et al.,, 2003;
Harder and Barclay, 2008; Hargreaves et al., 2010; Li
et al., 2014; Martinez del Rio and Bullock, 2017; Koski
et al., 2018; Parker et al.,, 2018). At present, though, most of
what we know about pollination efficiency comes from
studies of pollinators on individual plant species. Thus, we
know little about the extent to which bee pollination
efficiency varies among co-occurring host plant species, or
how it relates to other components of bees' foraging
behavior.

Another aspect of bees' foraging behavior may contribute to
differences in their pollination efficiency on different host
plants. Foraging bout specialization—a foraging behavior by
which a bee collects pollen from only one or a few plant species
per foraging bout—is generally thought to be beneficial for plant
reproduction, as foragers that are relatively specialized transfer
less heterospecific pollen to conspecific stigmas (Grant, 1950;
Brosi, 2016). Such patterns of specialized foraging can arise
when there are few rewarding species of plants in a bee's
foraging path or when a bee chooses to specialize despite having
access to multiple rewarding plant species. In either case, the bee
will transfer less heterospecific pollen (Waser, 1978; Morales
and Traveset, 2008). Even generalist bee species, which typically
account for most of the plant—pollinator interactions in plant
communities, often specialize on the scale of an individual
foraging bout—the scale relevant to pollen transfer
(Heinrich, 1976, 1979; Tur et al, 2014; Smith et al., 2019;
Cullen et al., 2021).

An unexplored consequence of foraging-bout special-
ization, however, is lower pollination efficiency. Studies of
individual plant species show that bee individuals removing
more pollen per visit transfer a lower proportion of that
pollen to stigmas of the same plant (Harder and
Thomson, 1989; Parker et al., 2016). Specifically, the
number of grains that bees deposit on stigmas increases as
bees remove more grains in total from anthers, but in a
saturating fashion (Harder and Thomson, 1989). Bees that
are pollen specialists at the species level, i.e., oligolectic bee
species, likewise have lower pollen-transfer efficiency than
nonspecialist species foraging on the same host plant, due to

the large amounts of pollen they sequester (Parker
et al., 2016). Similarly, individuals of generalist bee species
may be less-efficient pollinators of the plant species they
specialize on during a given foraging bout. This last
possibility has not been explored, however, presumably
because it requires data on individual-level specialization
and on pollination efficiency across multiple plant species.

Bees may be especially likely to engage in foraging-bout
specialization on preferred or abundant resources—that is,
on plants from which they collect the most pollen overall
(Heinrich, 1976, 1979; Brosi, 2016; Cullen et al., 2021; but
see Tur et al., 2014). Thus, generalist bee species may have
lower heterospecific pollen transfer and pollination effi-
ciency across foraging bouts for the plant species on which
they rely the most for pollen. This dynamic could affect the
trajectory of generalist bee species' relationships with their
host plants: the important pollen host plants for the bees
may experience greater selection pressure to improve
pollination efficiency by mitigating bees' removal of pollen,
while its less-important host plants may experience greater
selection pressure to reduce heterospecific pollen transfer
by incentivizing specialization. Whether foragers of the
same bee species are more likely to exhibit foraging-bout
specialization on relatively important pollen host plants,
though, and how this specialization relates to pollination
efficiency, have not been examined.

Here we compared pollen transport and pollen collection
for three co-occurring native bee species and 46 co-occurring
plant taxa in understory communities of deciduous forests. To
obtain data on pollen transport and collection by bees, we
collected bees foraging at 11 forest sites and used light
microscopy to identify and count the pollen grains on foragers'
bodies and in their scopae. We assume that the pollen grains on
bees' bodies outside of scopae represent what they were likely to
transport to stigmas, and pollen grains carried in their scopae
were destined to be fed to bee larvae and were relatively
unavailable for pollination (Thorp, 2000; Alarcén, 2010; Stavert
et al, 2016). By comparing body and scopal pollen, we can
assess what we call “pollen-transport efficiency”—the propor-
tion of pollen grains that each bee removed from anthers that
was available for transport to stigmas on its body at the time
that we collected it (Figure 1). This approach does not provide a
direct measure of pollination efficiency (because not all of the
pollen on a bee's body is necessarily deposited on to stigmas),
nor does it provide a measure of bees' contributions to seed
production or pollen limitation (as could be obtained with
single-visit and hand-pollination experiments). However, it does
allow us to make the first empirical comparison of bees' pollen-
transport efficiency for multiple co-occurring pollen host plants
simultaneously and the first examination of how pollen-
transport efficiency relates to foraging-bout specialization in
generalist bee species.

With these data, we answer the following questions: (1)
How do the pollen taxa carried on bees' bodies compare
with those in their scopae and corbiculae? (2) Is pollen-
transport efficiency by individual bees lower for the plants
from which they collect more pollen on a given foraging
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FIGURE 1 Comparing the relative abundance of pollen taxa on bees'
bodies and in their scopae provides inference on the difference in their
pollen-transport efficiency for different pollen host plants. In this cartoon
example, two foraging female bees (A and B) collect more pollen from a
plant species producing pink pollen than from a plant species producing
yellow pollen. Both groom most of the pollen they remove from the anthers
of both plant species into their scopae. (A) The first bee grooms the same
proportion of pollen into her scopae for each plant species; thus, her
pollen-transport efficiency is the same for both plant species, and even
though the total quantity of pollen on her body is lower than the quantity
of pollen in her scopae, the taxonomic composition of pollen is the same
between her scopae and body. (B) The second bee grooms a higher
proportion of the pink pollen into her scopae than yellow pollen; thus, her
pollen-transport efficiency is lower for the plant producing the pink pollen,
and the pink pollen is underrepresented on her body, relative to the
percentage it comprises of the scopal load.

bout? (3) Is pollen-transport efficiency by a bee species
lower, on average, for the pollen host plants from which it
collects the most pollen overall?

MATERIALS AND METHODS
Study organisms

We analyzed pollen loads for three native co-occurring bee
species: Andrena erythronii, Andrena rugosa, and Bombus
bimaculatus. These species were among the most common
at field sites and were present in samples from the most
sites. Andrena erythronii and A. rugosa are solitary, ground-
nesting bees that, like most other solitary bees, store pollen
in collections of branched hairs on their hind legs called

scopae. Bombus bimaculatus, like other bumblebees, is a
social species in the family Apidae; foraging queens and
workers store pollen in smooth surfaces on their hind legs
known as pollen baskets or corbiculae. Hereafter, we will
refer to all pollen stored in scopae or corbiculae as scopal
pollen.

All three bee species are known to collect pollen from
plants from disparate plant families but tend to collect
more pollen from some plant species than from others.
Andrena erythronii is thought to be a pollen specialist on
spring ephemerals in the genus Erythronium, but is also
known to collect pollen from other plant taxa, especially
when its host plants are scarce (Michener and
Retternmeyer, 1956; Smith et al., 2019). Andrena rugosa
appears to collect mostly pollen from spring-blooming,
entomophilous woody shrubs and trees such as maples and
plants in the Rosaceae (Wood and Roberts, 2018). Queens
of Bombus bimaculatus, the caste that is active in
deciduous forests in the springtime, have an apparent
preference for Dicentra, a genus of entomophilous spring-
ephemeral species, and are important pollinators of wild
populations of Dicentra (Macior, 1978).

Data collection
Study sites

We collected bee specimens in April, May, and June of 2018
and 2019 at 11 approximately 1-ha study sites in Laurentian-
Acadian northern hardwood forests and other similar
deciduous forest types (Hop et al., 2009, 2010, 2011). One
site. was located within the Moraine Nature Preserve in
Indiana; the remaining 10 sites were located within three
national parks in Indiana and Michigan: Indiana Dunes
National Park, Sleeping Bear Dunes National Lakeshore, and
Pictured Rocks National Lakeshore. Forest canopies at sites
were dominated by beech, maples, yellow birch, and other
deciduous hardwoods; understories were dominated by
insect-pollinated, spring-ephemeral species. The ~300-km
latitudinal distance between each pair of parks separates the
phenology of each park by about 2 weeks (Robertson-
Thompson, personal communication; L. R. Weinman,
personal observations). We took advantage of this phenolog-
ical lag time to match our sampling at each park with the
bloom time of dominant understory ephemerals and maples.

Bee specimen collection

We only sampled on clear, bright days when the tempera-
ture was at least 13°C. We sampled sites at each park 2-4
times within 2 to 3 weeks. To sample a site, we began net-
collecting bees in the morning as soon as the temperature
reached 13°C or bee activity was observed until bee activity
ceased. At each site, we used insect nets to opportunistically
collect bees wherever we encountered them within the area
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of the study site, focusing on areas of the site with the
highest bee activity. Most specimens (91%) were actively
visiting a flower to forage either for nectar or pollen when
they were collected; the remaining 9% were collected either
while resting or in mid-flight. We transferred each bee
specimen individually into a clean vial to prevent pollen
contamination between specimens. To minimize bees'
grooming activities and other movements that could disturb
the distribution of pollen on their bodies and pollen-
collecting structures, we then placed specimens on ice in a
portable cooler while still in the field. To kill bee specimens,
we froze them in a -20°C freezer overnight. All bee
specimens were later identified to species by an experienced
technician at Rutgers University and by coauthor Joel
Gardner at the University of Manitoba. All bee specimens
are curated in the Winfree lab collection at Rutgers
University.

Pollen methods

To obtain the scopal pollen from each bee specimen, we
removed the hind legs of each specimen and placed both
legs in a microcentrifuge tube containing 95% v/v ethanol.
To obtain the body pollen from each specimen, we also
placed each bee specimen (sans its hind legs) into a
microcentrifuge tube containing 95% ethanol. Microcen-
trifuge tubes containing bee legs and bee specimens,
respectively, were then placed in an ultrasonic bath for 15
min to remove any pollen grains still sticking to bee hairs or
corbiculae. To stain pollen samples and mount them onto
microscope slides for identification, we first spun samples in
a microcentrifuge at 1000 rpm for 2 min. For each sample,
we then melted two cubes of fuchsin gel on a glass slide and
pipetted two 5-pL subsamples of highly concentrated pollen
solution directly into the molten gel.

To curate a pollen reference library for use in pollen
identification, we collected freshly dehisced anthers from
all plant species with open flowers at each site, surveying a
~3-ha area around the center of each site for plants with
open flowers on every day that site was to be sampled for
bees. We also collected dehisced anthers from woody
plants common in the landscape that were not present
within or near sites or whose flowers were inaccessible in
the canopy, such as species in the genera Salix, Quercus,
Betula, and Acer. All plants from which we collected
anthers were identified to the species level in the field
except for those in the genus Salix. For tree and shrub
species that we knew to be present in the landscape, but for
which we were unable to locate accessible individuals in
the field, we collected pollen samples from herbarium
specimens housed in the Rutgers Chrysler Herbarium. In
total, we collected pollen reference samples from 127 plant
taxa, which include the 16 plant species that we directly
observed bees to visit as we collected them. To create the
reference library, we mounted reference samples on to
glass slides with molten fuchsin gel.

Pollen identification

To ensure that we only included data from bees that were
actively foraging for pollen and to minimize inclusion of
pollen grains that have incidentally attached themselves to
scopal hairs, we limited pollen identification to 325 bee
specimens that had stored a minimum of 50 grains of pollen
in their scopae or corbiculae.

We identified pollen in body and scopal pollen samples
to the finest taxonomic resolution possible using light
microscopy. To identify pollen grains, we compared the
appearance of grains to the reference library of pollen
samples at 400x magnification. We were not able to
distinguish some plant species by their pollen, so in some
cases, we grouped pollen by genus, family, or a higher rank
(Appendix S1). Additionally, we used morphogroup identi-
fications for types of pollen that were not in our pollen
reference library and that we were not able to otherwise
identify. These pollen morphogroups comprised 3.4% of
pollen grains found in body and scopal samples combined.
Hereafter, we refer to all unique types of pollen as pollen
morphospecies. We estimated the precision of our identifi-
cations by identifying the grains in a subset of scopal and
body pollen samples for 46 specimens twice and calculating
the proportion of all grains for which our identifications
differed between the two trials. Our error rate calculated in
this way was 3.3%.

To estimate the percentage composition of each pollen
morphospecies in body and scopal pollen samples, we
identified a maximum of 100 grains of pollen per slide. To
minimize the sampling bias potentially introduced by
spatial clumping of pollen on the slides, we scanned the
fuchsin-stained areas of the slide at regularly spaced
intervals until we had either counted 100 grains of pollen
or had covered the entire area of the slide that contained
fuchsin-stained pollen, whichever came first. We counted
100 grains of pollen for 89% of pollen samples and between
50 and 100 grains for the remaining 11% for which we had
scanned the entire area of the slide containing fuchsin. To
minimize inclusion of pollen morphospecies that bees had
picked up incidentally from the environment or that were
present only by contamination, we omitted records of
pollen morphospecies comprising 2% or less of each sample
(Tur et al., 2014).

Analysis

Throughout our analysis, we assume that pollen stored in
bees' scopae was destined to be fed to bee larvae and that the
pollen on the rest of bees' bodies was available for transfer to
stigmas (Thorp, 2000; Alarcén, 2010; Stavert et al., 2016; Koch
et al, 2017; Cullen et al., 2021). Additionally, when a bee
individual collected more grains of a given pollen morphos-
pecies into its scopae than it did of others, we took assumed
that that the bee was more specialized on that plant than on
other plants during that foraging bout (Smith et al., 2019).
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This measure of bee specialization is functional, rather than
physiological or innate; different individuals of the same bee
species may be more or less specialized in their foraging on a
given host plant, and the same individual may be more or less
specialized on a given host plant on different foraging bouts.

We approximated differences in pollen-transport efficiency
between each of an individual bee's pollen host plants by
comparing the percentage composition of pollen morphospecies
in the pollen on bees' bodies versus the pollen in their scopal
and corbiculate loads (Figure 1). If a bee sequestered pollen
more efficiently into its scopae for some plant species than for
others, then the pollen of those plants will be underrepresented
in the pollen on the bee's body, relative to their percentage
composition of the bee's scopal pollen. Thus, a difference in the
percentage composition of pollen morphospecies between a
bee's body and scopal load suggests that the bee sequestered a
higher proportion of pollen into its scopae for some plants than
for others and, therefore, that its pollen-transport efficiency was
lower for those plants than it was for others,on that foraging
bout. Ideally, to measure pollen-transport efficiency for different
plant species, we would have counted all pollen grains in each
body and scopal pollen sample, but that was not practical.
Counting a subsample of pollen grains is typical for visual
identification of pollen loads (eg. Tur et al., 2014; Wood and
Roberts, 2018; but see Cullen et al., 2021).

In using differences in percentage composition as an
indication of differences in bees' pollen transport efficiency,
we made two additional assumptions. Firstly, we assumed
all pollen that bees removed from anthers ended up in their
pollen-collecting structures or elsewhere on their bodies.
This assumption may be unrealistic; bees can displace pollen
from anthers that falls to the ground or otherwise does not
end up on their bodies. If pollen was displaced, then we are
underestimating the total proportion of pollen that bees
removed that they do not transfer to stigmas and over-
estimating the proportion of that pollen that they do
transfer, and so our results should be conservative with
respect to detecting low pollen transport efficiency.
Secondly, we assumed that bees carried more pollen grains
in total in their scopae than on the rest of their bodies. To
check that this assumption is true of the bee specimens we
collected, we estimated the total number of grains on bees'
bodies and in their scopal loads for a subset of 46 specimens
(Appendix S2).

Q1. How dissimilar is the composition of pollen
taxa on bees' bodies from the pollen carried in
bees' scopae and corbiculae?

To assess whether bees' pollen-transport efficiency tends to
differ among the plants from which they collect pollen, we
measured compositional differences between the pollen on
bees' bodies and in their scopal loads. We measured those
differences by computing the Bray-Curtis dissimilarity
between body and scopal samples for each bee specimen,
using the function vegdist in the R package vegan (Oksanen

et al,, 2022). Because Bray-Curtis dissimilarity is sensitive to
differences between samples in sample size (in this case, the
number of grains we counted on microscope slides) and we
wanted to assess differences in the composition of pollen
samples, rather than differences due to unequal sample
sizes, we computed dissimilarities using the proportional
abundance of pollen morphospecies in samples rather than
the absolute number of grains that were observed. Thus, in
this context, Bray-Curtis dissimilarity can be used to
compare the percentage of grains of each pollen morphos-
pecies in the scopal pollen with the percentage of grains of
that pollen morphospecies in the body pollen. The index
varies between 0 (the same pollen types are found in both
body and scopal pollen, in the same relative abundance) and
1 (no grains of the same pollen type are found in both body
and scopal pollen). Bray-Curtis dissimilarity should be
relatively insensitive to differences between samples
in the pollen morphospecies that are present in low
relative abundance, which could differ for example due to
subsampling effects (Barwell et al., 2015).

We examined the distribution of dissimilarities in body
and scopal pollen composition across all bee specimens and
for specimens of each bee species individually by plotting
histograms of Bray-Curtis dissimilarity.

Q2. Is individual bees' pollen-transport efficiency
lower for the plants from which they collect more
pollen on a given foraging bout?

On a given foraging bout, bee individuals often engage in
some degree of foraging-bout specialization, collecting more
pollen from one or a few plant species than from others. To
assess whether bees transport proportionally less pollen for
the plants on which they specialize on a given foraging bout,
we measured each bee specimen's relative pollen-transport
efficiency for each of the pollen morphospecies it was
carrying when we collected it. We then related relative
pollen-transport efficiency to pollen morphospecies’ rank
percentage composition in that same specimen's scopal load.

To approximate relative pollen-transport efficiency for
each occurrence of a morphospecies on a bee specimen, we
subtracted its percentage composition of the specimen's
scopal pollen sample from its percentage composition of the
specimen's body pollen sample. A negative difference in
percentage points indicates that the pollen morphospecies is
underrepresented on the bee's body relative to its percentage
composition of the bee's scopal load. Underrepresentation
on a bee's body suggests that the bee's pollen-transport
efficiency was lower for that pollen morphospecies than it
was for other pollen morphospecies on that foraging bout.

We then plotted percentage point differences vs.
morphospecies' rank abundance in bee specimens' scopal
loads. If bees' pollen-transport efficiency tends to be lower
for the plants from which they collect the most pollen on a
given foraging bout, percentage point differences should fall
below zero, on average, for the morphospecies with the
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highest rank abundance in scopal loads, and increase to fall
above zero, on average, for morphospecies with lower rank
abundance in scopal loads.

To describe and visualize trends, we modeled percentage
point difference as a function of rank scopal abundance for
each bee species. Models were fit with maximum likelihood
using the function nls and the package aomisc in R version
4.2.3 (Onofri, 2020; R Core Team, 2022). Trends appeared
nonlinear, so we applied both a general linear model and a
nonlinear model with a logarithmic function, compared
both to an intercept-only model, and retained the model
with the lowest AIC. For all three bee species, we retained
the nonlinear model (Appendix S3).

One limitation of our analysis is that, because the
independent and dependent variables are derived from the
same data (i.e., the percentage composition of each pollen
morphospecies in bees' scopal loads), it is not appropriate to
assess statistical significance using P-values or to assess
goodness of fit using R>. Instead, we report the sign and
magnitude of estimated parameters of each model and the
difference in median percentage point difference between
the pollen morphospecies that specimens collected the most
of on each foraging bout and those they collected the
least of.

The majority (94%) of bee specimens carried five or
fewer distinct pollen morphospecies (only 3-10 specimens
of each species carried more), resulting in very low sample
sizes for the lowest rank abundances. To avoid allowing a
few data points to have an outsized effect on fitted trend
lines, we assessed trends for the top five pollen morphos-
pecies in scopal loads of each bee species.

Q3. Is bee species' pollen-transport efficiency
lower, on average, for the pollen host plants from
which they collect the most pollen at the species
level (across foraging bouts)?

At the bee species level (i.e., across foraging bouts), most
generalist bee species collect more pollen from some plant
species than from others and may be more likely to have a
specialized foraging bout on these important pollen host
plants than on other plants. If so, we should expect
generalist bee species to transport proportionally less pollen,
on average, for the plants from which they collect the most
pollen overall.

To assess each bee species' relative collection of pollen
from different host plants in their scopae, we calculated the
average percentage of grains for each pollen morphospecies
across all scopal loads of the bee species, across all
specimens we collected across our 550-km study region,
including those scopal loads in which it did not occur. For
example, if a pollen morphospecies comprised 60% of the
grains in one scopal load, 30% of the grains in another, and
was not present in a third scopal load, then it comprised
30% of grains collected by those three specimens, on
average.

We then assessed whether, on average, bee species
transport proportionally less pollen for the plants from
which they collect more pollen into their scopae on average.
For this analysis, we plotted the distribution of percentage
point differences for each pollen morphospecies on all
specimens on which it occurred, ranking morphospecies by
descending average percentage composition of bees' scopal
samples. If pollen-transport efficiency is lower for plants from
which a bee species collects more pollen overall, we expect
the percentage point difference to fall below zero, on average,
for the morphospecies that the bee species collected the most
of into scopal loads and to increase above zero for the pollen
morphospecies collected the least by the bee species.

To describe and visualize the trend for each bee species,
we modeled percentage point difference as a function of
morphospecies' rank average percentage of scopal loads.
Models were fit with maximum likelihood using the function
nls and the package aomisc in R (Onofri, 2020; R Core
Team, 2022). We applied both a general linear model and a
nonlinear model with a logarithmic function, compared both
to an intercept-only model and retained the model with the
lowest AIC. For Andrena erythronii and Bombus bimaculatus,
we retained the nonlinear model, while for Andrena rugosa,
the model with lowest AIC was the intercept-only model, so
neither model was retained (Appendix S3). As for question 2,
we report the sign and magnitude of estimated parameters of
each model and the difference in median percentage point
difference between the pollen morphospecies with the highest
percentage of grains in scopal loads and the morphospecies
with the lowest percentage.

For each bee species, many pollen morphospecies were
collected infrequently, so we chose to group them for this
analysis. Each bee species collected 10 to 35 pollen
morphospecies that, respectively, comprised less than 5%
of grains in scopal loads on average; 4 to 26 of these
respectively comprised less than 1% (Appendix S1). The
average percentage compositions of these morphospecies
were all within 2 to 3 percentage points of each other, such
that many comprise essentially the same, very small
percentage of grains. Thus, differences in rank between
these morphospecies carry little meaning, and different
overall trends can be obtained with a number of different,
equally valid rearrangements of their rank order. Instead of
including data on each of these morphospecies separately,
therefore, we grouped data on morphospecies that com-
prised less than 5% of grains on average.

RESULTS

Q1. How dissimilar is the composition of
pollen taxa on bees' bodies from the pollen
carried in bees' scopae and corbiculae?

We identified 46 distinct pollen morphospecies in the body
and scopal loads of 325 bee specimens (Appendix S1); 100
specimens were Andrena erythronii, 102 were Andrena
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rugosa, and 123 were Bombus bimaculatus. Specimens
carried a median of two morphospecies of pollen in their
scopae or corbiculae (range: 1-8) and three morphospecies
on their bodies (range: 1-7). Bees carried much more pollen
in their scopae and corbiculae than on the rest of their
bodies; for the 46 specimens for which we estimated the
total number of grains of pollen in both body and scopal
samples, we found 5+ 1.5 (SE) times as many pollen grains
in scopal and corbiculate samples, on average, than in body
samples (Appendix S4).

Overall, Bray-Curtis dissimilarities of scopal
and body pollen samples ranged from 0 to 1 and were

right-skewed, with a median dissimilarity of 0.14
(Figure 2A). Bee species differed in Bray-Curtis dis-
similarity on average, though the distribution of
dissimilarities was right-skewed for all three species,
indicating that the Bray-Curtis dissimilarity for most
specimens was relatively low. For Andrena erythronii,
the median dissimilarity was 0.14; for Andrena rugosa, it
was 0.12; and for Bombus bimaculatus, it was 0.19. The
tail of the distribution was fatter and longer for Andrena
rugosa and B. bimaculatus, corresponding to about 21%
of specimens for A. rugosa and 19% of specimens for B.
bimaculatus.
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FIGURE 2 Histograms of pairwise Bray—Curtis dissimilarity between body and scopal and corbiculate pollen loads for all bee specimens (top) and for
each bee species (bottom). Dissimilarities were calculated using the percentage compositional abundance of each pollen morphospecies on bees' bodies and
in bees' scopal loads, respectively. Median dissimilarity values are indicated by vertical orange dashed lines. Pie charts display differences in composition for
representative specimens with dissimilarity values of 0.14, 0.55, and 0.73. Different colors represent different pollen morphospecies.
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bout, while a positive difference indicates the reverse.

Q2. Is individual bees' pollen-transport
efficiency lower for plants from which they
collect more pollen on a given foraging bout?

Most scopal and corbiculate pollen samples were highly
dominated by one or a few pollen morphospecies. On
average, 2+ 0.12 pollen morphospecies accounted for 80%
of each scopal sample, and the percentage composition of
the pollen morphospecies with the highest rank abundance
in each sample accounted for 76 2% of grains in the
average sample, suggesting that most specimens engaged in
some degree of foraging bout specialization (Figure 3A-C).

For all three bee species, the pollen morphospecies with the
highest rank abundance in each scopal sample was underrepre-
sented on average on specimens’ bodies, relative to its percen-
tage composition in the scopal sample. Median percentage point
differences between body and scopal pollen were below zero on
average for the pollen morphospecies with the highest rank
abundance in each sample and above zero on average for pollen
morphospecies of lower rank abundance (Table 1,

TABLE 1

Parameter estimates for the best-fitting models of

percentage point difference as a function of the logarithm of

pollen morphospecies' rank abundance in scopal loads, where

pollen morphospecies were ranked by percentage composition within
each scopal load. The intercept is interpretable as the predicted
percentage point difference for the morphospecies with the

highest rank abundance in a bee's scopal load. The slope gives the
estimated change in percentage point difference with each change

in the logarithm of rank abundance; a positive slope indicates

that percentage point difference becomes more positive as

rank decreases.

Bee species Parameter Coefficients
Andrena erythronii Intercept -6.80

Slope 9.34
Andrena rugosa Intercept -9.10

Slope 13.01
Bombus bimaculatus Intercept -7.10

Slope 9.82
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Figure 3D-F). For Andrena erythronii, the percentage point
difference increased by 9 points, from -5 to 4; for A. rugosa, by
8 points, from -4 to 4; and for Bombus bimaculatus, by 7.7
points, from -5 to 3.7.

Q3. Is bee species' pollen-transport efficiency
lower, on average, for the pollen host plants
from which they collect the most pollen at the
species level (across foraging bouts)?

Across all foraging bouts, bee species collected more pollen
into scopae from some plant species than from others on

A Andrena erythronii

B  Andrena rugosa

average (Figure 4A-C). Five pollen morphospecies
accounted for 80% of the pollen grains collected by foragers
of Andrena erythronii, six accounted for 80% of the grains
collected by foragers of Andrena rugosa, and five accounted
for 80% of grains collected by Bombus bimaculatus. The
pollen morphospecies most collected by each bee species
made up 26-47% of grains in specimens' scopal loads on
average (Figure 3A-C). However, for most pollen mor-
phospecies, the percentage composition of scopal loads
varied greatly across specimens, such that morphospecies
that bees collected a lot of overall were present in both high
and low quantities in the scopal loads of many specimens,
and those that bees collected less of overall still dominated

C  Bombus bimaculatus
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FIGURE 4 (A-C) Percentage composition of each pollen morphospecies in all scopal loads of each bee species, ranked by mean percentage

composition. Means are indicated with purple diamonds. (D-F) Percentage point difference between percentage composition of body and scopal pollen for
every occurrence of each pollen morphospecies on a bee specimen; as in (A-C), morphospecies are ranked by mean percentage composition in scopal loads
across all specimens of the bee species. A negative difference indicates lower pollen-transport efficiency for that morphospecies on that foraging bout; a

positive difference indicates the reverse.
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TABLE 2 Parameter estimates for the best-fitting models of
percentage point difference as a function of the logarithm of pollen
morphospecies' rank average percentage composition in scopal loads.
The intercept is the predicted percentage point difference for the
morphospecies that bees collected the most of, on average, across foraging
bouts. A positive slope indicates that the percentage point difference
becomes more positive as the average percentage composition of a
morphospecies in scopal loads decreases, while a negative slope indicates
the reverse.

Bee species Parameter Coefficients
Andrena erythronii Intercept -7.28

Slope 6.21
Bombus bimaculatus Intercept 6.73

Slope -7.27

some of the scopal loads of the specimens that had collected
them (Figure 4A-C).

For most pollen morphospecies, percentage point differ-
ences between body and scopal pollen composition were
variable, suggesting that pollen-transport efficiency for any
given plant species varied among the bee individuals
transporting its pollen (Figure 4D-F). Despite this, percent-
age point differences followed a discernible trend for two of
the three bee species (Table 2, Figure 4D-F; Appendix S3).
For Andrena erythronii, the pollen morphospecies it collected
the most of into scopal loads was a group comprised of Acer
saccharum and Acer negundo pollen. This morphospecies was
underrepresented on average on the bodies of A. erythronii
specimens (median percentage point difference =-5), while
the morphospecies A. erythronii collected the least of were
overrepresented on average (median percentage point
difference =3; Table 2, Figure 3D). This difference in
representation suggests that specimens of A. erythronii
transported proportionally less pollen on average for Acer
saccharum and Acer negundo compared to other plants.
Conversely, for B. bimaculatus, the pollen morphospecies
collected the most (Dicentra canadensis) was overrepresented
on its body (median percentage point difference = 6), while
the pollen morphospecies collected the least were under-
represented (median percentage point difference=-1;
Table 2, Figure 4F). This difference in representation suggests
that specimens of B. bimaculatus transported proportionally
more pollen on average for D. canadensis than they did on
average for other plants.

DISCUSSION

Pollination biologists have long known that bees remove
large quantities of pollen from plant populations, feed most
of it to their larvae, and deposit only a tiny fraction onto
stigmas (Schlindwein et al., 2005; Danforth et al, 2019).
Consistent with this general consensus, the bee specimens in
our study to carry five times more pollen in their scopae and

corbiculae than on the rest of their bodies. Previous studies
have not compared generalist bees' pollen-transport efficiency
among their pollen host plants, however. Here we provided
the first empirical evidence that generalist bee species' pollen-
transport efficiency can differ among the plants from which
they collect pollen on a given foraging bout. Specifically, we
found that the composition of pollen morphospecies carried
on bees' bodies (the pollen that is available for pollination)
differed from the composition of morphospecies carried in
scopal and corbiculate loads (the pollen the bee has harvested
for her offspring) (Figure 2). Most visits to plant species in
bee-plant communities are by foragers of generalist bee
species (Waser et al, 1996). Our results suggest that
accounting for variations in the pollination efficiency of
generalist bee foragers on different host plants is likely
important for understanding the effects of individual
interactions on pollen transfer in bee-plant communities.

A previously unexplored mechanism of variation in
pollination efficiency is foraging bout specialization, which
is generally thought to be beneficial for plant reproduction
due to its effects on heterospecific pollen transfer
(Grant, 1950; Bronstein et al, 2006; Morales and
Traveset, 2008; Ashman and Arceo-Gomez, 2013;
Brosi, 2016). Our results suggest that foraging bout
specialization may also lower pollination efficiency. We
found that most foragers were specialized, but that the
dominant pollen morphospecies in each forager's pollen
load was typically underrepresented on its body. Thus, at
the level of the foraging bout, bees' pollen-transport
efficiency was lower for the pollen host plants from which
they collected the most pollen. This result suggests that
specialization on the part of individual bees, even those
belonging to generalist bee species, results in a trade-off
from the plant's point of view. Visits from specialized
individual foragers may result in less heterospecific pollen
transfer, which can be good for fitness, but more pollen lost
to bees' pollen consumption, which can be bad for fitness
(Hargreaves et al., 2010; Parker et al, 2016; Koski
et al, 2018). This lowered transport efficiency for more
specialized bees has previously been shown for pollen
specialist (oligolectic) bee species vs. nonspecialist bee
species foraging on the same plant species (Parker
et al., 2016). This study demonstrates for the first time that
generalist bees can also cause these contrasting effects, but
at the scale of the foraging bout, which is the scale at which
pollen is transferred.

A trade-oft between heterospecific pollen transfer and loss
of pollen to bees' pollen consumption has implications for the
selective pressures experienced by plants in generalized
plant-pollinator communities. Though heterospecific pollen
transfer can be a major contributor to pollen limitation,
generalized flower morphologies, high overlap in flowering
with other species, and other traits that allow for pollinator-
sharing are common, suggesting that the fitness benefits of
generalization often outweigh the fitness costs associated with
heterospecific pollen transfer (Morales and Traveset, 2008;
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Ashman and Arceo-Gdémez, 2013; Brosi, 2016). It has been
suggested that frequent foraging bout specialization by
generalist bee species may contribute to the maintenance of
floral generalization over evolutionary time by allowing its
benefits to more easily outweigh costs (Brosi, 2016). Our
results suggest that the extent to which foraging bout
specialization can play this role will depend in part on the
magnitude by which specialized foragers lower the fitness
costs of heterospecific pollen transfer, relative to the
magnitude by which they increase the fitness cost of bees'
pollen consumption. While the drivers and consequences of
heterospecific pollen transfer have been studied in community
contexts, neither has been studied in conjunction with the
effects of bees' pollen consumption. Future studies that
measure the relative effects of heterospecific pollen transfer
and bees' pollen consumption on seed set and pollen
limitation are an important next step for understanding the
evolutionary implications of generalization in plant—pollinator
communities.

At the species level, ie., across individual bees' foraging
bouts, bee species collected more pollen from some host plant
species than others, and two of the three bee species were less-
efficient transporters of pollen for some of their host plant
species than for others. However, the effects of foraging-bout
specialization on pollen-transport efficiency did not scale up to
the species level in a consistent way. The inconsistency of
trends was likely due in part to bees of the same species
engaging in foraging bout specialization on different plant
species in different places; each pollen morphospecies in turn
tended to dominate scopal loads at some sites and dates, but
was collected by bees in lesser amounts at other places and
times. Geographic variation in bees' foraging choices is not
unusual; generalist bees are known to forage on different plant
species in different places in response to contextual factors that
vary in space and time, such as the relative abundance of host
plant species and competition with other pollinators. This
result does highlight, though, that bee species' pollination
efficiency for any given plant species likely varies geograph-
ically and temporally. Variation in pollination efficiency across
plant populations has been shown in some cases to be driven
by spatial variation in pollinator community composition
because pollinator taxa can differ in their pollination efficiency
(e.g., Koski et al, 2018; Parker et al, 2018). Such context
dependency is thought to play a major role in the trajectory
of coevolution between plants and their pollinators
(Thomson, 2003; Guimardes et al., 2011). Our results point
to an additional layer of context dependency: The same bee
species may impose different pressures on the same plant
species in different places, according to its reliance on that
plant as a pollen resource in those places.

CONCLUSIONS

We showed that individual bees frequently transport
proportionally less pollen for the host plants on which they
specialize during each foraging trip, suggesting that plants

visited by specialized foragers trade less heterospecific pollen
deposition for greater loss of pollen to bees' pollen
consumption. A next step for future research is to assess
how variation in bees' pollen-transport efficiency affects their
contributions to pollen limitation and seed set, especially in
relation to the effects of heterospecific pollen transfer. In
general, we feel that more case studies of smaller numbers of
interacting species, for which careful measurements of pollen
transport, pollen export and pollen deposition are more
feasible, are needed as a complement to community wide
approaches, to link patterns at community scales with
behavior and patterns of pollen transfer.
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