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Abstract

Background

Intraspecific variation in foraging niche can drive food web dynamics and ecosystem pro-
cesses. In particular, male and female animals can exhibit different, often cascading,
impacts on their interaction partners. Despite this, studies of plant-pollinator interaction net-
works have focused on the partitioning of the floral community between pollinator species,
with little attention paid to intraspecific variation in plant preference between male and
female bees. We designed a field study to evaluate the strength and prevalence of sexually
dimorphic foraging, and particularly resource preferences, in bees.

Study design

We observed bees visiting flowers in semi-natural meadows in New Jersey, USA. To detect
differences in flower use against a shared background of resource (flower) availability, we
maximized the number of interactions observed within narrow spatio-temporal windows. To
distinguish observed differences in bee use of flower species, which can reflect abundance
patterns and sampling effects, from underlying differences in bee preferences, we analyzed
our data with both a permutation-based null model and random effects models.

Findings

We found that the diets of male and female bees of the same species were often dissimilar
as the diets of different species of bees. Furthermore, we demonstrate differences in prefer-
ence between male and female bees. We show that intraspecific differences in preference
can be robustly identified among hundreds of unique species-species interactions, without
precisely quantifying resource availability, and despite high phenological turnover of both
bees and plant bloom. Given the large differences in both flower use and preferences
between male and female bees, ecological sex differences should be integrated into studies
of bee demography, plant pollination, and coevolutionary relationships between flowers and
insects.
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Introduction

Intraspecific variation in traits and behavior, including foraging niche, has important conse-
quences for species interactions and conservation [1,2]. Sexual dimorphism is a large source of
individual niche variation, and an important factor in plant-animal interactions, such as seed
dispersal [3]. Sexual dimorphism underlies adaptation, speciation, and the way in which ani-
mals exploit their ecological niche [4,5]. Morphological, behavioral, and life-history dimor-
phisms can also drive the form and function of ecosystems, for example when predator sex
ratio drives the community composition of lower trophic levels, affecting the physical and
chemical properties of the environment [6,7].

Though ecological dimorphisms were first studied in vertebrates [8], they are common
across taxa, including insects [9]. Surprisingly, in bees (Hymenoptera, Apoidea) for which
both foraging [10] and sexual dimorphism [11] have been well studied, sexually dimorphic for-
aging has rarely been documented. Intraspecific variation in floral preference is known for
social [12] and to a lesser extent, solitary bees [13,14], yet most community-level studies focus
on species-level interactions, and specifically on how female bees forage.

Male bees differ from their better-studied female counterparts in their life history and ecol-
ogy. Female bees construct, maintain, provision, and defend nests, whereas male bees primar-
ily seek mates [15]. Both sexes drink floral nectar for their own caloric needs, but only females
collect pollen to provision young, and thus forage at greater rates. Pollens from different flower
species (the term we use throughout for the flowers from a species of plant) tend to be distinct
not only in morphology but also in terms of nutritional content, and both of these (factors
drive plant-specific foraging by bees [16]. While recent work shows variation in nectar is more
important than previously acknowledged [17], even species of bees that specialize narrowly on
pollen hosts (oligolects) tend to nectar from many flower species. It is unclear what factors
drive male bee preferences, though the criteria males use to select floral partners probably dif-
fer from those used by females.

Although female bees are more prolific pollinators due to the greater time they spend forag-
ing at flowers, when male bees have been studied, they prove to be important pollinators as
well. This is true not only in specialized oil- or scent-collecting pollination systems, where
males would be predicted to be important [18-20], but also for males simply foraging for nec-
tar [21-23]. Male bees may also be particularly relevant for bee conservation. Males may be
limiting in declining populations, either because genetic diversity is necessary for the develop-
ment of female offspring as a result of complementary sex determination, or because mate or
sperm limitation results from poor male condition [24-26]. As the dispersing sex in most bee
species, males may be crucial for gene flow and metapopulation persistence even when they
are not locally limiting [27,28].

Observed differences in resource use, which reflects the overlap of consumers and resources
(availability) as well as consumer preference, may fail to reveal more essential differences in
foraging niche. Preferences may be more important than use alone in the context of species
conservation, and may mediate the strength of selection imposed by interaction partners. Pref-
erence—the use of a resource in excess of its relative availability—is challenging to measure,
because both resource use and availability must be known. Floral resource availability for polli-
nators is particularly hard to quantify outside an experimental context because the appropriate
scale and units of floral resource availability are unclear. The composition, amount, and supply
rate of pollen and nectar per flower, the number of flowers per inflorescence, of inflorescences
per individual, and the number and distribution of individual plants over the square kilome-
ters of a bee’s foraging range are all important components of availability [29]. Furthermore,
floral availability can change rapidly over time. However, differences in flower use between
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bees foraging at the same place and time indicate differences in preference, which may occur
between species, or between individuals of the same species.

In this study, we assess differences between floral preferences of male and female bees in
the field. We collected bees foraging on flowers in meadows in New Jersey, USA. In order to
observe preference differences, we collected as many individuals as possible during replicated,
short (3-day) windows, during which we assumed floral availability and bee abundance were
constant at each site. We compare the species composition of flowers visited by males and
females of the most common bee species across the entire study as a naive measure of differ-
ences in preference between the sexes. Then, using random effects models, we assess when dif-
ferential flower species use by male and female bees likely arises from sex-specific floral
preference, as opposed to shifting overlap between foragers and floral resources (i.e. changes in
availability without differences in preference). Specifically, we ask

1) How much do male and female bee diets overlap?
2) To what degree are particular flower species disproportionately visited by bees of one sex?

3) To what extent are differences in floral use driven by preference, rather than phenological
differences between male and female bees?

Materials and methods
Study design and data collection

Because absolute preference is nearly impossible to observe outside of an experiment, we
designed our study to reveal differences in preference between groups of bees. In order to col-
lect a large number of males and females from many native bee species, we selected six mead-
ows (sites) in New Jersey, USA with a high abundance and diversity of flowers. These semi-
natural meadows were managed for pollinator-attractive, summer-blooming forbs through
seed addition, and a combination of mowing, burning, and weed removal. Most flower species
present in the meadows are native to the eastern United States. We collected our data during
peak bloom and maximum day length (6 June to 20 August, 2016), and during good weather
(sunny enough for observers to see their own shadow, no precipitation). We visited each site
for three consecutive good weather days over five evenly spaced sampling rounds in the
11-week period of our study. In all analyses, we assume that bees and flowers detected at a site
within one 3-day sampling round co-occurred. In contrast, we assume that turnover of both
plant species in bloom and bee species activity can occur in the ~10 days between sampling
rounds.

During each 3-day sampling round, an observer walked parallel transects through the
meadow (which ranged in size from 0.8-2.2 ha; mean = 1.4 ha), observing every open flower
within a moving 1-m semicircle, and net-collecting any bee seen actively foraging, which we
defined as contacting anthers or collecting nectar from a flower (Figure A in S1 File). We col-
lected all bee species except Apis mellifera L., the domesticated western honey bee, because Apis
males do not forage. Observations began as soon as pollinator activity picked up in the morning
(7-9 am) and continued into the late afternoon or evening until pollinator activity slowed sub-
stantially. Observers sampled nearly continuously, in 30-minute timed collection bouts with
short breaks in between. If inclement weather precluded a minimum of six 30-minute sampling
bouts in a day, we added an additional day to the sampling round as soon as weather permitted.

Flower species were identified in the field by the data collector. Bee species were identified
using a dissecting microscope and published keys; Jason Gibbs (University of Manitoba), Joel
Gardner (University of Manitoba), and Sam Droege (USGS) assisted with identification for
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bees in the genera Andrena, Anthophora, Coelioxys, Halictus, Heriades, Hoplitis, Hylaeus,
Lasioglossum, Megachile, Melissodes, Nomada, Osmia, Pseudoanthidium, Ptilothrix, Sphecodes,
Stelis, and Triepeolus, and at least one of them confirmed voucher specimens for every species.
We determined every specimen to species except for the following four complexes: Most bees
in the genus Nomada with bidentate mandibles (ruficornis group) were treated as one species.
All specimens from the Hylaeus species complex that includes Hylaeus affinis, H. modestus,
and at least one additional species, informally dubbed “species A,” were treated as a single spe-
cies, denoted Hylaeus affinis-modestus, because females cannot be reliably distinguished.
There is a cryptic species in the genus Halictus unlikely to occur in our area, Halictus poeyi,
which is not morphologically distinct from H. ligatus; we treat all specimens in this complex as
Halictus ligatus. We could not confidently separate all specimens of the two closely related
Lasioglossum species Lasioglossum hitchensi and L. weemsi. Thus, we treat all specimens from
either species as one, denoted Lasioglossum hitchensi-weemsi.

All bee specimens are curated in the Winfree lab collection at Rutgers University, and the
data used in this paper, along with R scripts used in data analysis and figure preparation, are
available from the Dryad Digital Repository (doi:10.5061/dryad.c3rr6ql). No specific permits
were required to collect these data, however, we obtained permission to access meadow habi-
tats and sample insects from Mercer County, the Institute for Advanced Study, Somerset
County, and the Raritan Headwaters Association

Analytical methods

We performed all statistical analyses and simulations using R 3.5.1 [30].

1) How much do male and female bee diets overlap?. To compare the diets of male and
female bees, we used the Morisita-Horn index of resource overlap [31,32]. This dissimilarity
index compares the proportion of all female bees found on each flower species to the proportion
of all male bees found on each flower species. In other words, it compares the contribution of
each flower species to female diets (where this term includes the food that females collect for
themselves and also to feed to young) to the contribution of the same flower species to male
diets. The Morisita-Horn index ranges from zero (completely similar) to one (maximally dis-
similar), and has several good properties for our purposes. First, it uses proportions, placing vis-
its from male and female bees on the same scale, even though most visits come from females.
Second, it is much more sensitive to large proportions than to small ones, thereby down-weight-
ing the contribution of flower species for which we have little information. Third, the Morisita-
Horn estimates are resilient to undersampling and uneven sample size between groups [33].

To determine whether the male-female differences we observed exceeded those expected by
chance, we compared the observed compositional dissimilarity between flower visits from
male and from female bees to dissimilarity measures from a null model that randomly per-
muted the bee sex associated with each flower-visit record. This permutation holds constant
the total number of male and of female visits, and the total number of visits to each flower spe-
cies from both sexes combined (Figure B in S1 File). The range of dissimilarity values from
this simulation is the difference we would observe in our sample, if there were no true differ-
ence in flower species use between males and females of the same bee species. We evaluated
the hypothesis that male and female diets overlap less than would be expected by chance; thus
we use a one-sided alpha of p<0.05. We iterated this null simulation 9999 times, which was
sufficient to stabilize p-values near our chosen alpha (North, Curtis & Sham 2002). When the
observed dissimilarity was greater than 9500 of the 9999 simulated dissimilarities, we con-
cluded that we had detected a difference in the pattern of floral visitation between conspecific
male and female bees, given the observed diet breadth and abundance of each sex. We also
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computed the mean null model value, and a 95% confidence interval for this mean using the
0.025 and 0.975 quantiles of the dissimilarity values generated for each null model.

To compare the diet overlap we observed between sexes to a meaningful benchmark, inter-
specific diet overlap, we repeated the same null model analysis, this time comparing females of
the focal species to females of other species. To compare the results, we present the difference
between the observed dissimilarities and the null dissimilarities for each female-male and spe-
cies-species comparison. We performed one analysis for each bee species for which we col-
lected at least 20 visitation records for each sex (19 species). This sample size threshold is
arbitrary, but null model variance shrinks with sample size, such that apparent patterns for
species with smaller sample sizes are rarely interpretable (Figure C in S1 File).

Because we analyze 19 bee species, females of each species are compared to 18 others. We then
compared the female-male difference (observed minus mean null dissimilarity in flower commu-
nities visited) to the analogous species-species difference (observed minus null dissimilarity).

For this analysis, which evaluates holistic differences between male and female bees of the
same species, we combined observations across the full season and all sites. This allows us to
observe foraging niche differences that are driven by flower and/ or bee phenology, in addition
to any sex-specific floral preference.

2) To what degree are particular flower species disproportionately visited by bees of one
sex?. To answer this question, we fit a random intercepts model to our entire data set of 153
bee species to determine whether particular flower species are disproportionately visited by
male or female bees, and whether the answer varies by bee species. In our model, bee sex is the
response, and flower species, bee species, site, and their interactions are all random effects; we
included no fixed effects. The random effects provide partial pooling, which is especially useful
when there are many levels, few data associated with some or all levels, and/ or inconsistent
amounts of data across levels [34]. We can infer disproportionate visitation by male vs. female
bees for a flower species when predicted odds of visitors to that flower species being male are
especially high or low.

We statistically control for variation in the overall sex ratio across bee species through a
random intercept of bee species, and variation in sex ratios across sites, through random inter-
cepts for site, and the site-bee species and site-flower species interactions. Although we
deemed it unlikely that, within bee species, sex ratios at birth vary greatly across space, any var-
iability attributed to site terms could result from differences in bee sex ratios, or from differen-
tial overlap of bee foraging activity and flower bloom across space.

We call this model the “summed model” because we sum interactions observed across the
entire season (all five sampling rounds) at each site. In the summed model, the relationship
between phenological overlap and the odds of flower-visiting bees being male would be incor-
porated into the species effects. This perspective is helpful for considering flower species’ con-
tributions to the overall diets of male versus female bees. We fit the model with the R package
Ime4 [35] with the following call:

Summed model

Ime4::glmer(bee_sex ~ (1[site)+ (1|flower_species)+ (1|bee_species)+ (1|flower_species:
bee_species)+ (1|site:bee_species)+ (1[site:flower_species), family = “binomial”, data = data)

We included bee species and site as random, rather than fixed, effects to directly compare
the variability in bee sex associated with each of these predictors to the variability associated
with flower species (preference). Comparing the overall variability across these groups was
more important to us than assessing predictions on a per-site or per-bee-species basis. We fit
flower species, the primary covariate of interest, as a random effect to facilitate model fitting
(fewer degrees of freedom) as well as interpretation. In our summed model, we included all
two-way interactions, but omitted the three-way interaction, bee species by flower species by
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site. Although the sort of context-dependent preference this term could represent (e.g. males
from bee species I prefer flower A at one site (relative to females), but shun it at another) may
exist in nature, it is unlikely we would estimate it accurately in our model.

We confirmed model convergence by comparing several fitting methods using the allFit
function in Ime4 [35], which all showed similar parameter estimates (Table A in S1 File). We
tested whether residuals from our model were overdispersed using Bolker’s function “over-
disp” [36], and visually assessed our additivity assumptions with binned residual plots [34]
(Figure D in S1 File).

3) To what extent are differences in floral use driven by preference, rather than pheno-
logical differences between male and female bees?. Over the 11 weeks of our study, we
observed turnover in bee species, in flower bloom, and within-bee species changes in sex ratio.
Therefore, phenological overlap between male versus female bees and the bloom period of par-
ticular flower species, rather than preference of those bees for those flowers, may explain much
of the variation in sex ratio we observed across visitors. In question 3, we are explicitly inter-
ested in distinguishing sex-specific diet preferences from variable use resulting from seasonal
resource availability and male vs. female abundance. We do this in the “seasonal model” by
incorporating sampling round (our measure of phenology) as an additional random intercept
effect, along with random intercepts for the interactions between sampling round and the
other covariates. We chose to include sampling round as a random effect because this enables
direct comparison to all other terms in both models. We ignored the three- and four-way
interactions between bee species, flower species, and other covariates. We fit this model with
the following call in the R package Ime4, with new terms in bold:

Seasonal model

glmer(bee_sex ~ (1|site)+ (1|flower_species)+ (1|bee_species)+ (1|flower_species:bee_spe-
cies)+ (1|site:bee_species)+ (1[site:flower_species)+ (1|sampling_round)+ (1|site:samplin-

g round)+ (1|flower_species:sampling_round)+

(1] bee_species:sampling_round)+ (1|site:bee_species:sampling_round)+ (1|site:flow-
er_species:sampling round), family = “binomial”, data = data)

Our index of preference for both the summed model and the seasonal model is the change in
predicted odds that a bee is male when the flower species it visits is given. To describe the
importance of model terms, we calculated a bootstrapped median odds ratio using code from
Seth [37], which gives the expected difference in odds that a flower-visiting bee is male
between levels of a predictor [38]. For example, a median odds ratio of five for the main effect
of sampling round would indicate that the odds of a flower-visiting bee being male differ by
about a factor of five between sampling rounds, while a median odds ratio of one would indi-
cate that the odds of a flower-visiting bee being male do not change across rounds. If the
median odds ratio is large for flower species in both models (and the random effects predic-
tions for each species are consistent across both models), we could say that there are intrinsic
(i.e. not simply phenological) properties of flower species identity that male or female bees pre-
fer. If flower species is a strong predictor of bee sex in the summed model but not in the sea-
sonal one, we would still conclude that flower species often contribute more strongly to the
diet of one sex than the other, though these differences may not arise due to differing prefer-
ences. If the sampling round terms have large median odds ratios, then accounting for phenol-
ogy is critical for identifying differences in preference in addition to differences in use.

Because male bees require less pollen for their own diets and do not collect pollen to provi-
sion offspring, we predict that they would be less likely to visit flower species that do not pro-
duce nectar than females would. Post-hoc, we examined whether the predicted odds that
visitors to nectarless flower species would be male were lower than for flower species known to
produce both pollen and nectar in the seasonal model (Appendix A in S1 File).
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Results

In total we collected 18,698 bee specimens belonging to 152 bee species (Table B in S1 File)
from a total of 109 flower species (Table C in S1 File), which together comprised 1417 unique
species-species interactions. Although the ratio of male to female bees was highly variable
across bee species (Table B in S1 File), roughly 18% of specimens were male (n = 3372). Thus,
the overall ratio of male to female bees we collected was 0.22, although this ratio varied
markedly between flower species (Fig 1).

How much do male and female bee diets overlap?

We found that male and female bee diets overlap significantly less than would be expected
given random sampling of the flowers visited by both sexes (Fig 2), and that the differences in
diet composition between male and female bees of several species were of similar magnitude to
the differences in diet between species of bee (Fig 3). The patterns we observed did not result
from a single tendency across all bee species, such as males always visiting a nested subset of
flower species visited by females (Figure E in S1 File).
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Fig 1. The sex ratio (M:F) of flower-visiting bees varies across flower species. Each point represents a flower species; the x-axis is the number of bees
collected from that species, the y-axis is the ratio of male to female bees collected from the flower. Flower species that received >19 visits are plotted

(n = 54). The shaded region is bounded by a smoothed fit to the 97.5™ and 2.5™ percentiles of the binomial distribution given by the observed ratio of males
to females in our overall dataset (M/F = 0.22; i.e. M/(M+F) = 0.18). This distribution represents our expectation for random variation in sex ratio across
flower species, if the sex ratio of flower-visiting bees is independent of flower species identity (male and female bees exhibit the same floral preferences), and
remains nearly constant across time and space.

https://doi.org/10.1371/journal.pone.0214909.9001
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Morisita-Horn dissimilarity
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Megachile mendica -
Augochlorella persimilis -
Augochlora pura 1
Lasioglossum hitchensi-weemsi 1
Bombus impatiens 1
Lasioglossum versatum 4
Bombus bimaculatus 1
Andrena wilkella -
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Fig 2. Flower visit patterns of male and female bees of the same species differed significantly. Red points are observed Morisita-Horn dissimilarities
between flower communities visited by all male and all female bees of a particular species across all sites and sampling rounds. Black points are the
mean dissimilarity (gray bars, 95% CI) from a permutation-based null model that randomly shuffles the sex associated with each visit record,
maintaining the total number of males, females, and overall combined visits to each floral species.

https://doi.org/10.1371/journal.pone.0214909.g002

To what degree are particular flower species disproportionately visited by
bees of one sex?

The sex ratio of flower-visiting bees varied across species of flower (Fig 2). After controlling
for bee species identity (the strongest predictor of sex in our models, Fig 4), and site, we still
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Fig 3. The diets of male and female bees of the same species can be as dissimilar as the diets of females of two different bee species. Dissimilarities in this figure are
the observed statistic minus, for each pairwise comparison, the mean dissimilarity in the null model. Each panel focuses on a bee species (panel name) and shows: above
the label “sex”, observed diet dissimilarity between male and female bees of the focal species, minus the average null dissimilarity resulting from randomly permuting the
sex identity of each visit record; above the label “sp”, observed diet dissimilarity between female bees of the focal species and each other bee species, minus the average null
dissimilarity resulting from randomly permuting the species identity of each visit record.

https://doi.org/10.1371/journal.pone.0214909.g003

found that some flower species received a disproportionate number of male bee visitors (Figs 4
and 5). The median odds ratio for the main effect of flower species was 3.6 (bootstrapped CI
3.0-4.2) in our summed model, indicating that, typically, the visitor sex ratio differs between
two flower species by more than a factor of 3. Furthermore, we observed sex-based differences
in flower use specific to particular bee species: the median odds ratio for the flower species by
bee species interaction in our summed model was nearly as large (median = 3.1, bootstrapped
CI 3.0-3.3) as the main effect of flower species. By contrast, sex ratios did not differ between

sites (median odds ratio for main effect of site = 1).

To what extent are differences in floral use driven by preference, rather
than phenological differences between male and female bees?

The flower species blooming in our system turned over throughout our 11-week sampling
period, with several highly visited species blooming for only one of the three months during
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Fig 4. Flower species, along with bee species, predicts the sex of visiting bees, indicating that floral preferences differ between male and female bees.
Flower species is an important predictor of bee sex even after accounting for phenology (seasonal model). For each term (“bee” = bee species, “flower” =
flower species, “round” = sampling round) in each model, the median odds ratio (+/- 95% bootstrapped credible interval) indicates the expected difference in
odds that a flower-visiting bee is male between two levels. For example, a median odds ratio of 3.7 for the flower species term means the odds of a visitor being
male are expected to differ by a factor of 3.7 between two randomly selected species of flower.

https://doi.org/10.1371/journal.pone.0214909.9004

which we sampled. This turnover, along with potential sex-specific bee flight seasons (e.g. males
emerge first in many solitary species, but are not produced until the end of the colony cycle for
many social species), means that differences in diet between male and female bees could reflect
seasonal availability and use, without also indicating preference differences between the sexes.
Indeed, phenology predicts bee sex somewhat, with the odds of a flower-visiting bee being male
expected to change by a factor of 1.5 (bootstrapped CI 1.1-1.9) between sampling rounds (Fig
4). Phenological patterns of male vs. female flight seasons vary across bee species; the median
odds ratio for the bee species by sampling round interaction is 2.2 (bootstrapped CI 2.1-2.3)
(Fig 4). Even after accounting for these effects, however, there remains a strong association
between the species of flower a bee visits and its sex (Figs 4 and 5).

The relative effects of each flower species on the sex of its visitors were changed very little
by accounting for phenology; Pearson and Spearman correlations between the random effect
of flower species in the seasonal model and the same random effect in the simpler summed
model were both 0.98. Each flower species recorded in our study appears in Table C in S1 File,
along with the number of male and female bees collected from it and the conditional mode of
the random effect prediction from the seasonal model. In addition to finding overall prefer-
ence difference between males and females, we found evidence for bee-species-specific differ-
ence in floral preferences between the sexes (median odds ratios in both models for the bee
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https://doi.org/10.1371/journal.pone.0214909.g005

species by flower species interaction > 2.8). A post-hoc examination of random effects predic-
tions was consistent with our prediction that male bees avoid flower species that do not pro-
duce nectar, with the odds of visiting bees being male nearly twice as high, on average, for

flower species that do produce nectar (Figure E in S1 File).
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Discussion

We found strong evidence for sexually dimorphic foraging preferences in bees. At the level of
individual flower species, we found that commonly, a disproportionate number of bee visitors
were male, and that sexually dimorphic preferences drove these patterns. We found that the
difference between the flower species visited by male and female bees of the same species was
similar in magnitude to differences between females of different species. The partitioning of
the floral community among bee species is a primary focus of pollination ecology and ecologi-
cal network analysis [39], but male bees are typically disregarded or lumped together with
their female counterparts. Our study suggests this may represent an important oversight. Fur-
ther, our study provides strong confirmation of the few studies that investigate the foraging
behavior of male bees, which found that males play a unique role in plant pollination [21-
23,40]. Lastly, our result implies that male bees contribute substantially to the complexity of
plant-pollinator networks in nature, and that network analyses might benefit from separating
males and females into different nodes [2,3].

Phenology, a previously reported mechanism for distinct use of floral resources by male and
female bees [21,41], explained some variation in the sex ratio of flower-visiting bees, but was less
important than flower species identity over the period of our study. We expected to find an effect
of phenology because both the identity of the flower species blooming within sites, and also the
sex ratio of foragers within bee species, vary across the season. Males emerge first in most solitary
bees. In contrast, for social species, initial broods usually consist primarily of female workers,
then males and reproductive females emerge at the end of the colony cycle [15]. To account for
the possibility that phenology explained the disproportionate use of many flower species by one
sex of bee, we extended our summed model by adding phenology terms. Surprisingly, phenology
only weakly predicted the sex of flower-visiting bees. This is despite the fact that, as predicted by
natural history, the sampling round(s) in which males were relatively more prevalent depended
on bee species (the bee species by sampling round interaction was much bigger than the sam-
pling round main effect; Fig 4). This indicates that our evidence for floral preference differences
between male and female bees was robust to accounting for seasonal turnover in flower species
bloom, bee species flight seasons, and the sex ratios within bee species.

Patterns in bee-flower interaction data can arise from the sampling process itself [42,43].
Our analyses control for these patterns. To evaluate diet overlap, we used a dissimilarity index
that downweights rarely used resources, and implemented a null model that accounts for dif-
ferences that could arise from sampling effects or the fact that females outnumber males in our
dataset by nearly a factor of 5. To evaluate preference, we used random effects models that
incorporated all (nearly 19,000) observations, and shrank extreme values for rarely observed
species-species interactions towards the global mean for each effect. Thus, our estimates for
sex-specific preferences should be robust to the inevitable under-sampling of rarer taxa. Estab-
lishing differences in preference between categories of bees such as males and females, even
when resource availability is seasonal and difficult to quantify, is possible using methods such
as these, though absolute preference remains elusive.

Some studies show, and conservation practice assumes that floral diversity is associated
with more bee individuals and diversity, although this pattern could arise from many processes
[44-48], Complementary flower species use between the sexes implies one mechanism by
which a bee species could benefit from a diversity of flower choices: a resource used in small
proportions at the species level may be crucial for fitness in one sex. Such a dependency would
likely be overlooked when individuals of both sexes are pooled before analysis.

Within pollinating insects, sexually dimorphic preferences and contribution to plant repro-
duction have been reported before [49-51]. Though studies examining foraging differences
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between male and female bees [52-55] and pollination by male bees [22,23,40,56-58] have
been few outside sexual mimicry and scent collection pollination systems, they found that
male and female bees visit different flowers, and that male bees could be important pollinators.
Male bees may be especially implicated in long-distance pollen transfer [18,58-60], although
outside the tropics there is little direct evidence this is true.

Mating behaviors of male bees [11,15,61-66] are better known than foraging behaviors.
The two, however, are likely closely linked. Mating-related selection may drive differences in
the sensory systems of male and female bees [67-69], or even their approaches to learning
[70,71]. The mate seeking behaviors of male bees, such as patrolling routes [65] or seeking
flowers visited by conspecific females [72] could generate differences from females via comple-
mentarity (males visiting flower species not visited by females), or nestedness (one sex primar-
ily visiting a subset of species visited by the other). We found evidence for both (Figure E in S1
File). Divergent floral preferences between sexes may reflect nutritional needs or mating
behavior, but could also reflect visual or olfactory sensitivities that differ between the sexes
[67,68].

Differences in body size and thermal ecology between male and female bees may also deter-
mine foraging behavior [15]. In animals, size dimorphisms often mediate trophic relationships
[4,6,8,73-75]. Body size often manifests ecologically through thermal constraints, which also
drive bee-plant interactions [76-79]. In fact, male bees may have preferences relative to
females for some flower species based solely on their thermal rewards [80].

Lastly, nutritional rewards likely drive differences in flower species preference between
male and female bees. Whereas most female bees collect both nectar and pollen, male bees for-
age primarily for nectar to fuel flight [15]. Thus, we predicted that male bees would avoid flow-
ers that produce no nectar. Indeed, in both our models, the predicted odds of a bee visiting a
nectar-less flower species being male were approximately half that of a bee visiting flower spe-
cies that produce nectar (Figure E in S1 File). Within flower species that produce pollen and
nectar, we found large variation in the relative preferences of male and female bees. Further
investigation could reveal which floral traits mediate these sex-specific flower preferences and
visitation rates in bees.

Scaling up, it is currently unknown how the distinct foraging niches of male bees mediate
either the robustness of pollinator communities to species loss and environmental perturba-
tions [14,81,82], or the effectiveness of different habitat ameliorations [49,55,83]. This study
suggests that both questions warrant further investigation.

Supporting information

S$1 File. Sampling scheme. (a) The six study sites in central New Jersey, USA. (b) Schematic
sampling diagram (not to scale). One observer walked parallel 2m transects covering the entire
sampling area. Each 30-minute sampling bout resumed where the previous one left off; observ-
ers typically covered the entire meadow once over a 3-day sampling round. (c) The southwest-
ern-most site in peak bloom (Figure A). Schematic cartoon of our simulation for the
dissimilarity values associated with our null hypothesis that diets of male and female bees do
not differ. (a) Each collection record for each bee species associates the sex of an individual bee
to the flower species from which it was collected. (b) To compute the dissimilarity between
males and females, we compare all visits to each flower species from males (purple vector) to
all visits to each flower species from females (green vector). (c) The Morisita-Horn index sum-
marizes the differences between the two vectors as a value between 0 (identical) and 1 (maxi-
mally dissimilar). (d) For our null model, we shuffle the sex column from our observation
table. (e) This produces two null vectors. The row and column sums for the matrices in (b)
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and (c) are identical, but the elements can differ. (f) For our null model, we compute the dis-
similarity between the null vectors. We repeated steps d-f 9999 times to generate confidence
intervals for the null hypothesis that the sex of a visiting bee is unrelated to the flower species it
is collected from. When comparing the flower species visited by different species of bee, we
conducted an analysis identical except that rather than comparing two sexes of the same spe-
cies, we compared two species of the same sex (i.e. exchanging “sex” and “species” throughout
Figure A in S1 File) (Figure B). Effect size for diet dissimilarity is independent of sample size,
while standardized effect is strongly driven by the number of individuals of the sex with the
fewest records. a) Observed Morisita-Horn dissimilarity in flower communities visited by
male and female bees of a single species, minus average null dissimilarity vs. the number of rec-
ords for the less frequently observed sex. b) Observed minus null dissimilarity in composition
of flowers visited by male and female bees of a single species, scaled by the variation in the null
model, versus the number of records for the less frequently observed sex (Figure C). Binned
residual plots for each model show minor violation of the additivity assumption. Residuals and
predicted values on the probability scale (Figure D). Seasonal model predictions are consistent
with the hypothesis that male bees avoid flower species that do not produce nectar, relative to
females. Each point is the random effect prediction (change in odds that a bee visiting that
flower is male) for a flower species. Boxplots show the 25th, 50th, and 75th percentiles, with
whiskers extending to more extreme values within 1.5x the interquartile range (Figure E).
Methods for post-hoc analysis of male avoidance of nectar-free flowers (Appendix A). Model
convergence confirmed based on similar parameter estimates across fitting routines. For each
model, the estimate for each term is given for each of 6 fitting algorithms in the R package
Ime4. Subsequent analyses used parameter estimates in yellow, in both cases tied for the high-
est estimated likelihood with other very similar fits (Table A). Bee species with number of
female and male specimens collected (Table B). Number of male and female visitors to each
plant species, and bias towards attracting male bee visitors. This bias is the random effect pre-
diction from the seasonal model, which indicates the change in log(odds) that a visiting bee is
male when the species of flower it visits is given; greater values indicate male bias (Table C).
(PDF)

Acknowledgments

We thank Daniel Cariveau and Neal Williams for study design suggestions, and Jason Gibbs,
Tina Harrison, Dylan Simpson, and three anonymous reviewers for comments on an earlier
draft. Cameron Kanterman and Riva Letchinger helped collect field data; Kurtis Himmler, Tif-
fany Bennet, and professional taxonomists Jason Gibbs, Joel Gardiner, and Sam Droege helped
with bee species determinations. Mercer County, the Institute for Advanced Study, Somerset
County, and the Raritan Headwaters Association provided site permission.

Author Contributions

Conceptualization: Michael Roswell, Rachael Winfree.

Data curation: Michael Roswell, Rachael Winfree.

Formal analysis: Michael Roswell, Jonathan Dushoff, Rachael Winfree.
Funding acquisition: Michael Roswell, Rachael Winfree.
Investigation: Michael Roswell, Rachael Winfree.

Methodology: Michael Roswell, Jonathan Dushoff, Rachael Winfree.

PLOS ONE | https://doi.org/10.1371/journal.pone.0214909  April 24, 2019 14/18


https://doi.org/10.1371/journal.pone.0214909

9-PLOS |ONE

Male and female bee foraging

Project administration: Michael Roswell, Rachael Winfree.

Resources: Michael Roswell, Rachael Winfree.

Supervision: Jonathan Dushoff, Rachael Winfree.

Visualization: Michael Roswell, Jonathan Dushoff.

Writing - original draft: Michael Roswell, Jonathan Dushoff, Rachael Winfree.

Writing - review & editing: Michael Roswell, Jonathan Dushoff, Rachael Winfree.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

Durell SEALYV dit. Individual feeding specialization in shorebirds: population consequences and conser-
vation implications. Biol Rev Camb Philos Soc. Rutgers University; 2000; 75: 503-518. PMID: 11117199

Bolnick DI, Amarasekare P, Aratjo MS, Birger R, Levine JM, Novak M, et al. Why intraspecific trait vari-
ation matters in community ecology. Trends Ecol Evol. 2011; 26: 183-192. https://doi.org/10.1016/j.
tree.2011.01.009 PMID: 21367482

Zwolak R. How intraspecific variation in seed-dispersing animals matters for plants. Biol Rev. 2018; 93:
897-913. https://doi.org/10.1111/brv.12377 PMID: 29024277

Temeles EJ, Miller JS, Rifkin JL. Evolution of sexual dimorphism in bill size and shape of hermit hum-
mingbirds (Phaethornithinae): a role for ecological causation. Philos Trans R Soc B. 2010; 365: 1053—
1063. https://doi.org/10.1098/rstb.2009.0284 PMID: 20194168

Butler MA, Sawyer SA, Losos JB. Sexual dimorphism and adaptive radiation in Anolis lizards. Nature.
2007; 447: 202-5. https://doi.org/10.1038/nature05774 PMID: 17495925

Start D, De Lisle S. Sexual dimorphism in a top predator (Notophthalmus viridescens) drives aquatic
prey community assembly. Proc R Soc B. 2018; 285. https://doi.org/10.1098/rspb.2018.1717 PMID:
30404874

Fryxell DC, Arnett HA, Apgar TM, Kinnison MT, Palkovacs EP. Sex ratio variation shapes the ecological
effects of a globally introduced freshwater fish. Proc R Soc B. 2015; 282: 20151970. https://doi.org/10.
1098/rspb.2015.1970 PMID: 26490793

Selander RK. Sexual dimorphism and differential iche utilization in birds. Condor. 1966; 68: 113—151.
https://doi.org/10.2307/1365712

Shine R. Ecological causes for the evolution of sexual dimorphism: a review of the evidence. Q Rev
Biol. 1989; 64: 419-461. Available: http://www.jstor.org/stable/2830103 PMID: 2697022

Willmer P. Pollination and floral ecology. Princeton: Princeton University Press; 2011.

Alcock J, Barrows EM, Gordh G, Hubbard LJ, Kirkendall L, Pyle DW, et al. The ecology and evolution of
male reproductive behaviour in the bees and wasps. Zool J Linn Soc. 1978; 64: 293-326. https://doi.
org/10.1111/.1096-3642.1978.tb01075.x

Heinrich B. “Majoring” and “Minoring” by foraging bumblebees, Bombus vagans: an experimental analy-
sis. Ecology. 1979; 60: 245-255.

Bruninga-Socolar B, Crone EE, Winfree R. The role of floral density in determining bee foraging behav-
ior: a natural experiment. Nat Areas J. 2016; 36: 392—-399. https://doi.org/10.3375/043.036.0406

Tur C, Vigalondo B, Trgjelsgaard K, Olesen JM, Traveset A. Downscaling pollen-transport networks to
the level of individuals. J Anim Ecol. 2014; 83: 306—317. https://doi.org/10.1111/1365-2656.12130
PMID: 24107193

Willmer PG, Stone GN. Behavioral, ecological, and physiological determinants of the activity patterns of
bees. Adv Study Behav. 2004; 34: 347-466.

Cane JH, Sipes SS. Characterizing floral specialization by bees: Analytical methods and a revised lexi-
con for oligolecty. Plant—pollinator interactions: From specialization to generalization. 2006. https://doi.
org/10.1007/BF00937854

Parachnowitsch AL, Manson JS, Sletvold N. Evolutionary ecology of nectar. Ann Bot. 2018; 247-261.
https://doi.org/10.1093/aob/mcy132 PMID: 30032269

Janzen DH. Euglossine bees as long-distance pollinators of tropical plants. Science (80-). 1971; 171:
203-205. https://doi.org/10.1126/science.171.3967.203 PMID: 17751330

Eltz T, Zimmermann Y, Haftmann J, Twele R, Francke W, Quezada-Euan JJG, et al. Enfleurage, lipid
recycling and the origin of perfume collection in orchid bees. Proc R Soc—B. 2007; 274: 2843—2848.
https://doi.org/10.1098/rspb.2007.0727 PMID: 17848369

PLOS ONE | https://doi.org/10.1371/journal.pone.0214909  April 24, 2019 15/18


http://www.ncbi.nlm.nih.gov/pubmed/11117199
https://doi.org/10.1016/j.tree.2011.01.009
https://doi.org/10.1016/j.tree.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21367482
https://doi.org/10.1111/brv.12377
http://www.ncbi.nlm.nih.gov/pubmed/29024277
https://doi.org/10.1098/rstb.2009.0284
http://www.ncbi.nlm.nih.gov/pubmed/20194168
https://doi.org/10.1038/nature05774
http://www.ncbi.nlm.nih.gov/pubmed/17495925
https://doi.org/10.1098/rspb.2018.1717
http://www.ncbi.nlm.nih.gov/pubmed/30404874
https://doi.org/10.1098/rspb.2015.1970
https://doi.org/10.1098/rspb.2015.1970
http://www.ncbi.nlm.nih.gov/pubmed/26490793
https://doi.org/10.2307/1365712
http://www.jstor.org/stable/2830103
http://www.ncbi.nlm.nih.gov/pubmed/2697022
https://doi.org/10.1111/j.1096-3642.1978.tb01075.x
https://doi.org/10.1111/j.1096-3642.1978.tb01075.x
https://doi.org/10.3375/043.036.0406
https://doi.org/10.1111/1365-2656.12130
http://www.ncbi.nlm.nih.gov/pubmed/24107193
https://doi.org/10.1007/BF00937854
https://doi.org/10.1007/BF00937854
https://doi.org/10.1093/aob/mcy132
http://www.ncbi.nlm.nih.gov/pubmed/30032269
https://doi.org/10.1126/science.171.3967.203
http://www.ncbi.nlm.nih.gov/pubmed/17751330
https://doi.org/10.1098/rspb.2007.0727
http://www.ncbi.nlm.nih.gov/pubmed/17848369
https://doi.org/10.1371/journal.pone.0214909

9-PLOS |ONE

Male and female bee foraging

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Etl F, Franschitz A, Aguiar AJC, Schoénenberger J, Détterl S. A perfume-collecting male oil bee? Evi-
dences of a novel pollination system involving Anthurium acutifolium (Araceae) and Paratetrapedia cho-
coensis (Apidae, Tapinotaspidini). Flora Morphol Distrib Funct Ecol Plants. Elsevier GmbH.; 2017; 232:
7-15. https://doi.org/10.1016/j.flora.2017.02.020

Ogilvie JE, Thomson JD. Male bumble bees are important pollinators of a late-blooming plant. Arthro-
pod Plant Interact. 2015; 9: 205—213. hitps://doi.org/10.1007/s11829-015-9368-x

Cane JH, Sampson BJ, Miller SA. Pollination value of male bees: The specialist bee Peponapis prui-
nosa (Apidae) at Summer Squash (Cucurbita pepo). Environ Entomol. 2011; 40: 614-620. https://doi.
org/10.1603/EN10084 PMID: 22251639

Cane JH. Pollinating bees (Hymenoptera: Apiformes) of U.S. alfalfa compared for rates of pod and seed
set. J Econ Entomol. 2002; 95: 22—-27. https://doi.org/10.1603/0022-0493-95.1.22 PMID: 11942760

Straub L, Villamar-Bouza L, Bruckner S, Chantawannakul P, Gauthier L, Khongphinitbunjong K, et al.
Neonicotinoid insecticides can serve as inadvertent insect contraceptives. Proc R Soc—B. 2016; 283.
https://doi.org/10.1098/rspb.2016.0506 PMID: 27466446

Elias J, Dorn S, Mazzi D. No evidence for increased extinction proneness with decreasing effective pop-
ulation size in a parasitoid with complementary sex determination and fertile diploid males. BMC Evol
Biol. 2010; 10: 366. https://doi.org/10.1186/1471-2148-10-366 PMID: 21110868

Gloag RS, Christie JR, Ding G, Stephens RE, Buchmann G, Oldroyd BP. Workers’ sons rescue genetic
diversity at the sex locus in an invasive honey bee population. Mol Ecol. 2019; 0-2. https://doi.org/10.
1111/mec.15031 PMID: 30672639

Lopez-Uribe MM, Morreale SJ, Santiago CK, Danforth BN. Nest suitability, fine-scale population struc-
ture and male-mediated dispersal of a solitary ground nesting bee in an urban landscape. PLoS One.
2015; 10: 1-20. https://doi.org/10.1371/journal.pone.0125719 PMID: 25950429

Ulrich Y, Perrin N, Chapuisat M. Flexible social organization and high incidence of drifting in the sweat
bee, Halictus scabiosae. Mol Ecol. 2009; 18: 1791-1800. https://doi.org/10.1111/j.1365-294X.2009.
04154.x PMID: 19302463

Hicks DM, Ouvrard P, Baldock KCR, Baude M, Goddard MA, Kunin WE, et al. Food for pollinators:
quantifying the nectar and pollen resources of urban flower meadows. PLoS One. 2016; 11: 1-37.
https://doi.org/10.1371/journal.pone.0158117 PMID: 27341588

R Core Team. R: a language and environment for statistical computing [Internet]. Vienna, Austria;
2018. Available: https://www.r-project.org/

Morisita M. Measuring of interspecific association and similarity between communities [Internet]. Mem-
oirs of the Faculty of Science, Kyushu University, Series E (Biology). 1959. pp. 65-80. Available: http:/
reference.morisita.gr.jp/paper_pdf/56.pdf

Horn HS. Measurement of “Overlap” in comparative ecological studies. Am Nat. 1966; 100: 419-424.
Available: http://www.jstor.org/stable/2459242

Barwell LJ, Isaac NJB, Kunin WE. Measuring beta-diversity with species abundance data. J Anim Ecol.
2015; 1112-1122. https://doi.org/10.1111/1365-2656.12362 PMID: 25732937

Gelman A, Hill J. Data analysis using regression and multilevel/ hierarchical models. New York: Cam-
bridge University Press; 2007.

Bates D, Maechler M, Walker S. Package “Ime4” [Internet]. CRAN Repository. 2016. p. 113. https://doi.
org/10.18637/jss.v067.i01

Bolker BM. GLMM FAQ [Internet]. 2017. Available: http://bbolker.github.io/mixedmodels-misc/
glmmFAQ.html

Seth M. How to implement credible 95% interval for median odds ratio using JAGS? [Internet]. 2017
[cited 9 May 2018]. Available: https:/stats.stackexchange.com/q/318912

Merlo J, Chaix B, Ohlsson H, Beckman A, Johnell K, Hjerpe P, et al. A brief conceptual tutorial of multi-
level analysis in social epidemiology: Using measures of clustering in multilevel logistic regression to
investigate contextual phenomena. J Epidemiol Community Health. 2006; 60: 290-297. https://doi.org/
10.1136/jech.2004.029454 PMID: 16537344

Bascompte J, Jordano P. Mutualistic networks in time and space. In: Bascompte J, Jordano P, editors.
Mutualistic networks. Princeton University Press; 2014. pp. 87—-106. Available: http://www.jstor.org/
stable/j.ctt5hhnpq.8

Pascarella JB. Pollination biology of Gelsemium sempervirens L. (Ait.) (Gelsemiaceae): do male and
female Habropoda laboriosa F. (Hymenoptera, Apidae) differ in pollination efficiency? J Apic Res. 2010;
49: 170-176. https://doi.org/10.3896/IBRA.1.49.2.05

Robertson C. Heterotropic bees. Ecology. 1925; 6: 412—436. Available: http://www.jstor.org/stable/
1941781

PLOS ONE | https://doi.org/10.1371/journal.pone.0214909  April 24, 2019 16/18


https://doi.org/10.1016/j.flora.2017.02.020
https://doi.org/10.1007/s11829-015-9368-x
https://doi.org/10.1603/EN10084
https://doi.org/10.1603/EN10084
http://www.ncbi.nlm.nih.gov/pubmed/22251639
https://doi.org/10.1603/0022-0493-95.1.22
http://www.ncbi.nlm.nih.gov/pubmed/11942760
https://doi.org/10.1098/rspb.2016.0506
http://www.ncbi.nlm.nih.gov/pubmed/27466446
https://doi.org/10.1186/1471-2148-10-366
http://www.ncbi.nlm.nih.gov/pubmed/21110868
https://doi.org/10.1111/mec.15031
https://doi.org/10.1111/mec.15031
http://www.ncbi.nlm.nih.gov/pubmed/30672639
https://doi.org/10.1371/journal.pone.0125719
http://www.ncbi.nlm.nih.gov/pubmed/25950429
https://doi.org/10.1111/j.1365-294X.2009.04154.x
https://doi.org/10.1111/j.1365-294X.2009.04154.x
http://www.ncbi.nlm.nih.gov/pubmed/19302463
https://doi.org/10.1371/journal.pone.0158117
http://www.ncbi.nlm.nih.gov/pubmed/27341588
https://www.r-project.org/
http://reference.morisita.gr.jp/paper_pdf/56.pdf
http://reference.morisita.gr.jp/paper_pdf/56.pdf
http://www.jstor.org/stable/2459242
https://doi.org/10.1111/1365-2656.12362
http://www.ncbi.nlm.nih.gov/pubmed/25732937
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
http://bbolker.github.io/mixedmodels-misc/glmmFAQ.html
http://bbolker.github.io/mixedmodels-misc/glmmFAQ.html
https://stats.stackexchange.com/q/318912
https://doi.org/10.1136/jech.2004.029454
https://doi.org/10.1136/jech.2004.029454
http://www.ncbi.nlm.nih.gov/pubmed/16537344
http://www.jstor.org/stable/j.ctt5hhnpq.8
http://www.jstor.org/stable/j.ctt5hhnpq.8
https://doi.org/10.3896/IBRA.1.49.2.05
http://www.jstor.org/stable/1941781
http://www.jstor.org/stable/1941781
https://doi.org/10.1371/journal.pone.0214909

9-PLOS |ONE

Male and female bee foraging

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Blithgen N. Why network analysis is often disconnected from community ecology: A critique and an
ecologist’s guide. Basic Appl Ecol. 2010; 11: 185-195. https://doi.org/10.1016/j.baae.2010.01.001

Friind J, McCann KS, Williams NM. Sampling bias is a challenge for quantifying specialization and net-
work structure: Lessons from a quantitative niche model. Oikos. 2016; 125: 502—-513. https://doi.org/10.
1111/0ik.02256

Senapathi D, Goddard MA, Kunin WE, Baldock KCR. Landscape impacts on pollinator communities in
temperate systems: evidence and knowledge gaps. Funct Ecol. 2016; https://doi.org/10.1111/1365-
2435.12809

De Palma A, Kuhlmann M, Roberts SPM, Potts SG, Bérger L, Hudson LN, et al. Ecological traits affect
the sensitivity of bees to land-use pressures in European agricultural landscapes. J Appl Ecol. 2015; 52:
1567-1577. https://doi.org/10.1111/1365-2664.12524 PMID: 27546902

Roulston TH, Goodell K. The role of resources and risks in regulating wild bee populations. Annu Rev
Entomol. 2011; 56: 293-312. https:/doi.org/10.1146/annurev-ento-120709-144802 PMID: 20822447

Spiesman BJ, Bennett A, Isaacs R, Gratton C. Bumble bee colony growth and reproduction depend on
local flower dominance and natural habitat area in the surrounding landscape. Biol Conserv. Elsevier
Ltd; 2017; 206: 217—-223. https://doi.org/10.1016/j.biocon.2016.12.008

Sutter L, Jeanneret P, Bartual AM, Bocci G, Albrecht M. Enhancing plant diversity in agricultural land-
scapes promotes both rare bees and dominant crop-pollinating bees through complementary increase
in key floral resources. J Appl Ecol. 2017; 54: 1856—1864. https://doi.org/10.1111/1365-2664.12907

Rusterholtz H-P, Erhardt A. Can nectar properties explain sex-specific flower preferences in the Adonis
Blue butterfly Lysandra bellargus? Ecol Entomol. 2000; 25: 81-90.

Broadhead GT, Basu T, von Arx M, Raguso RA. Diel rhythms and sex differences in the locomotor activity
of hawkmoths. J Exp Biol. 2017; 220: 1472—1480. https://doi.org/10.1242/jeb.143966 PMID: 28153982

Alarcon R, Riffell JA, Davidowitz G, Hildebrand JG, Bronstein JL. Sex-dependent variation in the floral
preferences of the hawkmoth Manduca sexta. Anim Behav. 2010; 80: 289—296. https://doi.org/10.1016/
j.anbehav.2010.05.007

Ne’eman G, Shavit O, Shaltiel L, Shmida A. Foraging by male and female solitary bees with implications
for pollination. J Insect Behav. 2006; 19: 383—401. https://doi.org/10.1007/s10905-006-9030-7

Ritchie AD, Ruppel R, Jha S. Generalist behavior describes pollen foraging for perceived oligolectic and
polylectic bees. Environ Entomol. 2016; 45: 909-919. https://doi.org/10.1093/ee/nvw032 PMID: 27271950

Ogilvie JE, Forrest JR. Interactions between bee foraging and floral resource phenology shape bee
populations and communities. Curr Opin Insect Sci. Elsevier Inc; 2017; 21: 75-82. https://doi.org/10.
1016/j.c0is.2017.05.015 PMID: 28822493

Rundléf M, Persson AS, Smith HG, Bommarco R. Late-season mass-flowering red clover increases
bumble bee queen and male densities. Biol Conserv. 2014; 172: 138—145. https://doi.org/10.1016/j.
biocon.2014.02.027

Fliszkiewicz M, Giejdasz K, Wilkaniec Z. The importance of male red mason bee (Osmia rufa L.) and
male bufftailed bumblebee (Bombus terrestris L.) pollination in blackcurrant (Ribes nigrum L.). J Hortic
Sci Biotechnol. 2011; 86: 457-460. https://doi.org/10.1080/14620316.2011.11512788

Ostevik K, Manson J, Thomson J. Pollination potential of male bumble bees (Bombus impatiens): move-
ment patterns and pollen-transfer efficiency. J Pollinat Ecol. 2010; 2: 21-26. Available: http://www.
pollinationecology.org/index.php?journal=jpe&page=article&op=view&path[]=100

Wolf S, Moritz RFA. The pollination potential of free-foraging bumblebee (Bombus spp.) males (Hyme-
noptera: Apidae). Apidologie. 2014; 45: 440-450. https://doi.org/10.1007/s13592-013-0259-9

Kraus FB, Wolf S, Moritz RFA. Male flight distance and population substructure in the bumblebee Bom-
bus terrestris. J Anim Ecol. 2009; 78: 247-252. https://doi.org/10.1111/j.1365-2656.2008.01479.x
PMID: 19120605

Roubik DW. Tropical pollinators in the canopy and understory: Field data and theory for stratum “prefer-
ences.” J Insect Behav. 1993; 6: 659-673. https://doi.org/10.1007/BF01201668

Alcock J. Male behvaiour in two bumblebees, Bombus nevadensis auricomus and B. griseicollis (Hyme-
noptera: Apidae). J Zool. 1983; 200: 561-570.

Alcock J. Sexual selection and the mating behavior of solitary bees [Internet]. Advances in the Study of
Behavior. Elsevier Inc.; 2013. https://doi.org/10.1016/B978-0-12-407186-5.00001-X

Stone GN. Female foraging responses to sexual harassment in the solitary bee Anthophora plumipes.
Anim Behav. 1995; 50: 405-412. https://doi.org/10.1006/anbe.1995.0255

Pinheiro M, Alves-dos-Santos |, Sazima M. Flowers as sleeping places for male bees: somehow the
males know which flowers their females prefer. Arthropod Plant Interact. Springer Netherlands; 2017;
11: 329-337. https://doi.org/10.1007/s11829-017-9532-6

PLOS ONE | https://doi.org/10.1371/journal.pone.0214909  April 24, 2019 17/18


https://doi.org/10.1016/j.baae.2010.01.001
https://doi.org/10.1111/oik.02256
https://doi.org/10.1111/oik.02256
https://doi.org/10.1111/1365-2435.12809
https://doi.org/10.1111/1365-2435.12809
https://doi.org/10.1111/1365-2664.12524
http://www.ncbi.nlm.nih.gov/pubmed/27546902
https://doi.org/10.1146/annurev-ento-120709-144802
http://www.ncbi.nlm.nih.gov/pubmed/20822447
https://doi.org/10.1016/j.biocon.2016.12.008
https://doi.org/10.1111/1365-2664.12907
https://doi.org/10.1242/jeb.143966
http://www.ncbi.nlm.nih.gov/pubmed/28153982
https://doi.org/10.1016/j.anbehav.2010.05.007
https://doi.org/10.1016/j.anbehav.2010.05.007
https://doi.org/10.1007/s10905-006-9030-7
https://doi.org/10.1093/ee/nvw032
http://www.ncbi.nlm.nih.gov/pubmed/27271950
https://doi.org/10.1016/j.cois.2017.05.015
https://doi.org/10.1016/j.cois.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28822493
https://doi.org/10.1016/j.biocon.2014.02.027
https://doi.org/10.1016/j.biocon.2014.02.027
https://doi.org/10.1080/14620316.2011.11512788
http://www.pollinationecology.org/index.php?journal=jpe&page=article&op=view&path[]=100
http://www.pollinationecology.org/index.php?journal=jpe&page=article&op=view&path[]=100
https://doi.org/10.1007/s13592-013-0259-9
https://doi.org/10.1111/j.1365-2656.2008.01479.x
http://www.ncbi.nlm.nih.gov/pubmed/19120605
https://doi.org/10.1007/BF01201668
https://doi.org/10.1016/B978-0-12-407186-5.00001-X
https://doi.org/10.1006/anbe.1995.0255
https://doi.org/10.1007/s11829-017-9532-6
https://doi.org/10.1371/journal.pone.0214909

9-PLOS |ONE

Male and female bee foraging

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Barrows EM. Mating behavior in halictine bees (Hymenoptera: Halictidae): II. microterritorial and patrol-
ling behavior in males of Lasioglossum rohweri. Zeitschrift Fur Tierpsychologie-Journal Comp Ethol.
1976; 40: 377-389.

Barrows EM. Mating behavior in halictine bees (Hymenoptera: Halictidae): I. patrolling and age-specific
behavior in males. J Kansas Entomol Soc. 1976; 49: 105—119. Available: http://www.jstor.org/stable/
25082792

Streinzer M, Kelber C, Pfabigan S, Kleineidam CJ, Spaethe J. Sexual dimorphism in the olfactory sys-
tem of a solitary and a eusocial bee species. J Comp Neurol. 2013; 521: 2742-2755. https://doi.org/10.
1002/cne.23312 PMID: 23359124

Somanathan H, Borges RM, Warrant EJ, Kelber A. Visual adaptations for mate detection in the male
carpenter bee Xylocopa tenuiscapa. PLoS One. 2017; 12. https://doi.org/10.1371/journal.pone.
0168452 PMID: 28107354

Brand P, Larcher V, Couto A, Sandoz JC, Ramirez SR. Sexual dimorphism in visual and olfactory brain
centers in the perfume-collecting orchid bee Euglossa dilemma (Hymenoptera, Apidae). J Comp Neu-
rol. 2018; 526: 2068—2077. https://doi.org/10.1002/cne.24483 PMID: 30088672

Robert T, Frasnelli E, Collett TS, de Ibarra NH. Male bumblebees perform learning flights on leaving a
flower but not when leaving their nest. J Exp Biol. 2016; 220: 930-937. https://doi.org/10.1242/jeb.
151126 PMID: 27994042

Détterl S, Milchreit K, Schéffler |. Behavioural plasticity and sex differences in host finding of a special-
ized bee species. J Comp Physiol A Neuroethol Sensory, Neural, Behav Physiol. 2011; 197: 1119—
1126. https://doi.org/10.1007/s00359-011-0673-2 PMID: 21904915

Rossi BH, Nonacs P, Pitts-Singer TL. Sexual harassment by males reduces female fecundity in the
alfalfa leafcutting bee, Megachile rotundata. Anim Behav. Elsevier Ltd; 2010; 79: 165—171. https://doi.
org/10.1016/j.anbehav.2009.10.023

Alonso JC, Salgado I, Palacin C. Thermal tolerance may cause sexual segregation in sexually dimor-
phic species living in hot environments. Behav Ecol. 2016; 27: 717-724. https://doi.org/10.1093/
beheco/arv211

Beck CA, Iverson SJ, Bowen WD, Blanchard W. Sex differences in grey seal diet reflect seasonal varia-
tion in foraging behaviour and reproductive expenditure: Evidence from quantitative fatty acid signature
analysis. J Anim Ecol. 2007; 76: 490-502. https://doi.org/10.1111/j.1365-2656.2007.01215.x PMID:
17439466

Givens RP. Dimorphic foraging strategies of a salticid spider (Phidippus audax). Ecology. 1978; 59:
309-321.

Stone GN, Gilbert F, Willmer P, Potts S, Semida F, Zalat S. Windows of opportunity and the temporal
structuring of foraging activity in a desert solitary bee. Ecol Entomol. 1999; 24: 208-221. https://doi.org/
10.1046/j.1365-2311.1999.00181.x

Chappell MA. Temperature regulation and energetics of the solitary bee Centris pallida during foraging
and intermale mate competition. Physiol Zool. 1984; 57: 215-225. https://doi.org/10.1086/physzool.57.
2.30163707

Heinrich B, Heinrich MJE. Size and caste in temperature regulation by bumblebees. Physiol Zool. 1983;
56: 552-562.

Rader R, Reilly J, Bartomeus |, Winfree R. Native bees buffer the negative impact of climate warming
on honey bee pollination of watermelon crops. Glob Chang Biol. 2013; 19: 3103-3110. https://doi.org/
10.1111/gcb.12264 PMID: 23704044

Sapir Y, Shmida A, Ne’eman G. Morning floral heat as a reward to the pollinators of the Oncocyclus
irises. Oecologia. 2006; 147: 53-59. https://doi.org/10.1007/s00442-005-0246-6 PMID: 16205954

Ramos-Jiliberto R, Valdovinos FS, Moisset de Espanés P, Flores JD. Topological plasticity increases
robustness of mutualistic networks. J Anim Ecol. 2012; 81: 896-904. https://doi.org/10.1111/j.1365-
2656.2012.01960.x PMID: 22313043

Brosi BJ, Briggs HM. Single pollinator species losses reduce floral fidelity and plant reproductive func-
tion. Proc Natl Acad Sci. 2013; 110: 13044-8. https://doi.org/10.1073/pnas.1307438110 PMID:
23878216

Williams NM, Lonsdorf E V. Selecting cost-effective plant mixes to support pollinators. Biol Conserv.
Elsevier; 2018; 217: 195-202. https://doi.org/10.1016/j.biocon.2017.10.032

PLOS ONE | https://doi.org/10.1371/journal.pone.0214909  April 24, 2019 18/18


http://www.jstor.org/stable/25082792
http://www.jstor.org/stable/25082792
https://doi.org/10.1002/cne.23312
https://doi.org/10.1002/cne.23312
http://www.ncbi.nlm.nih.gov/pubmed/23359124
https://doi.org/10.1371/journal.pone.0168452
https://doi.org/10.1371/journal.pone.0168452
http://www.ncbi.nlm.nih.gov/pubmed/28107354
https://doi.org/10.1002/cne.24483
http://www.ncbi.nlm.nih.gov/pubmed/30088672
https://doi.org/10.1242/jeb.151126
https://doi.org/10.1242/jeb.151126
http://www.ncbi.nlm.nih.gov/pubmed/27994042
https://doi.org/10.1007/s00359-011-0673-2
http://www.ncbi.nlm.nih.gov/pubmed/21904915
https://doi.org/10.1016/j.anbehav.2009.10.023
https://doi.org/10.1016/j.anbehav.2009.10.023
https://doi.org/10.1093/beheco/arv211
https://doi.org/10.1093/beheco/arv211
https://doi.org/10.1111/j.1365-2656.2007.01215.x
http://www.ncbi.nlm.nih.gov/pubmed/17439466
https://doi.org/10.1046/j.1365-2311.1999.00181.x
https://doi.org/10.1046/j.1365-2311.1999.00181.x
https://doi.org/10.1086/physzool.57.2.30163707
https://doi.org/10.1086/physzool.57.2.30163707
https://doi.org/10.1111/gcb.12264
https://doi.org/10.1111/gcb.12264
http://www.ncbi.nlm.nih.gov/pubmed/23704044
https://doi.org/10.1007/s00442-005-0246-6
http://www.ncbi.nlm.nih.gov/pubmed/16205954
https://doi.org/10.1111/j.1365-2656.2012.01960.x
https://doi.org/10.1111/j.1365-2656.2012.01960.x
http://www.ncbi.nlm.nih.gov/pubmed/22313043
https://doi.org/10.1073/pnas.1307438110
http://www.ncbi.nlm.nih.gov/pubmed/23878216
https://doi.org/10.1016/j.biocon.2017.10.032
https://doi.org/10.1371/journal.pone.0214909

