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Bees depend on flowering plants for their nutrition, and reduced availability of floral
resources is a major driver of declines in both managed and wild bee populations.
Understanding the nutritional needs of different bee species, and how these needs are
met by the varying nutritional resources provided by different flowering plant taxa, can
greatly inform land management recommendations to support bee populations and their
associated ecosystem services. However, most bee nutrition research has focused on
the three most commonly managed and commercially reared bee taxa—honey bees,
bumble bees, and mason bees—with fewer studies focused on wild bees and other
managed species, such as leafcutting bees, stingless bees, and alkali bees. Thus, we
have limited information about the nutritional requirements and foraging preferences of
the vast majority of bee species. Here, we discuss the approaches traditionally used
to understand bee nutritional ecology: identification of floral visitors of selected focal
plant species, evaluation of the foraging preferences of adults in selected focal bee
species, evaluation of the nutritional requirements of focal bee species (larvae or adults)
in controlled settings, and examine how these methods may be adapted to study a wider
range of bee species. We also highlight emerging technologies that have the potential to
greatly facilitate studies of the nutritional ecology of wild bee species, as well as evaluate
bee nutritional ecology at significantly larger spatio-temporal scales than were previously
feasible. While the focus of this review is on bee species, many of these techniques can
be applied to other pollinator taxa as well.

Keywords: nutrition, pollen, wild bees, native bees, nutritional ecology of insects, experimental methods and

procedure

INTRODUCTION

Bees depend on flowering plants to meet their nutritional needs, while nearly 80%
of flowering plant species, including many economically and nutritionally important
agricultural food crops, benefit from the pollination services provided by bees and other
animals (Klein et al., 2007; Eilers et al., 2011; Jordan et al., 2021; Rodger et al., 2021).
Understanding the nutritional requirements of bees, and how these requirements shape foraging
preferences across different flowering plant species, is essential for creating, maintaining, and
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improving habitat for bee conservation in urban, agricultural,
and natural landscapes, as well as to support attraction of bees
to agricultural crops (Vaudo et al., 2015). The approaches used
to investigate bee nutritional ecology require detailed studies
that, ideally, are carried out over broad spatio-temporal scales
and span analysis of both foraging preferences and the outcomes
of consuming nutritional resources provided by different plant
species. However, conducting studies at these broad scales is
logistically and economically challenging, and thus most studies
fall into one of three experimental categories: identification of
floral visitors of selected focal plant species, evaluation of the
foraging preferences of adults in selected focal bee species, or
evaluation of the nutritional requirements of larval or adult focal
bee species in controlled settings.

Developing a holistic understanding of bee nutritional ecology
requires studies that integrate across all three of these approaches.
Such integrative studies have been, to some extent, conducted
with the most commonly managed and commercially available
species: honey bees (Apis mellifera) (Wright et al., 2018), bumble
bees (Bombus sp.) (Vaudo et al., 2016) and mason bees (Osmia
sp.) (Filipiak and Filipiak, 2020). Other species that have been
managed for commercial or research purposes that may also
be amenable to such integrative studies, including leafcutting
bees (Megachile sp.) (Fischman et al., 2017), alkali bees (Nomia
sp.) (Kapheim and Johnson, 2017), stingless bees (Tetragonula
carbonaria) (Trinkl et al., 2020), squash bees (Eucera pruinosa)
(Chan and Raine, 2021), and halictid bees (Lassioglossum albipes)
(Kocher et al., 2013). However, the current approaches typically
used for investigating nutritional ecology of readily managed
bee species are not easily applied to most wild bee species,
particularly to solitary, ground-nesting species that represent
70% of the ∼20,000 wild bee species in the world (Harmon-
Threatt, 2020).

In this review, we discuss the methodologies used in three
different approaches, their associated advantages and limitations,
and how thesemethods can be applied to othermanaged andwild
bee species (Figure 1). When possible, we highlight examples of
species outside of honey bees, bumble bees, and mason bees.
We then explore the emerging technologies which have the
potential to improve our ability to assess bee-plant interactions
and impacts on bee health across a broader range of species,
habitats and communities, and may facilitate integration across
the three experimental approaches. To obtain an unbiased view
of the field, we used Web of Science (https://www.webofscience.
com/wos/woscc/basic-search) to conduct a literature review with
the terms: “bee,” “pollen,” “nectar,” and “nutrition.” Additional
peer-reviewed literature was identified by examining associated
citations and references.

This review focuses on bee pollinators and nutrition provided
by pollen, since bees are the primary consumers of pollen, and
both dietary preferences (O’Neill and O’Neill, 2011; Hendriksma
and Shafir, 2016; Muth et al., 2016; Vaudo et al., 2016, 2020a,b;
Vanderplanck et al., 2017; Hendriksma et al., 2019a; Kraus
et al., 2019; Trinkl et al., 2020) and bee health outcomes
(Kapheim and Johnson, 2017; Smart et al., 2019; Filipiak and
Filipiak, 2020; Lawson et al., 2020; Ruedenauer et al., 2020;
Austin and Gilbert, 2021) are strongly linked to variation in

the composition of pollen (Vaudo and Leonard, 2021). Though
nectar is also an important component of bee diets (Leach
and Drummond, 2018) that influences pollinator preference
(Prasifka et al., 2018), as it provides a source of carbohydrates,
amino acids, and vitamins (Nicolson, 2011), nectar foraging
choice and nutrition merits a separate review and is outside
the scope of this work. Additionally, while we focus on bee
pollinators, these approaches also have the potential to be used
to study the nutritional needs of other pollinator taxa, such as
flies, beetles, and wasps. Though these groups are significant
contributors to crop pollination services (Rader et al., 2016),
they are historically understudied in comparison to bees. An
improved understanding of the nutritional needs of diverse
pollinator taxa, and how these can be met by different plant
species, can greatly improve the development of pollinator
habitat in different landscapes.

APPROACH 1: EVALUATING THE FLORAL
VISITORS AND POLLINATORS OF FOCAL
PLANT SPECIES

There is tremendous interest in restoring or creating habitat
that can support either focal bee species or diverse pollinator
communities. Florally complex habitats can support more diverse
wild bee communities in urban (Theodorou et al., 2020),
agricultural (Wood et al., 2015; Kammerer et al., 2016), and
natural landscapes (Neumüller et al., 2021). However, creating
and maintaining these florally diverse plant communities can
be quite costly (M’Gonigle et al., 2016). Thus, a detailed
understanding of which plant species and cultivars, individually
or as a community, can support target bee species, the
most diverse bee species, or the most robust and resilient
pollinator community, can be a valuable tool to support land
management decisions. For example, in evaluations of 25
ornamental herbaceous plant species and cultivars, Erickson et al.
(2021) found that planting schemes with the six most attractive
cultivars (nested within 3 plant species) could support four
times as many bee species, including many specialist and rare
bee species, compared to planting schemes with the six least
attractive cultivars. In addition, floral enhancement schemes in
agricultural areas can provide ecosystem services (e.g., increasing
soil structure, reducing surface water flow, and recruitment of
other beneficial insects), and trees and shrub rows can provide
these services with lower costs and more floral resources per
unit area (USDA NRCS Maine, 2012; Wratten et al., 2012;
Donkersley, 2019). However, selection of an inappropriate plant
species to enhance an agricultural area can lead to ecosystem
dis-services, such as pest attraction and competition for water
and nutrients between floral enhancement and crop plants
(Zhang et al., 2007). Agricultural systems that supply diverse
floral resources across time, including before or after bloom
of target crops, also have a higher diversity of bee species
(Heller et al., 2019). Thus, identifying the key plant taxa that
can support pollinators in different habitats and for different
outcomes can allow stakeholders to make the most informed
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FIGURE 1 | An outline of each research approach in bee nutritional ecology and their main methodologies.

and cost-effective land management decisions with regards
to pollinators.

A primary goal of planting schemes and habitat support
strategies in agricultural areas is to increase wild bee populations
and improve pollination services (Pufal et al., 2017). Improving
pollination services of focal crops first requires identification
of the most common floral visitors to crop plants in each
geographic region (Venturini et al., 2017; Garibaldi et al., 2020),
and subsequently identification of which visitors are the most
effective at transferring pollen to support fruit and seed set
(Sihag, 2018). This can be particularly important in areas where
invasive species may rob crops of resources without providing
pollination services (Smith-Ramirez et al., 2021). Identifying the
most effective and important pollinators can be achieved by
comparing seed set or fruit production in bee pollinated, hand-
pollinated, and closed flowers (Benjamin and Winfree, 2014),
or by quantifying the number of transferred pollen grains after
virgin inflorescences are pollinated by an individual bee (Rader
et al., 2016). The most important pollinator for a particular crop
may vary substantially depending on the context: for example,
honey bees are poor pollinators of blueberries but can be highly
effective when bumble bees are also present, and the most
important pollinators of blueberries can vary with geographic
region and blueberry cultivar (see BOX 1 for further discussion).
Subsequently, planting schemes can be identified that attract and
support these pollinator species in the target agricultural system.

However, it is also possible that high abundance of attractive
flowering plant species that flower at the same time as the target
crop system can reduce pollination services, and thus care must
be taken to select plants that flower before and after the target
crops (Isaacs et al., 2017). Note, however, that these pollinator
dilution effects are context dependent (Sardiñas and Kremen,
2015) and are more likely to occur when there are multiple
simultaneously-mass-blooming crops (Holzschuh et al., 2011;
Grab et al., 2017) versus due to supplementation with wildflowers
(Sidhu, 2013; Lundin et al., 2017; Knapp et al., 2019).

Pollinator visitation patterns to selected plant species (either
experimentally placed in a landscape or naturally present in the
landscape) are used to evaluate pollinator plant preferences and
are often used as a proxy for evaluating nutritional preferences
and requirements. However, pollinators may be foraging across a
diversity of plants in the landscape and thus supplementing their
nutrition from other sources, and thus the most attractive plant
in a particular context may not be the most nutritionally optimal
plant (Kraus et al., 2019). Thus, integrating studies of plant
visitation preferences with evaluation of foraging preferences
of focal bee species or controlled studies of the effects of
diets on these bees can provide a more holistic understanding
of how these attractive plants contribute to bees’ nutritional
requirements. Below we discuss current and emerging methods
to monitor pollinator attraction to selected flowering plants or
sites with selected flowering plants species.
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BOX 1 | Identi�cation of key pollinators of agricultural crops: a case study in blueberries.

Pollination research for blueberry cropping systems can be used as a prime example in addressing the goals of (1) identifying key pollinators and (2) determining
pollination efficacy of target agricultural crops. When examining pollination by key visitors of rabbiteye blueberry (Vaccinium ashei), Sampson et al. (2004) found
that honey bees frequently visit blueberry flowers to “rob” nectar and are unable to collect large amounts of pollen due to their inability to buzz pollinate. However,
the sheer number of visiting honey bees that pick up loosened pollen from complementary pollinators (e.g., buzz pollinating bumble bee species), and their high
propensity to switch between cultivars, results in effective cross-pollination of blueberry during honey bee nectar collection (Hoffman et al., 2018; Estravis-Barcala
et al., 2021). Note, however, that this is not true for all cropping systems with differences in floral morphology. Similar studies in other blueberry cropping systems
have found that wild pollinators of blueberry vary across geographic regions, production types, blueberry species, and cultivar. For example, in highbush blueberry,
production in Michigan relies on bumble bees, mining bees (Andrena sp.), and bees from the subfamily Halictidae (Tuell et al., 2009), while production in Washington
and Oregon is almost completely reliant on honey bees (Gibbs et al., 2016; Hoffman et al., 2018). In addition, southern production of rabbiteye blueberry relies heavily
on the southeastern blueberry bee (Hapropoda laboriosa) and bumble bees (Cane and Payne, 1993). Therefore, detailed context-specific studies are needed for
cropping systems to understand how to best support the relevant pollinator communities. Aside from nutritional support, land managers can also support target bee
species by providing nesting materials (e.g., paper straws and nesting boxes for cavity nesting bees) or implementing cultural practices (e.g., using no-till strategies
to conserve ground nesting bees) (Ullmann et al., 2016).

Current Methods: Bowls, Blue Vane Traps,
Hand- Or Net-Collections and
Observations
Methods to identify pollinator visitation patterns include passive
sampling techniques (which sample bees and other insects that
are present at a particular site, and not necessarily visiting the
focal flowering plant species), hand/net collection of pollinators
on focal plants, and direct observations of pollinator interaction
with the flowers on the focal plant species. Though these methods
may be used with all bee species, they vary in benefits and
disadvantages, which include biases toward different taxa, time
constraints, and false detection.

The most commonly used passive sampling tools in
pollination research are bee bowls and blue vane traps. Bee
bowls, or pan traps, are containers of soapy water colored in
blue, yellow, or white to attract and collect bees (Droege et al.,
2017). This method is inexpensive, requires no training to use,
and can sample continuously over time. However, bowl traps
are biased in that they are more likely to attract pollinators
when the surrounding floral community is less dense (Kuhlman
et al., 2021), are less likely to capture larger bees (Rhoades
et al., 2017), and their efficacy can vary depending on bowl
size and the degree of ultraviolet reflection, which can vary
among manufacturers (Prendergast et al., 2020). Like bee bowls,
blue vane traps (BVTs) are also used as a passive sampling
method, where a base is attached to a UV reflective blue vane
top to attract and trap bees. BVTs are particularly useful for
broadly sampling the insect community (Gibbs et al., 2017),
are more successful in capturing larger bees and attract less
non-bee bycatch species than bee bowls, but are less likely to
capture small, parasitic species such as Nomada and Sphecodes
(Joshi et al., 2015). Because BVTs are less likely to be disturbed
by wildlife scavenge for water, researchers can use diluted
ethylene glycol as a killing and preserving fluid rather than
soapy water. Preservation with ethylene glycol rather than soapy
water prevents bee degradation, which allows researchers to only
check traps periodically rather than daily. However, though BVTs
have many benefits, it has been suggested that these traps may
oversample areas and negatively impact pollinator populations
(Gibbs et al., 2017). Regardless of the method used, passive

sampling still has limitations in determining focal pollinators
and the background pollinator community. For example, a bee
species may not be detected if more attractive flowers are nearby
(Baum and Wallen, 2011; Kuhlman et al., 2021). In addition,
passive trapping methods under-sample certain bee species, such
as cleptoparasitic species (Mackert, 2019), and trap other insect
species, such as beetles, ants, and flies (Prendergast et al., 2020;
Montgomery et al., 2021). Passive sampling methods also cannot
confirm that captured species are actually visiting focal plant
species near traps. Therefore, these methods should be used with
caution and used in supplement with other detection methods.

Active methods include direct observation and targeted
collection directly from flowers. Researchers can capture bees
visiting flowers by sweep net, insect-vacuum, or by hand with
vials. Collection alone does not indicate that bees are visiting
the focal plant, as sweep netting and insect-vacuums can collect
individuals that are near flowers but not collecting nectar
or pollen. Direct observations are required to determine if
pollinators are collecting nectar and/or pollen from a focal
flowering plant. A benefit of active methods is that unlike passive
sampling, these methods confirm that a particular bee species
actually visited the focal plant. However, active methods take
more time and trained collectors or observers, are biased toward
slow-flying bees, and lack the potential to continuously sample
as passive traps do (Wilson et al., 2008; Prendergast et al.,
2020). Observations may also be biased depending on the level
of expertise of the observer, and identification of more cryptic
genera such as Andrena or Lasioglossum is not possible without
immobile specimens and a microscope (Biddinger et al., 2013b;
Sutherland et al., 2015). Time is also a variable that must be
taken into consideration. Studies often only collect or observe
bees at each focal plant for a few minutes before moving to the
next, potentially missing important visitors. For example, Vaudo
et al. (2014) found that certain plants had high visitation rates
at particular times of the day, which could have been missed
if visitation had not been consistently observed in a controlled
setting (this study took place in a greenhouse). Some crops such
as pumpkin also have long bloom periods and may be dependent
on different pollinator taxa throughout this period. As such,
preliminary work should be conducted to determine bee foraging
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schedules and floral bloom periods before designing optimal
sampling or observation strategies.

Factors other than nutrition also impact which bees may visit
a focal plant, as nutrition is not the only driver of bee populations
in a study area. Certain species require particular nesting
materials to persist in a given area (e.g., small carpenter bees
Ceratina require hollow, pithy stems, and mason bees require
a choice of soil textures] (Pinilla-Gallego et al., 2018; Rehan,
2020). Management practices such as pesticide application can
also negatively affect bee populations, with differential pesticide
sensitivities across species (Biddinger et al., 2013a; Woodcock
et al., 2016; Manjon et al., 2018). Tilling can also reduce
populations of ground nesting bees (Ullmann et al., 2016).
Therefore, a bee species that is expected to be present in a
study system may not be due to lack of nesting resources or
other stressors, such as pesticide exposure, and not due to the
nutritional content of the focal plant. Floral rate of visitation
may also be confounded by the surrounding plant-pollinator
community (Essenberg et al., 2012; Valido et al., 2019). Attractive
plants nearby or competition among bee species may alter
visitation rates to the focal plant species. Accounting for variation
bee populations, species richness, and visitation rate due to
variance in other resources, environmental stressors, and the
background community of plants and pollinators requires studies
with diverse background communities in different habitats or
geographic regions, which can be time consuming and costly.
Determining visitation of certain plants may also be difficult due
to challenges in sampling from or observing focal plant species.
For example, tall trees such as black cherry (Prunus serotina) have
blooms that are several meters above the ground, which require a
lift to allow researchers to access (McLaughlin et al., 2021).

Even if care is taken to prevent bias from collection
methodology, observers, timing, and landscape factors, there are
still significant constraints when using the above methods. First,
there is the significant challenge of insect identifications, as it may
be quite time-consuming, and requires highly trained scientists
who can identify the hundreds of bee species that may be present
in a given region (Jamieson et al., 2019; Kilpatrick et al., 2020;
Engel et al., 2021). When trained scientists are not available,
bees may be identified to morpho-taxa, or easily identified
species and groups of bees with common morphological traits.
Common groups used include: honey bees, bumble bees, large
carpenter bees, hairy legged bees, small black bees, large black
bees, and small green bees, but these classifications differ (and
may bemore specific) based on research goals and the geographic
area of interest (Ullman et al., 2008). Identification to morpho-
taxa, while easier, can only give information on very broad
ranges of pollinators and does not provide detailed taxonomic
classifications that aid in practical application of results. Sorting
Hymenoptera by morpho-taxa can also underestimate species
richness by 12%, and non-specialists have been found to correctly
group only 44% of taxonomic species (Derraik et al., 2010).

For Approach 1, researchers have traditionally identified
and evaluated the key floral visitors of focal plants by using
passive and active collection or observation methods. Though
these methods can be applied to all bee species, there have
been limitations in extensively sampling bees across time and

landscapes. Properly identifying wild bees that visit focal plants
has also constrained these studies. Below, we discuss how
automated monitoring and identification technologies will allow
researchers to address questions of floral visitation at much larger
spatio-temporal scales than has previously been feasible.

Emerging Methods: Automated Monitoring
and Identification Technologies
Cameras, automated monitoring systems, and automated
identification technologies have rapidly advanced since their
inception (Devillers, 2014; Preti et al., 2021). Using cameras
to monitor insect behavior is not a new concept and was
first conducted by Kondo et al. in 1994 (Reviewed in Preti
et al., 2021). However, using cameras to monitor insect
plant-pollinator interactions was not demonstrated until 2009
(Marten-Rodriguez and Fenster, 2008). Then, in Lihoreau et al.
(2012), motion-sensitive cameras were used for the first time
to track pollinator movement. Researchers have also furthered
the field by developing automated data processing and artificial
intelligence programs that present unique opportunities to study
plant-pollinator interactions (Høye et al., 2021).

The development of automated monitoring and identification
systems will allow researchers to study plant-pollinator
interactions across greater spatio-temporal scales than has
previously been feasible. Installation of cameras at focal plants
can allow researchers to collect exceptionally large datasets to
answer questions that would be nearly impossible, or extremely
time consuming, to answer by human observation or sampling
alone (Høye et al., 2021). Plant-pollinator interactions may be
recorded continuously across multiple days by cameras, and
cameras may also be placed in many geographic regions or
landscape types to monitor all sites simultaneously. Klomberg
et al. (2022) were able to simultaneously monitor plant-pollinator
interactions at an elevational gradient along 6 different transects.
Similar studies conducted by human observations can only
capture the community of insect visitors during a snapshot of
time, which can miss key pollinators, such as squash bees that
forage very early in the morning and retreat to below-ground
nests in the evening. Frequency and richness of insect visitation
is also dependent upon weather and time of day, and studies with
human observation alone could be biased by observation period
(Goodwin et al., 2021). Finally, plant-pollinator community
dynamics change throughout seasons, between seasons, and vary
by year (Mora et al., 2020). Even if constant human observation
is possible, sampler fatigue interferes with observation after a
short period, and samplers may be biased to notice larger, showy
species more than smaller, fast-moving species (Biddinger et al.,
2013b). Continuous, reliable monitoring by cameras across
seasons and years can uncover more fine-scale nuances in a
changing pollinator community.

However, the collection of these large data sets is only
beneficial if coupled with artificial-intelligence powered
computer-vision based automated identification systems. On
a basic level, computer vision and deep learning systems can
identify when a pollinator is present at the focal flower and
only record these small bursts of activity, thereby drastically
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BOX 2 | Using DNA metabarcoding for bee identi�cation.

DNA metabarcoding is a molecular approach used to identify organisms by targeting conserved molecular markers across species (see Approach 2 for more
details). Though we primarily discuss using DNA metabarcoding to identify the plants that bee-collected pollen originated from, this approach may also be used
to identify bees. Morphology has traditionally been used to identify bees to species, but DNA metabarcoding can resolve cryptic species or ambiguous species
complexes where morphology cannot (e.g., Nomada, Andrena, and Ceratina) (Darby et al., 2020). This method has also been successfully used to simultaneously
identify Lepidoptera hosts and Hymenoptera parasitoids (Šigut et al., 2017), aquatic macroinvertebrate communities (Serrana et al., 2019; Turunen et al., 2021), and
pest species (aphids and psyllids) (Batovska et al., 2021). DNA metabarcoding estimates higher diversity than traditional morphotyping, particularly in more cryptic
taxa (Šigut et al., 2017), but is a poor detector of overall abundance (Darby et al., 2020). As such, DNA metabarcoding could be combined with other methods,
such as computer vision and deep learning enabled automated identification (Høye et al., 2021) or morphological identification (Batovska et al., 2021) to most
accurately determine species richness and abundance. However, developing libraries of the barcoding sequences for bee species is time consuming and costly, as
multiple sequences are needed per bee, and there are over 4,000 bee species in the United States alone (Danforth, 2019). As more insects are sequenced, there
will likely be greater ability to distinguish among insect populations and cryptic species, though identification of cryptic species can require integration of molecular
information, morphological information, and natural history (Hubert and Hanner, 2015).

decreasing data storage and battery power of field equipment
(Pegoraro et al., 2020). These short bursts of video or photos
can then be viewed by a researcher to identify the pollinator and
behavior exhibited. For example, Steen (2017) monitored 24-h
forager activity rhythms using automated camera monitoring
and data processing. This study would have been extremely labor
intensive without automated systems, as researchers would have
to parse through data manually to identify useful photos. This
technology may also be used in conjunction with automated
identification systems to determine which insects are present
(Raitoharju et al., 2018). These systems are still limited in that
they require training with large image libraries before they can
successfully identify subjects, which involves hours of researcher
observation and outlining of pollinators in photos. While the
development of large, shared image libraries can facilitate the
development of automated identification systems, often these
systems require images that are taken in similar contexts as the
functional camera systems. In addition, certain bee taxa are
easier to distinguish between than others. For example, Spiesman
et al. (2021) used convolutional neural network classification
models to distinguish between 36 different species of bumble
bees in North America with a ∼92% accuracy rate, but many
species have different phenotypes by region, such as Bombus
rufocinctus, and were often falsely identified as other species.
Therefore, current automated identification systems require
distinct physical characteristics that are visible to cameras and
easily measured, which may not be possible with more cryptic
bee genera that are distinguished by minute details, such as
Andrena, Lassioglossum, or Melissodes. However, cameras could
be combined with other monitoring tools, such as radar to
monitor wing beat frequency, which has been used to identify
moths (Wang et al., 2017). Bees that may not be identified by
computer systems may also have the potential to be identified
by experts, depending on freeze-frame image quality. This may
be particularly useful for fast-moving species that are difficult
to tell apart by observing by eye alone, and visual attractants
could be used to pull bees to a single camera. In Box 2, we
briefly discuss how bee identification may be used in parallel
with molecular methods in Approach 2. Artificial intelligence
systems can also track bees as they move throughout the camera
frame, allowing more complex behaviors to be quantified.

Ratnayake et al. (2021) utilized this image-based tracking
software to track unmarked honey bee foragers in the field. This
software can account for multiple floral choices by the same
insect rather than counting each bee as a single visitation event.
Previous image-based tracking methods have required barcoded
tags, which require a large time investment to apply to many
individuals (Greenwald et al., 2015; Gernat et al., 2018; Jones
et al., 2020).

Though these technologies present intriguing possibilities,
there are still challenges to applying them broadly across bee
species. First, automated identification will still have limitations
at the genus and species level for many taxa regardless of how
vast the reference library is, as some minute details may only be
viewed under a dissecting microscope or discerned by an expert
(e.g., wing venation, scopal hair structure, facial fovea, etc.).
Thus, investment in improving current online bee identification
keys (e.g., Discover Life, https://www.discoverlife.org/mp/20q?
guide=Bee_genera), which are more geared toward those already
trained in taxonomy, should occur concurrently, as it will be
necessary for anyone using automated identification technology
to assess the accuracy of their results. Future integration of
algorithm and camera systems that allow for recording when
movement is detected, automated identification of insects,
and behavioral tracking of individual bees will expand the
spatio-temporal scales at which plant-pollinator interactions can
be studied.

APPROACH 2: EVALUATING THE
FORAGING PREFERENCES OF FOCAL
BEE SPECIES

While monitoring visitation rate patterns to focal plant
species can provide some understanding of the preferences of
selected bee species among those focal plant species, bees are
typically foraging broadly across many plant species present
in an ecological community, and their interactions with a
focal plant species may be influenced by the presence of
other flowering plants and co-foraging pollinators (Baracchi,
2019). Thus, detailed studies evaluating the broader foraging
and nutritional preferences of a focal bee species are
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necessary to comprehensively understand the requirements
of that species.

Bee species may be broadly categorized as pollen generalists or
pollen specialists. Pollen generalists are referred to as polylectic
and collect pollen from a diversity of plant genera to meet
their nutritional needs. Bees that are pollen specialists may be
categorized as oligolectic, or those that collect pollen from a
small number of plant genera, while bees that only forage on a
single plant genus or species are categorized asmonolectic (only a
few dozen described species fall into this category) (Cane, 2021).
Within these categories are parameters for “broad” or “narrow”
dietary tendencies to further characterize pollen preference and
obligate associations, but for the purposes of this review we will
refer to only the main three categories (Cane and Sipes, 2006).

Determining the individual preferences of bee species will
allow land managers to design planting schemes that will support
the nutritional needs of many species. Aside from containing
plants that satisfy focal species’ needs, one of the most important
tenants of designing planting schemes is to attract a diverse
community of bee species by planting a diversity of species
from different plant families (Fründ et al., 2010; Heller et al.,
2019; Theodorou et al., 2020). Diverse floral communities
can simultaneously support the needs of both specialist and
generalist bee species through nested designs (Vaudo et al.,
2015). Diverse floral communities allow polylectic bees to forage
for pollen across multiple plant taxa, which vary in nutritional
concentrations, and potentially to balance pollen nutrients
(i.e., proteins and lipids) to optimum ratios (Vaudo et al.,
2020a). Integrating plants used by specialist species within these
communities can also support oligolectic and monolectic bee
species that may have limited foraging distances and phenologies
due to environmental constraints (Vaudo et al., 2015). In
addition to providing optimal nutritional resources, a diverse
plant community also provides a mechanism for polylectic and
oligolectic bees to dilute toxic secondary plant compounds in
pollen from certain plant species that would otherwise lead to
adverse health effects (Eckhardt et al., 2014; Treanore et al.,
2019). Indeed, it is clear that diverse floral communities are
needed to support the majority of individual bee species and
diverse bee communities. However, as noted above, it can be
costly to create and manage a plant community that consists
of a large number of plant species, genera and families, and
thus identifying the most important plant species can improve
adoption and maintenance.

It is important to note that bee foraging preferences are
not simply a result of a bee’s nutritional requirements. The co-
evolution of flowering plants and bees has resulted in intricate
associations between floral traits and bees’ sensory ecology (e.g.,
ability to detect chemical and visual cues), anatomy (e.g., long
vs. short tongued bees), cognitive ecology (e.g., learning and
memory, floral handling strategies such as buzz-pollination),
and foraging strategies (e.g., floral constancy, traplining, and
solitary vs. eusocial strategies) (Chittka and Thomson, 2001).
For instance, Vaudo et al. (2020b) found that Osmia cornifrons
in the northeastern United States collected pollen from plant
species that originated in their native range (Japan) as well
as plant species that are native to the United States that this

species did not co-evolve with. The bees’ ability to collect pollen
from plants that they did not co-evolve with may be a result of
nutritional requirements, similarities in floral traits between co-
evolved and non-co-evolved plant species, or some combination
of these factors.

The methods described below can be used to identify the
plant species and genera that both managed and wild bees
preferentially collect pollen from, and this information can be
used to both optimally design pollinator habitat and provide
insights into how different floral traits influence bee pollen
foraging (Erickson et al., 2022). These approaches can be used
with both pollen collected from foraging adults or from larval
provisions within the nest.

Current Methods: Foraging Observation
One of the key methods used to assess plant or pollen preference
of a focal bee species is by observation of visitation. Researchers
may test particular plants in an open field setting to see which
plants bee species prefer (Nicholls and Hempel de Ibarra, 2017),
but this type of method is more often used with plants as the
species of interest rather than bees, as described Approach 1.
Observations may also be conducted in an enclosed or controlled
setting, such as a hoophouse, foraging arena, or flight cage. These
methods have been used with honey bees (Hendriksma et al.,
2019a), bumble bees (Russell et al., 2016), mason bees (Boff et al.,
2021), and wild bees (Dukas and Real, 1991; Howard et al.,
2021). Hoophouses or flight cages can be quite large (>10 ft
in width or length) to conduct studies where many bees are
permitted to forage, while foraging arenas tend to be smaller sized
and maintained with the lab for foraging trials with individual
bees. Foraging arenas typically consist of a box with a plexiglass
wall for viewing and a forager entrance. Preferences can be
assessed by offering flowers, dishes of pollen, or even artificial
diets to understand bee nutritional requirements (Vaudo et al.,
2016). Real flowers offer more realistic scenarios and can be
used for floral trait choice rather than nutritional preference
alone, but also come with confounding variables such as floral
humidity and volatiles that play a role in attraction (Arx et al.,
2012; Burkle and Runyon, 2019). Imitation flowers, pollen, and
artificial diets do not have these confounding variables, but are
less field-realistic. Any foraging choices should have randomized
locations within the enclosure that are spatially rearranged
between trials to prevent bias from forager learning and trap
lining (Saleh and Chittka, 2007; Ohashi and Thomson, 2009).
Choices should also be regularly replaced to prevent chemical
scent deposition from interfering with future trials (Saleh et al.,
2006).

Using enclosed spaces to observe bee foraging patterns allows
for more control than field observations. In enclosed settings,
individual bee responses, and thus, variation in responses within
species, population or colony, can be observed. Foraging arenas
also make it possible to observe individuals as “naive foragers,”
which allows researchers to understand if preferences are innate
or learned (Raine and Chittka, 2007). In addition, extraneous
variables are removed from the study system. For example, there
is no interference from focal bees visiting other flowers, or from
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other pollinators competing with the focal bee species (Russell
et al., 2017; Adler et al., 2020). Furthermore, the timing of
foraging can be controlled such that observations are initiated
as bee foraging initiates (thus, the bees are not visiting flowers
outside of the observation period) and the bees are allowed to
forage when all flowers are open (see Vaudo et al., 2016) and
so are choosing among all flowers. The difficulty associated with
enclosed foraging studies is that they are primarily amenable
to bee species that can be managed in an indoor or semi-
field setting. However, it is possible to collect wild bees from
a natural setting and transfer them to a foraging arena for a
short period, though there are few examples of this method
in the literature (see Howard et al., 2021 for Lassioglossum
and Dukas and Real, 1991 for Xylocopa). Even managed bees
do not always forage in an enclosed setting, and it is likely
that researchers will require some understanding of how a
focal bee species perceives its environment before arriving
at a successful arena design. For example, UV ray intensity
has been shown to impact indoor bee foraging, positively or
negatively, depending upon species (Kendall et al., 2021). Even
with previously used managed bees, each flight cage or foraging
arena design may also require additional troubleshooting during
preliminary data collection. Bee behavior can be influenced by
variables such as light source, light intensity, and color, and
each experimental protocol will require adjustments that are
appropriate for the questions and surrounding environmental
context (Chittka and Thomson, 2001; Erickson and Russell,
pers. comm.). Regardless of optimization, there will be cases
where a forager will not complete a foraging bout, so many
trials may be necessary to meet statistical significance. As
such, these studies can take a significant amount of time
to complete.

Current Methods: Species Identification of
Bee-Collected Pollen
Bee floral preferences may also be determined by examining
whole bee pollen provisions sampled from bees foraging under
natural conditions. Because these samples can be collected from
bees foraging in the field, it is possible to assess preferences
across the broader plant community at the field or landscape
scale, versus providing bees with a small number of focal plants
and assessing visitation through direct observation. The plant
species bees visit, and the proportion of visits to each species,
can be determined by examining pollen viamicroscopy (Campos
et al., 2021). Pollen can be removed from bees collected from
field sites, as they forage on flowers or return to the nest, or
pollen can be collected from stores and larval provisions within
nests. Pollen provisions have previously been collected from
nests in wood, stems, soil, and even empty snail shells, and thus
these methods should be amenable to use with any wild bee
species (Müller et al., 2006). Pollen microscopy has been used
to identify pollen sources in provisions from honey bees (Lau
et al., 2019), bumble bees (Whittington et al., 2004), mason bees
(Kraemer and Favi, 2005), and wild bees (Larkin et al., 2008).
Pollen samples can be used if samples are dry, frozen (Pinilla-
Gallego and Isaacs, 2018), suspended in ethanol or in insect

tissues (Jones, 2012, 2014), and thus this method is feasible to
also use with museum or stored samples, and is not impacted by
differences in amounts of nectar or water mixed into larval pollen
provisions (e.g., dry, doughy provisions of Osmia cornifrons vs.
the soupy provisions of Osmia pumilla) (Wood et al., 2019).
The benefit to these methods is that the scale of studies can be
drastically increased (from a set of focal plants to the landscape
scale, and across sites), and foraging preferences of individual
bees can be evaluated, rather than averaging across individuals
from a set of observations. This also prevents personnel from
having to follow bees as they forage in the field, which can
be quite difficult. Determining the plants visited in a landscape
can also be used to examine entire plant-pollinator networks
to understand how communities are interacting, and if these
community networks change between seasons due to plant or
bee cycles within particular species (Arceo-Gómez et al., 2020).
Examining whole pollen collections of many individuals from the
same species can also show trends in visitation that observations
alonemay not detect (Pornon et al., 2017), or individual variation
within a colony or species (Klein et al., 2017; Hendriksma et al.,
2019a). However, though examining whole pollen provisions is
a useful strategy to employ, it is important to consider what
choices bees made in the landscape based on available flowering
plant species. Conducting community plant surveys to determine
what plants were most and least common can help researchers
understand if bees are collecting what happens to be most
abundant or if they are seeking out rare species. Determining
broad trends in plant preference can lead to choice tests between
individual plant species and cultivars to narrow down the best
planting choices for developing pollinator forage habitat, or to
eliminate competitive species around a crop that is the target
of pollination.

Researchers have traditionally used microscopy to view
bee-collected pollen and identify these samples to plant taxa
the sample was derived from Campos et al. (2021). Pollen
acetolysis, a process wherein pollen is treated with powerful
acids to remove cellular content, is often used to make the
morphological features of pollen grains more visible (Jones,
2014; Halbritter et al., 2018). Staining with safranin O during
slide mounting also improves contrast of features. One of
the main benefits of using microscopy over other methods
is that pollen species may be identified even if the available
quantity is quite low, which is necessary when recovering pollen
from bee tissues. However, pollen slide preparation requires
a significant time investment and is not a high-throughput
method. Proper pollen identification also requires experience
and training. Identification keys are freely available from the
Global Pollen Project database or natural history museums,
but the vast majority of plants are not documented in these
libraries, and museums often have fragmented collections based
on geographic location (Martin and Harvey, 2017). Automated
pollen identification programs are also available (Cao et al., 2020;
Aperio ImageScope - Pathology Slide Viewing Software, 2021).
These programs can make identification less time consuming, as
though slide mounting pollen and taking photos of pollen grains
is necessary, extensive prior knowledge of pollen morphological
traits is not needed. This technique is 98% effective at accurately
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identifying pollen to species, including species previously
considered indistinguishable from one another by palynologists
(species in Fagaceae and Asteraceae) (Sevillano et al., 2020). One
caveat to this system is that though it has a high success rate,
the authors were only able to train and test the system to discern
between 46 different species, and training the system to identify
pollen from all the flowering plants in the world (∼450,000)
would take a significant amount of time (Pimm and Joppa, 2015).

For Approach 2, studies evaluating foraging choices in
enclosed settings are feasible primarily with managed bee species
that forage under such conditions. However, pollen loads of
foragers of any bee species can be readily assessed, though it is
only possible to collect pollen samples used to feed developing
larvae in bees where nests can bemanaged or easily identified and
harvested. Below, we detail how DNA metabarcoding has made
examining pollen provisions more high throughput, allowing for
additional comparisons across time, bee species, and landscapes.

Pollen Species Identification Using DNA
Metabarcoding
The plant species that pollen has been derived from may also
be identified by using DNA metabarcoding. This method has
widened the breath of species that may be investigated, which
include honey bees (Milla et al., 2021), bumble bees (Leidenfrost
et al., 2020), mason bees (Vaudo et al., 2020b), and several wild
bee species (Gous et al., 2019; Potter et al., 2019; Casanelles-
Abella et al., 2021). This technique involves amplifying loci in
pollen that are common across plant taxa, but vary in sequence
across species, genera, or families. Loci are amplified through
multiple rounds of PCR in a nested design (PCR1 amplifies target
regions with generic primers, PCR2 attaches next-generation
sequencing read-priming oligonucleotides, ad PCR3 adds dual
multiplex indices) which can then be sequenced and compared
to a reference database such as MetaClassifier (Richardson et al.,
2019; Sponsler et al., 2020). This nested design is not required, but
initial amplification in PCR improves the robustness of the assay
by minimizing any amplification biases and mistagging events
(Richardson et al., 2019). Plant-pollinator networks created
from DNA metabarcoding are more complete, more accurate,
and show fewer specialization linkages than those created with
observations alone (Wood et al., 2016; Arstingstall et al., 2021).
This technique is high throughput and allows for larger sampling
efforts across years, which can help account for variation in plant
blooming phenology due to differences in growing degree day
accumulation each year. In Box 2, we briefly discuss how DNA
metabarcoding may also be applied to bee identification.

DNA metabarcoding can be a powerful approach for
screening pollen samples, but it is not as effective in
determining the amount of each pollen type as microscopy
(Richardson et al., 2015) and is limited in its taxonomic
resolution. In most studies, identification is limited to
the genus level, though some biomarkers (ITS) perform
better than others (rbcL, matK) (Kolter and Gemeinholzer,
2021). ITS2 can provide much better resolution for plant
classification than ITS1, but ITS2 use may result in fungal
co-amplification (Cheng et al., 2016; Gous et al., 2019).

Additional loci that are commonly used are trnL and psbA-trnH
(Dormontt et al., 2018). Recent studies have demonstrated that
species-level resolution can be improved if the genomic reference
libraries are expanded to include sequences from more species.
Kolter and Gemeinholzer (2021) demonstrated that species
identification was improved by 19% (from 43 to 62%) for the
ITS biomarker when the number of ITS sequences/species in
the reference library was increased from 1 to 7. Furthermore,
the inclusion of additional loci to the analysis can improve taxa
resolution, but the identification of these loci can be challenging,
as they must be conserved enough to allow binding from a
conserved primer set but variable enough to allow for species
sequence differences (Kadlec et al., 2017). Johnson et al. (2019)
identified 353 single-copy protein coding genes from the One
Thousand Plant Transcriptome Initiative and developed a set
of 75,151 probes that target these genes that function over
600 angiosperms; this provides tremendous resolution for
species identification and phylogenetic analyses. Alternatively,
sequencing of organelle (chloroplast) genomes or whole genome
skimming using high throughput sequencing can provide a
substantial amount of sequence data, but analysis requires that
the reference library contains the full sequence for the target
species (Johnson et al., 2019).

Though DNA metabarcoding is a high-throughput method,
there are still significant limitations in processing the substantial
number of samples that are typically necessary for these studies,
which can be particularly large if the goal is to create plant-
pollinator networks, compare across species, or compare across
different land use patterns, which can require hundreds of
samples (Cullen et al., 2021). Conducting nested PCR on
individual samples also takes a significant amount of time (and
thus higher personnel costs) and material required. Microfluidics
approaches can significantly reduce handling time and allow
for more high-throughput parallel processing but require access
to expensive equipment (Gostel et al., 2020). Alternatively,
pull-down approaches (where sheared DNA from the samples
binds to sequence-specific probes) can allow for multi-sequence
amplifications within a single reaction, which can be especially
useful if larger numbers of loci are used (Hale et al., 2020).
Nonetheless, in all cases, adequate representation of the target
species in the reference library is necessary to bioinformatically
identify the samples. With efforts to sequence the genomes of
plants and animals expanding (Lewin et al., 2018), reference
libraries are also expanding, providing new opportunities for
improving approaches to study the nutritional ecology of
wild bees.

Though bees may visit certain plants, plant visitation cannot
necessarily be equated to quality nutrition. For example, honey
bees will often prioritize pollen quantity over quality (Leonhardt
and Blüthgen, 2012). In addition, solitary bees may sacrifice
pollen quality for quantity in poor landscapes, as they must make
many small trips to collect resources while conserving energy
rather than flying long distances (Ne’eman et al., 2006; Greenleaf
et al., 2007; Biddinger et al., 2013a). Therefore, visitation
rates, determined by foraging observations or examining pollen
provisions, should be carefully considered with choice assays for
particular nutrient levels or plant traits.
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BOX 3 | Analytical approaches for evaluating pollen micro- and macronutrient content.

Micronutrients are detected by using high-performance liquid chromatography (HPLC), where metabolites are identified by differences in molecular mass,
fragmentation patterns, isotope distribution, and retention time (Chakrabarti et al., 2019). There are few studies that investigate pollen micronutrients, perhaps
due to the high cost per sample, the significant amount of time needed to prepare samples, the inability to run multiple samples simultaneously (samples must be
processed individually by the HPLC), and large amounts of data that can be difficult to interpret. Data are given as concentrations of different compounds, including
alkaloids, glycosides, phenols, terpenes, amino acids, and different classes of lipids (Jackson, 1991). The vast number of variables can make it difficult to compare
the nutritional values of diets, and data must be displayed in multivariate formats such as PCA plots or heat maps. See Nicolson (2011) and Wright et al. (2018) for
more details on pollen and nectar micronutrient content.

Protein concentration of pollen may be determined by the Bradford assay, the bicinchoninic acid assay (BCA), or HPLC. The most commonly used approach is
the Bradford assay. The Bradford assay quantifies crude protein concentration by detecting the color intensity of dye bound to denatured proteins in solution. Protein
concentration can be determined by recording this absorbance with a spectrophotometer and comparing sample absorbance values to a standard curve of known
protein concentrations (Bradford, 1976; Green et al., 2012). A full protocol can be found in Vaudo et al. (2020b). The BCA assay detects protein by targeting chelated
Cu+2 ions from protein backbones, which are then reduced to Cu+1 ions by BCA molecules. These copper ions then form a purple reaction product, and the intensity
of this color can be measured by a spectrophotometer and compared to a standard curve (Green et al., 2012).

There have been mixed opinions on which of these methods is best to use for pollen protein detection. The BCA assay detects only polypeptides (whole proteins)
rather than nitrogen, or crude protein as the Bradford assay does. Some studies suggest that this method offers more accuracy, as there is non-protein nitrogen
in pollen that the Bradford assay may detect, and polypeptide concentration is more relevant to bee nutrition than overall crude protein levels (Vanderplanck et al.,
2014). HPLC may also be used to determine levels of amino acids, which is a measure considered total protein content (Weiner et al., 2010; Nicolson and Human,
2013). HPLC may offer more accuracy in protein detection than the Bradford or BCA assays, but there are still the difficulties of high cost, time consuming protocols,
and the inability to test many samples simultaneously.

The standard approaches to detecting lipids and carbohydrates are the sulfo-phospho-vanillin and anthrone assays, respectively. These methods are modified
from a protocol created for the detection of macronutrients in mosquitoes (Van Handel and Day, 1988). This method has the convenience of separating lipids and
glycogen (carbohydrates) in one protocol, allowing users to conduct multiple assays from one sample. Lipids are detected by binding with vanillin, and carbohydrates
are detected by binding with anthrone reagent. This results in color intensity changes that can be measured by a spectrophotometer and compared to standard
curves of known concentrations (Giri et al., 2019). Full protocols can be found in Vaudo et al. (2020b).

APPROACH 3: EVALUATING THE
NUTRITIONAL REQUIREMENTS OF FOCAL
BEE SPECIES

While many studies have evaluated the visitation patterns of
different wild bee species to focal flowering plants, or the
foraging preferences of wild bee species within a collection or
community of plant species, few studies have evaluated how
these interactions satisfy wild bee nutritional needs or how
plant nutritional properties influence these preferences. Pollen
provides the macronutrients protein and lipids, as well as
several micronutrients such as potassium, magnesium, calcium,
phosphorus, and iron (Campos et al., 2008). The concentrations
and ratios of macronutrients (Ruedenauer et al., 2019; Vaudo
et al., 2020a) and micronutrients (Mărgăoan et al., 2014; Kostić
et al., 2015, 2017) can vary greatly between plant species. The
effect of this variation can be evaluated by assessing (1) bee
preferences for collecting pollen from different plant species
that vary in their nutritional content, (2) bee preferences
when consuming synthetic diets that vary in their nutritional
content, and (3) impacts on bee development, health, and fitness
outcomes from consuming diets that vary in their nutritional
content. A truly comprehensive understanding of bee nutritional
ecology requires studies that cross all three levels of evaluation.

Current Methods: Evaluating the
Nutritional Content of Bee-Collected
Pollen and Preferred Plant Species
Nutritional preferences may be determined by measuring
nutrient levels of bee-collected pollen, or of pollen from plant

species that bees prefer. Methods have been developed to
assess the concentrations of different micro- and macronutrients
(namely, protein and lipids) in pollen, which are described in
detail in Box 3. This approach is useful because it allows the
investigator to understand the broad nutritional needs of a bee
species rather than plant visitation rates alone. For example,
recent studies have evaluated whether protein and lipid content
are associated with different foraging preferences in bumble bees
and found a preference for plants providing pollen with a specific
protein: lipid ratio (Vaudo et al., 2016). These dietary preferences
also shift when bumble bee colonies have brood to provision
(Kraus et al., 2019). Honey bee collected pollen has also been
screened for nutritional content (Ghosh et al., 2020), but few
studies have assessed the nutritional composition of bee-collected
pollen, or the nutritional composition of plants preferred by bees,
in species outside of honey bees, bumble bees, and mason bees
(Weiner et al., 2010; Belina-Aldemita Ma et al., 2019).

On a broader scale, evaluation of 82 plant species
demonstrated that there is a wide range of pollen protein:
lipid ratios, and pollen collected from three bee species (honey
bees, bumble bees, mason bees) exhibited distinct protein:
lipid ratios (Vaudo et al., 2020a). This study then suggests that
different bee species may have different nutritional preferences,
and thus forage preferentially on different plant species in
the field, thereby effectively niche partitioning according to
pollen nutrition. However, bees may be able to mix pollen from
different plant species to achieve their preferred macronutrient
ratios, and thus it remains to be determined if, for habitat
restoration practices, it is preferable to provide plants that
provide pollen that match a target bee species’ protein: lipid
ratio or provide plants that span a broader nutritional range,
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so many species can forage to meet their targets. Ruedenauer
et al. (2019) assessed 387 different plant species belonging to 229
genera and 75 different families, and found that pollen protein
concentration and protein: lipid ratios vary by phylogeny,
suggesting that pollinator preference over time has impacted
pollen nutritional content. However, the relationships between
pollen nutrition, floral traits, and bee preference have yet to be
fully investigated.

Current Methods: Bee Preferences When
Consuming Synthetic Diets
Rather than simply evaluating the nutritional content of pollen
collected from foraging bees or in the plant species that bees
prefer to forage from, it is also possible to conduct detailed
bioassays using synthetic or altered pollen diets to evaluate
the nutritional preferences for different quantities and ratios
of key nutrients, including protein and lipids. The Geometric
Framework for Nutrition provides a conceptual and technical
approach for these studies (Simpson and Raubenheimer, 2012).
For these studies, animals are offered diets that vary in the ratios
of two macro- or micronutrients. If the animal eats from only
one of these diets, its nutritional intake would fall along the “rail”
(represented as a line plotted in a graph representing nutritional
space) of that diet, where the ratio is kept constant as the quantity
of both micro or macronutrients increases. However, if the
animal feeds selectively frommore than one diet, its consumption
will not fall along the rails for these diets, fall somewhere in
between. This preferred ratio is considered the “intake target”
of the animal. This intake target can vary depending on the
development or physiological state of the animal and can
vary between species. In addition, determining which nutrients
an animal will compromise in favor of obtaining the correct
amounts of another can give insight as to which macro- or
micronutrient is most important (Simpson and Raubenheimer,
2012). Such studies in honey bees have demonstrated that
pollen protein: carbohydrate ratios (Hendriksma et al., 2019a),
protein: lipid ratios (Stabler et al., 2021), and amino acid content
(Hendriksma and Shafir, 2016) impact dietary preference, and
that micronutrient requirements vary by caste (Filipiak et al.,
2017). In addition to the previously mentioned studies on
bumble bees, studies also indicate that bumble bees prioritize
carbohydrates over protein (Hendriksma et al., 2019a), prefer
diets with particular amino acid concentrations and sources
(Stabler et al., 2015), and use lipids as a nutritional cue
when assessing diet quality (Ruedenauer et al., 2020). Fewer
studies have been conducted with solitary bees, but it has been
demonstrated that carbohydrates are prioritized over protein in
mason bees (Austin and Gilbert, 2021).

Current Methods: Measuring Impacts on
Bee Development, Health, and Fitness
Outcomes
The approaches above examine bees’ nutritional preferences with
their assumption that these preferences reflect the optimal diets,
but to fully test this hypothesis it is necessary to conduct studies
in which bees are fed diets with different nutritional content,

and their development, health, and fitness are measured. These
studies can be conducted within controlled laboratory settings
or in the field. Most field studies that involve habitat restoration
by introducing planting schemes are limited in that they often
show that managed sites have higher abundance of wild bees, but
do not measure background population levels before and after
site restoration. The increase in abundance of bees to the flowers
or study site may reflect increased attraction to the site, and
not necessarily an overall increase in the background population
(Kleijn et al., 2011).

While many different measurements of success can be used
in laboratory settings to assess the effect of nutrition on wild
bee health and fitness outcomes, most wild bee species have yet
to be successfully captured and maintained (able to feed on lab
diets for an extended time period), reared (raised from immature
stage to adult), or bred (raised from immature stage to adult
with reproduction) in a lab setting. Bee species used in these
studies thus far include honey bees (Hendriksma et al., 2019b),
bumble bees (Treanore et al., 2019), mason bees (Filipiak and
Filipiak, 2020), small carpenter bees (Lawson et al., 2020), and
sweat bees (Roulston and Cane, 2002). Measures of success used
in a nutritional assay also depend on life history traits of the
focal bee species. For instance, social species can bemonitored for
colony growth and reproduction (e.g., wax production, resource
allocation, and brood levels) (Treanore et al., 2019; Ruedenauer
et al., 2020). Cavity-nesting, solitary species do not produce wax
or store long-term resources for a colony but can be monitored
in trap nests for offspring production and sex ratio, which is
a key indicator of fitness and environmental quality in solitary
bees (Eckhardt et al., 2014; Filipiak and Filipiak, 2020). Offspring
production and sex ratios of ground nesting species can be
assessed by taking soil cores of nests, or by pouring talcum
powder in tunnels to make removing excess soil around nests
easier (Leonard and Harmon-Threatt, 2019). Other measures of
success that can be used for any bee species include measuring
bee body size (e.g., intertegular distance, head capsule width,
body mass, etc.) (Grab et al., 2019), developmental time (Lawson
et al., 2020), and survival (Cane, 1987; Praz et al., 2008; Bramke
et al., 2019; Fortuin et al., 2021). These physiological methods
are beneficial in that they can be determined by examining
individuals externally and do not require expensive equipment,
but they do not provide evidence as to the underlying nutritional
qualities that make a diet good or bad for bee health.

For Approach 3, the nutritional content of collected pollen can
be assessed in any bee species in which foragers collect substantial
pollen loads (most commonly used methods require ∼6mg of
pollen for macronutrient analysis, Vaudo et al., 2020a) or where
nests can be managed or easily identified and harvested. Studies
of bee preferences for synthetic diets or studies of diet impacts on
bee health, development and reproduction can only be completed
in bee species that are amenable to some level of management
and rearing under laboratory or semi-field conditions, which we
detail in Table 1. Box 4 discusses the benefits and constraints of
using different species for nutritional assays. Below, we discuss
emerging molecular tools to assess the impact of diets on
physiology, and how these methods may be applied to additional
wild bee species.
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TABLE 1 | List of wild bee species that have been successfully propagated in controlled lab or semi-field settings and have the potential to be used for controlled assays
of foraging preferences and impacts of diets on health, development, and fitness.

Genus Sociality level Level of captivity Nesting

substrate

Species References

Bumble bees
(Bombus)

Primitively eusocial Full life cycle in captivity Ground nesting appositus (Strange, 2010)

atratus (Almanza, 2007)

bifarius (Strange, 2010)

breviceps (Liang et al., 2020)

centralis (Strange, 2010)

edwardsii (Heinrich, 1974)

friseanus (Liang et al., 2020)

hortorum (Carnell et al., 2020)

humilis (Ptáček et al., 2015)

huntii (Baur et al., 2019)

ignitis (Velthuis and van Doorn, 2006)

impatiens (Velthuis and van Doorn, 2006)

lapidarius (Bučánkov and Ptáček, 2013)

lantschouensis (Zhang et al., 2018)

lucorum (Bučánková and Ptáček, 2010)

occidentalis (Velthuis and van Doorn, 2006)

melanopygus (Tian et al., 2019)

Pascorum (Carnell et al., 2020)

Pratorum (Lhomme et al., 2013)

ruderarius (Ptáček et al., 2015)

sylvarum (Ptáček et al., 2015)

sylvestris (Lhomme et al., 2013)

terrestris (van den Eijnde et al., 1991)

vestalis (Lhomme et al., 2013)

vosnesenskii (Heinrich, 1974)

Stingless bees
(Meliponia)

Eusocial Field reproduction, in
lab rearing from egg to
adult

Ground or cavity
nesting

scutellaris (Dorigo et al., 2019)

Leafcutting bees
(Megachile)

Solitary Field reproduction, in
lab rearing from egg to
adult

Cavity nesting rotundata (Waters, 1971)

Mason bees
(Osmia)

Solitary Field reproduction, in
lab rearing from egg to
adult. Lignaria is the
only species
demonstrated to lay in
the lab.

Cavity nesting bicornis

cornifrons

cornuta

lignaria

ribifloris

rufa

(Bramke et al., 2019
(Phan et al., 2020)
(Ladurner et al., 1999)
(Abbott et al., 2008)
(Dharampal et al., 2018)
(Giejdasz and Wilkaniee, 2002)

Alkali bees
(Nomia)

Solitary Field reproduction, in
lab maintenance of
adults

Ground or cavity
nesting

melanderi (Kapheim et al., 2021)

Squash bees
(Eucera)

Solitary Semi- field Ground nesting pruinosa (Chan and Raine, 2021)

Sweat bees
(Lasioglossum)

Ranging from
solitary to
primitively eusocial

Field reproduction, in
lab maintenance and
diapause of adults

Ground nesting albipes (Plateaux-Quénu et al., 2000; Kocher
et al., 2013)

ctenonomia (Holbrook et al., 2013)

lanarium (Howard et al., 2021)

malachurum (Steitz and Ayasse, 2020)

zephyrum (Buckle and Greenberg, 1981)

Small carpenter bees
(Ceratina)

Subsocial Field reproduction, in
lab rearing from larvae
to adult

Cavity nesting calcarata (Rehan and Richards, 2010a,b)

(Continued)
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TABLE 1 | Continued

Genus Sociality level Level of captivity Nesting

substrate

Species References

Blue banded bees
(Amegilla)

Solitary Field reproduction, in
lab rearing from pupae
to adul

Ground nesting holmesi (Bell et al., 2006)

Full life cycle in captivity chlorocyanea (Hogendoorn et al., 2006)

Oil bees
(Macropis)

Solitary Full life cycle in captivity Ground nesting fulvipes (Schäffler and Dötterl, 2011))

Chelostoma Solitary Field reproduction, in
lab rearing from egg to
adult

Cavity nesting rapunculi (Milet-Pinheiro et al., 2012)

Heriades Solitary Field reproduction, in
lab rearing from egg to
adult

Cavity nesting truncorum (Praz et al., 2008)

Emerging Methods: Molecular and
Physiological Tools
Molecular methods may be used to measure bee development,
health and reproduction, and may also provide insights into
the mechanisms underlying the impact of nutritionally varied
diets on bees. These methods can be used with any bee species
(Grozinger and Zayed, 2020), but to our knowledge have thus far
only been used to study the impacts of variation in pollen-based
nutrition with honey bees (Crone and Grozinger, 2021) and
bumble bees (Stabler et al., 2015). Expression levels of genes can
be evaluated across the genome, using transcriptomics/RNA-seq,
or for candidate genes using quantitative PCR. These studies can
monitor changes in genes involved in detoxification pathways
(Colgan et al., 2019), growth and development (Castelli et al.,
2020), or immune function (Brunner et al., 2014; Tritschler
et al., 2017). Gene expression may also be assessed when pairing
diet with a stressor to understand how diet and stress interact
to impact overall health. For example, Brunner et al. (2014)
measured how different diets impacted bumble bee response
to the gut parasite Crithidia bombi and found that lack of
dietary protein impacted immune response, resulting in failure
to produce antimicrobial peptides.

The lack of information currently available on wild bee
gene expression patterns and genome characterization has likely
been a limiting factor of using molecular and physiological
methods in wild bee studies. These studies require that the
genes underlying physiological processes are well-described,
and thus a particular expression pattern is known to be
associated with variation in levels of nutritional resources,
detoxification, immunocompetence, or reproductive potential.
While the function of some genes are well-conserved across
insects (and arthropods in general), such as those involved
in immune response, functional characterization is typically
necessary to obtain baseline information about how genes
in a particular species and at a particular developmental or
physiological stage are responding to a given nutritional stressor
(Palmer and Jiggins, 2015). Efforts are increasing to characterize
genomes equally across insect taxa, and this will facilitate more
in-depth studies concerning wild bee nutrition (Hotaling et al.,
2021).

Rather than measuring expression of specific genes, it is also
possible to measure levels of nutrient stores (proteins, lipids, and
glycogen) in the bee’s body, which can be measured through
hemolymph (as a measure of readily available nutrients) (Stabler
et al., 2015), or through body tissues (as a measure of long term
nutrient storage) (Amsalem et al., 2015; Woodard et al., 2020).
Measuring body nutrient levels can indicate the level of nutrient
that was stored for use, and the excesses that may have been
excreted (Lee, 2007).

Molecular methods may also be used to measure genetic
diversity in bee populations by evaluating microsatellites, or
non-coding regions of DNA that vary based on relatedness
between individuals (Maebe et al., 2015). This technique would
be useful when measuring a change in bee population numbers
and diversity at field sites where supplemental forage is provided.
Population dynamics can be measured within foraging distance
of these resources and the surrounding areas to determine if
bee populations are increasing due to more resources or if more
bees are simply attracted to these enhanced habitats. Using this
method with wild bee species would first require sequencing and
development of microsatellite targets (see Khidr et al., 2014 for an
example), so evaluating many bee species at once could be quite
costly and time consuming.

CONCLUSIONS AND FUTURE
DIRECTIONS

Bee nutritional ecology has traditionally been investigated using
three different approaches, which are (1) identification of floral
visitors of selected focal plant species, (2) evaluation of the
foraging preferences of selected focal bee species, and (3)
evaluation of the nutritional requirements of focal bee species in
controlled settings. New technologies are available within these
different approaches to further the field, but development of new
technologies is not enough to gain a holistic understanding of bee
nutritional ecology. Complete understanding of the nutritional
needs of a focal bee species and how these needs are met using
pollinator habitat design requires an integrative, iterative process,
in which the foraging preferences of a bee species are evaluated
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BOX 4 | Bene�ts and constraints of conducting nutritional experiments with species that vary in their natural history.

Nesting habitat

Ground nesting—Ground nesting bees include eusocial, primitively eusocial, and solitary species. Bees may live in preexisting burrows, such as bumble bees.,
or may dig a narrow tunnel like Andrena sp. (Danforth, 2019). Some solitary species can be managed in the field with “bee beds,” or mounds of curated soil for a
particular bee species to nest in, but little is known about the soil preferences of most ground nesting species (Lybrand et al., 2020). The difficulty with conducting
experiments with ground nesting bees is that larvae are delicate and can be difficult to transfer from bee beds to a lab environment. Due to this constraint, only Nomia
sp. are currently available for purchase, and researchers who would like to work with other species must find their own nesting aggregations to collect from.

Cavity nesting—Cavity nesting bees may use many different nesting materials, including hollow reeds or sticks, pre-existing cavities in trees, and even crevices in
manmade structures, such as between bricks in buildings (Cane et al., 2006). These bees can be managed in the field by releasing females to nest in provided trap
nests, or by trapping a local population. Eggs and immature larvae may be easily transferred to different diets and finish their life cycle in the lab. Though there are few
cavity nesting species that are actively managed, it is possible to develop new trapping strategies by determining the preferred nesting substrate, shading, orientation
of nest entrance (Martins et al., 2012), and the ideal diameter of the nesting cavity (Fye, 1965) to replicate these conditions and attract a species of interest.

Degree of sociality

Solitary—Solitary bee species work as individuals to provision their own offspring, and though they may live in gregarious populations, they do not work together
to rear offspring. The benefit of working with solitary bees is that replication of maternal genetic diversity may be easily managed by collecting individual nesting tubes
from source populations. Each adult female will provision separate nesting tubes at field sites, and though an adult female may produce more than one full tube in her
lifetime, a researcher can be fairly confident that all reeds collected on the same day (if reeds are collected daily) are from different females (Danforth, 2019). Collecting
reeds daily can also minimize usurpation by other bees, which could otherwise interfere with control for maternal genetic diversity. In contrast, eusocial bee colonies
take up much more room in the lab and require a higher degree of management, so while genetic diversity can be managed, it can be much more costly and time
consuming. Unfortunately, unlike eusocial species, protocols for managing entire life cycles of solitary bees in the lab have only been developed for a few genera,
including Macropis and Amegilla. For most of these genera, adults may emerge from cocoons and mate in the lab but must be in a field or large semi-field setting to
collect pollen and lay eggs (but, see Fortuin and Gandhi, 2021).

Subsocial—Subsocial species have overlapping generations and provide care to offspring throughout development. In some cases, foundresses may work with
a dwarf eldest daughter (DED) to rear offspring (Rehan and Richards, 2010a,b). Though these DEDs do not have the ability to reproduce and exhibit more docile
behavior than other offspring that share the nest, these species are not considered eusocial because they do not have an entire class of workers, and the nest
established by the foundress is shared with other adult daughters that provision their own offspring (Lawson et al., 2017). This behavioral plasticity can impede
nutritional experiments. If the nest has only a foundress and an adult dwarf daughter, a researcher can control for maternal genetic diversity, similarly to solitary bees.
However, if a nest is shared by other reproductive daughters this is not possible. Another confounding factor of rearing these bees in the lab from egg to adult is that
larvae will not experience maternal care, which may allow for transfer of microbes that are necessary to develop into healthy adult bees. Thus, lack of maternal care
may impact nutritional needs or gene expression.

Ranging from primitively eusocial to solitary—These bees exhibit characteristics of both eusocial and solitary bees and can range on the continuum of sociality
(Michener, 2007). Some species have populations that vary in eusociality due to behavioral plasticity, such as Halictus rubicundus, which change their degree of
sociality based on how much time is left in the season to produce offspring (Field et al., 2012). Other species, such as Lasioglossum albipes, differ in social behavior
due to genetic differences between populations (Kocher et al., 2018). This variance in behavior could lead to interesting research exploring differences in nutritional
needs of reproductive and non-reproductive females, or perhaps differences in foraging behavior. However, managing these bees also comes with the constraint of
having to standardize the degree of sociality in lab populations, as differences in eusociality could lead to differential gene expression and behavior, which may then
impact nutritional needs.

Eusocial and primitively eusocial—Eusocial and primitively eusocial species have structured colonies where non-reproductive workers with overlapping generations
care for the offspring of one reproductive queen (da Silva, 2021). Maintaining these bees in the lab for their entire life cycle is less difficult than maintaining solitary
bees, and as adults maintain environmental cleanliness and feed brood. However, genera such as bumble bees present the difficulty of disentangling adult and larval
nutritional needs. For example, when colonies rear brood they will adjust their macronutrient intake to suit brood nutritional needs rather than prioritizing their own
(Kraus et al., 2019). Adults may be reared on diets separately from brood, but it can be difficult to rear brood without the presence of workers to provide constant care.

using field-based studies, followed by evaluation of preferred
plants in a controlled setting (in the absence of competition with
other pollinators and plants). Bees’ health, reproduction, and
fitness outcomes would then be evaluated on diets provided by
these plants. Finally, these plants would be incorporated into
field settings and evaluated to determine if floral preferences are
maintained, and if these plants positively impact bee populations
or communities.

An improved understanding of the nutritional needs of
diverse pollinator taxa, and how these can be met by different
plant species will allow land managers to optimize the design of
planting schemes for pollinator communities. Plant communities
can be designed with a specific end goal (e.g. improving
the population of a particular species or improving diversity
of a pollinator community), and selecting a group of plant

species that would support these goals, and potentially support
other ecosystem services (e.g., nitrogen fixation, water runoff
management, pest management). Though native, pollinator-
friendly planting lists are widely available, these lists do not take
nutritional properties into account outside of pollen and nectar
availability, and updated lists would need to be compiled by
extension specialists (Planting Pollinator Friendly Gardens, 2017;
Pollinator Partnership, 2022; Finding Pollinator Attractive Plants
Protecting Bees, 2022).

In addition to integration of approaches, use of newer
technologies will lead to an increase in the extent and scale
of the questions that are able to be answered, including
across landscapes, bee species, seasons, and years. As an
example, we have discussed that one of the main limitations
of automated insect identification through machine learning
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is that bees have very minute morphological differences
that cannot be viewed from a camera alone. Høye et al.
(2021) has suggested that automated bee identification may
be combined with bee DNA metabarcoding to increase the
taxonomic resolution of insects that visit camera observation
sites. Use of both cameras and molecular techniques would
allow for simultaneous screening of multiple sites, and fine-
scale identification of sampled insects in a shorter time
span than has previously been feasible. Therefore, these new
technologies, with integration across approaches and taxa, have
the potential to allow us to achieve a more comprehensive and
holistic understanding of pollinator nutritional ecology than was
possible before.
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Performance of DNA metabarcoding, standard barcoding, and morphological
approach in the identification of host-parasitoid interactions. PLoS ONE 12,
e0187803. doi: 10.1371/journal.pone.0187803

Sihag, R. C. (2018). Some unresolved issues of measuring the efficiency of
pollinators: experimentally testing and assessing the predictive power of
different methods. Int. J. Ecol. 2018, e3904973. doi: 10.1155/2018/3904973

Simpson, S. J., and Raubenheimer, D. (2012). The Nature of Nutrition: A Unifying
Framework From Animal Adaptation to Human Obesity. Princeton University
Press. doi: 10.1515/9781400842803

Smart, M. D., Otto, C. R. V., and Lundgren, J. G. (2019). Nutritional status of honey
bee (Apis mellifera L.) workers across an agricultural land-use gradient. Sci. Rep.
9, 16252. doi: 10.1038/s41598-019-52485-y

Smith-Ramirez, C., Rendón-Funes, A., Barahona-Segovia, R., and Moya,
W. (2021). Consequences of the high abundance of Bombus terrestris
on the pollination of Vicia faba. J. Pollinat. Ecol. 29, 258–272.
doi: 10.26786/1920-7603(2021)630

Spiesman, B. J., Gratton, C., Hatfield, R. G., Hsu, W. H., Jepsen, S., McCornack,
B., et al. (2021). Assessing the potential for deep learning and computer
vision to identify bumble bee species from images. Sci. Rep. 11, 7580.
doi: 10.1038/s41598-021-87210-1

Sponsler, D. B., Shump, D., Richardson, R. T., and Grozinger, C. M. (2020).
Characterizing the floral resources of a North American metropolis using a
honey bee foraging assay. Ecosphere 11, e03102. doi: 10.1002/ecs2.3102

Stabler, D., Al-Esawy, M., Chennells, J. A., Perri, G., Robinson, A., and Wright,
G. A. (2021). Regulation of dietary intake of protein and lipid by nurse-
age adult worker honeybees. J. Exp. Biol. 224, jeb230615. doi: 10.1242/jeb.23
0615

Stabler, D., Paoli, P. P., Nicolson, S. W., and Wright, G. A. (2015). Nutrient
balancing of the adult worker bumblebee (Bombus terrestris) depends on
the dietary source of essential amino acids. J. Exp. Biol. 218, 793–802.
doi: 10.1242/jeb.114249

Steen, R. (2017). Diel activity, frequency and visit duration of pollinators
in focal plants: in situ automatic camera monitoring and data
processing. Methods Ecol. Evolut. 8, 203–213. doi: 10.1111/2041-21
0X.12654

Frontiers in Sustainable Food Systems | www.frontiersin.org 20 April 2022 | Volume 6 | Article 847003

https://doi.org/10.1051/apido:2008034
https://doi.org/10.1002/ecs2.3076
https://doi.org/10.1007/s10340-020-01309-4
https://doi.org/10.11118/actaun201563051535
https://doi.org/10.1016/j.cois.2017.05.021
https://doi.org/10.1073/pnas.1517092112
https://doi.org/10.1007/s00114-006-0184-0
https://doi.org/10.1016/j.imavis.2018.06.005
https://doi.org/10.1371/journal.pone.0239504
https://doi.org/10.1007/978-3-319-90306-4_106-1
https://doi.org/10.4039/n09-056
https://doi.org/10.1111/j.1439-0310.2010.01804.x
https://doi.org/10.1007/s10841-017-0013-0
https://doi.org/10.1111/mec.14975
https://doi.org/10.3732/apps.1400066
https://doi.org/10.1126/sciadv.abd3524
https://doi.org/10.1023/A:1016048526475
https://doi.org/10.1111/ele.13454
https://doi.org/10.1007/s00442-019-04494-x
https://doi.org/10.1093/beheco/arv213
https://doi.org/10.1038/srep42448
https://doi.org/10.1007/s00442-006-0607-9
https://doi.org/10.1016/j.anbehav.2005.06.014
https://doi.org/10.1093/jee/97.3.735
https://doi.org/10.1016/j.agee.2015.03.020
https://doi.org/10.1007/s13592-011-0010-3
https://doi.org/10.1016/j.ecolind.2019.02.008
https://doi.org/10.1371/journal.pone.0229751
https://etda.libraries.psu.edu/files/final_submissions/9121
https://etda.libraries.psu.edu/files/final_submissions/9121
https://doi.org/10.1371/journal.pone.0187803
https://doi.org/10.1155/2018/3904973
https://doi.org/10.1515/9781400842803
https://doi.org/10.1038/s41598-019-52485-y
https://doi.org/10.26786/1920-7603(2021)630
https://doi.org/10.1038/s41598-021-87210-1
https://doi.org/10.1002/ecs2.3102
https://doi.org/10.1242/jeb.230615
https://doi.org/10.1242/jeb.114249
https://doi.org/10.1111/2041-210X.12654
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org
https://www.frontiersin.org/journals/sustainable-food-systems#articles


Crone et al. Wild Bee Nutritional Ecology Methods

Steitz, I., and Ayasse, M. (2020). Macrocyclic lactones act as a queen
pheromone in a primitively eusocial sweat bee. Curr. Biol. 30, 1136–1141.e3.
doi: 10.1016/j.cub.2020.01.026

Strange, J. P. (2010). Nest initiation in three North American bumble
bees (Bombus): gyne number and presence of honey bee workers
influence establishment success and colony size. J. Insect Sci. 10, 130.
doi: 10.1673/031.010.13001

Sutherland, W. J., Roy, D. B., and Amano, T. (2015). An agenda for the future of
biological recording for ecological monitoring and citizen science. Biol. J. Linn.
Soc. Lond. 115, 779–784. doi: 10.1111/bij.12576
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