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Declines in wild and managed bee species richness and abundances have been observed throughout Europe and North America
in recent decades. These declines have led to questions regarding pollination of wild and cultivated plants. In response to these
concerns, efforts towards the conservation of pollinators have been initiated. Part of this conservation effort should be to provide
the basic nutritional needs for bees. Nutrition plays one of the most important roles in bee growth, development, and reproduction.
There is a large body of information regarding honey bee nutrition, whereas we lack nutritional information on native wild bees.
Our knowledge of bumble bee nutritional needs has increased since the introduction of commercial rearing and sale of certain
bumble bee species; however, there is still a lack of basic nutritional guidelines such as minimum dietary needs of proteins, amino
acids, lipids, and sterols. The large difference in physiology and life history between honey bees and North American wild bees
suggests that their nutritional requirements could be quite different.

1. Introduction

Pollination ismostly an example of amutually beneficial rela-
tionship between plants and animals. Pollinators visit a flower
to take nutrients while plants are provided with a pollination
service. Bees pollinate a large percentage of flowering plants,
providing pollination services to approximately 90% of wild
plant species and 75% of global food crops, which constitute
35% of world crop production [1, 2]. Both managed and wild
bees are ecologically, culturally, and economically important
organisms, but in recent decades some bee species have had
population declines and, in extreme cases, extirpation [3–6].
Managed honey bees (Apis mellifera L.) have had an overall
gain in the number of managed colonies worldwide but a
decline in many developed countries [5, 7]. However, even
where the number of colonies has increased, annual colony
losses are still high and health is highly compromised across
the honey bees’ geographic range [8, 9]. Native wild bees
are hard to identify and require experienced taxonomists
and are therefore less studied and more difficult to quantify
[10]. Bumble bee species are much larger in size than many
of the small solitary bees and so are easier to detect in the
landscape. Several studies on bumble bees have reported

population declines as well as decreases in habitat ranges [11–
13]. There are currently two bee species listed on the IUCN
red list (the IUCN Red List of Threatened Species� is the
most complete inventory of the global conservation status of
plant and animal species throughout theworld) and seven bee
species recently listed as federally endangered in the United
States, with several more species suggested for listing [14, 15].

Several factors negatively impact bee populations includ-
ing pesticide exposure, habitat loss and/or degradation,
predators, parasites, diseases, and climate change [3, 5, 11, 12].
Although each of these factors acting alone has been shown to
affect bee populations, it’s more likely that bees are exposed to
multiple stressors simultaneously [12]. Conservation, restora-
tion, and protection of bee habitat across many different
landscapes are needed to increase bee abundances and ensure
pollination for both agricultural and nonagricultural native
plant communities.

Bee forage is also a factor that affects bee abundance and
health [16, 17]. A lack of bee foragemay cause bee populations
to decrease or show signs of nutritional stress [18, 19].Thegoal
of this literature review is to synthesize current knowledge on
bee nutrition for different bee species and bring attention to
gaps in knowledge that need to be addressed. This has been
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recently accomplished for honey bees [20, 21], so they will
not be covered in our review, although on topics that lack
information on native wild bees, studies on honey bees will
be offered as a possible corollary for wild bees.

2. Provisioning of Food by
Eusocial and Solitary Bees

Most of the nutritional information we have for bees comes
from studies on the honey bee and more recently bumble
bees, due to production of commercially available bumble
bee colonies of Bombus terrestris L. and Bombus impatiens
Cresson. There is little information on native wild solitary
bees, which have very different life histories from eusocial
bees. All bees, even kleptoparasitic bees, require that all
nutritional requirements are provided by pollen and nectar
and in a few cases plant oils, which will not be discussed in
this review [20–22]. Pollen and nectar are required by both
adult and larval stages and provide different nutrients for
bees.

Life history traits for eusocial and solitary bees are very
different, especially concerning the care and feeding of larvae.
Michener [22] provides a good account of a common life
history of this group of bees. Adult solitary bees collect nectar
and pollen to feed themselves and to provision their progeny
(provisioning takes place just prior to oviposition), but pollen
andnectar are initially required by the adult female to develop
ovaries and begin egg laying. The first activity of adults is
emergence from the overwintering hibernacula, mating, and
then females construct nests out of a range of materials,
depending on the bee species. After nest completion, foraging
commences with collection of nectar and pollen. A “loaf”
or “bee-bread” is formed by mixing nectar, gut microbial
symbionts, and pollen together which is then placed in a nest
chamber with a single egg and is then sealed off.This process
is repeated until a nest tunnel or cavity is full. Female adult
bees eat pollen and nectar for their own nutrition throughout
this period. Depending on the bee species, there may be one
or several generations in a season. The overwintering stage of
a bee depends on climate and species [22].

The life history of eusocial bees is very different and is
described for bumble bees by Goulson [23] and for honey
bees by Caron et al. [24]. Eusocial bees collect pollen and nec-
tar for adult nutrition aswell as brood rearing, but adults store
pollen and nectar for their own sustenance, for the queen and
drones, and in addition larvae are progressively provisioned
rather than provided all food at once. In North America,
the start of the bumble bee annual life cycle is initiated with
queen emergence from overwintering refugia and then nest
founding. The queen then commences foraging for pollen
and nectar resulting in the development of her ovaries [25].
She then lays eggs and upon hatch, provisions brood (lar-
vae) progressively and throughout their development until
pupation. Newly emerged female workers collect pollen and
nectar for themselves and brood (larvae) while males either
do not forage and are provided food by the workers (honey
bees), or forage solely for themselves. Workers with different
roles in the colony may require different nutrient levels as
is the case for honey bees [20, 26, 27]. For example, honey

bee workers gradually switch from diets high in essential
amino acids when they are newly emerged to carbohydrate-
heavy diets as they age. Nurse bees and foraging bees have
been shown to exhibit different survival on diets high in
essential amino acids, with nurses surviving high amino acid
diets more readily than foraging bees [27]. It is not known
if this is the case for other eusocial bee species, although in
B. impatiens, percent lipid of the diet is correlated with body
size, but not tasks within the colony [28].

3. Larval Diets

Maternal investment is an important aspect of bee develop-
ment and in turn population success due to increased fitness
with higher quality diet. It’s a challenge to accurately measure
whether bees intentionally provide their larvae higher quality
diets, but there is evidence that this is the case. The influence
of larval diets carries over to the adult life stage by affecting
adult longevity, maturation, and fitness, but less so longevity
because adult nutrition may overcome deficiencies from
larval stage diet and nutrition [29].

In eusocial bees, the quality and quantity of pollen and
nectar seem to dictate foraging activities.Honey beesmonitor
nectar and honey stores in the colony and adjust foraging
behavior accordingly [30]. In bumble bees, it appears that
pollen and nectar quality determine the rate of foraging and
level of stores within a colony [31, 32]. Pollen and nectar
quality may also have an influence on the rate of resource
collection [33, 34]. Bumble bees have been observed to
monitor honey pots and pollen stores; then adjust the number
of foraging individuals and collection behaviors accordingly
[31, 32]. In solitary bees, the amount of nectar and pollen
provisioned to an offspring has been shows to have a linear
relationship with body mass [35].

There is evidence for maternal manipulation of larval
diet in facultatively eusocial bee species as well. This is one
hypothesized explanation for the evolution of eusociality.
Females of the halictid bee Megalopta genalis Meade-Waldo
provide significantly different nutrient levels to male and
female offspring, with added variation in female provisions,
which results in highly varied adult female weights [36]. The
small carpenter bee,Ceratina calcarataRobertson, provisions
the last female offspringwith significantly less pollen diversity
than early (last emerging) females. The lower pollen diversity
results in decreased pollen protein levels and the subsequent
smaller offspring might not be reproductively viable, which
coerces them to stay at the nest to raise sibling offspring [37].

4. Nectar Chemistry and Dietary Requirements

Nectar is mainly comprised of sugars but also contains amino
acids and has trace amounts of lipids, inorganic compounds,
vitamins, and plant secondary metabolites [20, 21, 38]. Nectar
sugars used by bees are the hexose sugars fructose and
glucose, and the disaccharide sucrose, which is comprised of
glucose and fructose. Hexose sugars aren’t generally found in
plant phloem, suggesting a change in production of the sugars
that are secreted in the nectaries [39, p. 195]. Most nectars
contain all three sugars, while few contain hexose sugars
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alone [40]. The sugar composition is highly variable due to
biotic and abiotic influences in the plant and environment
[39, p. 198].

High sugar concentrations offer a greater energetic
reward for bees, but as the concentration increases so does
the viscosity of the nectar, which makes it harder for bees to
imbibe nectar with their tongues (labium with maxilla and
palp sheath) [41]. The optimal sugar concentration in nectar
for bumble bees is between 50 and 65% for sucrose alone
[42], but many factors may affect imbibition for different bee
species, such as ambient pressure [43]. Solitary orchid bees
[44] and male carpenter bees [45] have been documented
to manipulate nectar sugar concentrations by dehydrating
them with different tongue or mouth movements. There have
been no studies on the optimal concentration ranges for
solitary bee species. Concentration is not the only factor
affecting uptake of nectar by bees. Nectary placement in a
flower, tongue length, and body mass are important factors
influencing bumble bee nectar uptake [42]. Information for
many solitary bee species and regarding optimal conditions
for nectar uptake is lacking.

There are several eco-physiological benefits to high sugar
concentrations in nectar. Bee foraging distance has been
found to increase logarithmically with body size as measured
by the inter-tegular distance [46], with larger bees able
to forage much farther than small solitary bees. Foraging
distance varies greatly with different social and ecological
conditions and many solitary bee species have not been
evaluated for foraging distance. Sugar concentrations in
nectar may increase foraging distances for bees but has been
studied only in honey bees. They have been found to adjust
sugar concentrations in their crop depending on foraging dis-
tance and foraging task and the energetic requirements [47].
Eusocial insects with nectar stores may be able to use those
stores to increase thoracic temperatures and allow for flight
in suboptimal temperatures. High sucrose concentrations
have a positive effect on thoracic temperatures of bumble
bees, with an observed increase of 1-2 degrees Celsius above
ambient temperature [48]. Thoracic temperature response
to sugar concentration has not been studied in solitary bee
species. However, higher sugar levels should allow greater
foraging per unit volume of nectar because sugar is used as
the metabolic fuel for flight. Sugar concentration also affects
growth and development of bee larvae. Larvae in the family
Megachilidae have higher larval weights when fed increased
sugar concentrations [49]. High sugar concentrations may
result in a more energy-laden food. We found no literature
to support this idea, but if this is the case, it suggests that
adult foraging might be higher per unit volume of nectar
imbibed and larval development might be increased per unit
of provision.

Amino acids are the most abundant nutritional compo-
nent of nectar after sugars but are generally thought to be
less important as a nutritional source in nectar than they
are in pollen [21, 38]. Amino acids may affect the taste of
nectar [50] or the microbial communities in nectar, which
could in turn affect sugar constituents or concentration in
nectar [21]. It is debated whether amino acid concentrations
are selected for by bees or whether they are associated with

a plant species [40]. Flowers with very high amino acid
concentrations in nectar are visited more by pollinators,
such as lepidopterans, that forage for nectar as their only
energy and nutritional resource [38]. This compared to
bees, which forage for nectar as a source of flight energy
and nutrition and pollen as a source of adult and larval
nutrition.

There are conflicting findings on inter- and intraspecific
constancy in composition and concentrations of amino
acids in nectar of flowers. Baker and Baker [40] found
that intraspecific amino acid composition and concentration
were highly conserved, while Gardener and Gillman [50]
found intraspecific constancy in amino acid composition,
but greater intraspecific variation in concentration. Many
plants have high levels of the amino acid proline in their
nectar, which is important for flight muscle metabolism and
function [39, pg. 200] [51]. Minor nutrients that can be
found in nectar are lipids, minerals, and secondary plant
compounds. These are found at trace amounts, but may
have a large impact, causing greater floral visitation by bees
[21].

5. Pollen Chemistry and Dietary Requirements

Pollen is the major source of protein, free amino acids,
starch, sterols, lipids, vitamins, and inorganic elements for
bees [20, 21, 52]. Sugars are present in pollen but at low
concentrations [53]. Fresh pollen from a flower goes through
several biochemical changes from the time it is collected by
bees at the flower to storage in a hive or placed as a loaf
with an egg. This is due to the combination with nectar as
well as any chemicals ormicrobes transferred from the honey
stomach (proventriculus) and changes occurring once stored
in the hive/nest [21, 52, 54]. Many studies on the chemistry
of pollen and nectar have analyzed honey bee-collected
pollen, rather than pollen collected directly fromflowers [52],
which is most likely due to the amount of pollen needed for
accurate chemical analysis. It should be kept in mind that
what is collected at the flower can be significantly different
from pollen that is carried on the bee in pollen brushes or
baskets (scopa or corbiculae) or pollen that is fed or given to
larvae for growth and development. Transformation of pollen
chemistry may also differ for different bee species, depending
on chemical and microbial processes associated with each
species.

Protein makes up the largest composition of pollen and
has been found to make up approximately 2-60% of the dry
mass in hand-collected pollens; this varies interspecifically
across vascular plant taxa [21, 52]. Proteins are broken down
to their respective amino acids, which are then absorbed
and used in many different essential physiological processes.
Bees are efficient at nitrogen assimilation from ingested
proteins; some bee species retain anywhere from 35 to
50% of dietary nitrogen and some as high as 87% [52].
Presently, information on minimum or optimum dietary
protein levels is available for only for honey bees and stingless
bees (Meliponinae). For optimum brood rearing a colony
of honey bees requires pollen sources with approximately
20–30% protein; below these levels (5-10%) brood production
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is not initiated even by consuming more pollen [55]. In
comparison, a colony of stingless bees, which are eusocial
bees that are much smaller than honey bees, have stores of
pollen that contain similar levels of protein content required
by honey bees [55]. Many wild bee species are not eusocial
and therefore may require different minimal/optimal protein
levels.

Free amino acids are also abundant in pollen and many
are the limiting dietary component of pollen for bees. If
there are not enough of the essential amino acids in pollen,
bees will need to collect more pollen to provide adequate
nutrition for their larvae [21]. Most pollens contain all
essential amino acids required by bees, with contents and
concentrations varying interspecifically [52]. The seminal
paper for amino acid requirements in bees is by deGroot
[56]. He determined that there are 10 essential amino acids
for honey bees, and he estimated their minimum concen-
trations. These include, with minimum values expressed
as percent of protein, arginine (3.0), histidine (1.5), lysine
(3.0), tryptophan (1.0), phenylalanine (2.5), methionine (1.5),
threonine (3.0), leucine (4.5), isoleucine (4.0), and valine
(4.0). Presently, there have not been any studies to determine
if required essential amino acids are ubiquitous across bee
taxa, and if the minimum requirements are the same as
honey bees. Several nonessential amino acids are also present
at high levels in honey bee collected pollen; these include
proline, glutamic acid, aspartic acid, leucine, and lysine [57]
(Szczesna 2006).

Nutritional components that make up a small portion
of nutrients in pollen have not been studied to as great an
extent as protein and amino acid content. These include
sterols, starches, lipids, vitamins, and minerals. Pollen is
the only significant source of sterols for bees, and sterols
are an essential nutrient. Sterols make up less than 1% dry
weight in pollen for most plant species but are important for
biological processes such as hormone production. The most
important sterols for honey bees are cholesterols, which are
usually in the form of 24-methylene cholesterol [52]. Plant
species generally contain less than 1% starch in their pollen
but concentrations up to 22% have been found. It’s thought
that bees have a harder time digesting starch. Consequently,
plants that are primarily bee pollinated have lower levels of
this nutrient [52]. Lipids are obtained exclusively through
pollen. Lipid content of pollen is generally less than 10% of
dry pollen mass. However, lipid contents greater than 10%
are considered attractive to bees [20, 21, 52].The outer sheath
of pollen grains, called the “pollenkitt”, contains several
different lipids and it is thought that most of the lipids in
pollen are contained in this layer [52]. Many different water-
soluble, and few fat-soluble vitamins are found in pollen [52].
Vitamin deficiencies can lead to inhibited hypopharyngeal
gland development and decreased brood rearing in honey
bees. There is little known about vitamins for bee species
other than honeybees, such as solitary bees [52]. Minerals are
also found at low levels but may play an important role in
several aspects of bee development and health. For example,
zinc nutrition is important for honey bee survival and
without enough in the diet there is low to no brood rearing
[58].

6. Secondary Plant Compounds in
Nectar and Pollen

There have been several reported cases of both harmful and
beneficial compounds in nectar and pollen. The costs or
benefits that a bee species receives from a secondary plant
compound depend on several factors. For example, the nectar
alkaloid, gelsamine, produced by Carolina yellow jasmine,
Gelsemium sempervirens L., is known to have sublethal effects
on some bees. High concentrations of gelsamine decrease
oocyte development in subordinate bumble bees but have no
effect on larger bumble bees. At the bumble bee colony level,
the effects are more strongly seen in smaller less dominant
workers [59]. Gelsamine is also a deterrent to foraging for
nectar and pollen for the solitary Blue Orchard Bee adult,
Osmia lignaria Say, but does not affect the development of
larvae when introduced into their diet [60]. This suggests
that different effects can be seen across life stages for various
species. Secondary plant compounds may also have positive
effects on a bee post ingestion. The nectar alkaloid anabasine
was found to strongly decreaseCrithidia bombi Leger parasite
loads when its bumble bee host, B. impatiens, was fed high
concentrations [61–63]. Bees may be self-medicating with
secondary compounds in nectar. Richardson et al. [64] found
that bumble bees infected with Crithidia bombi parasites
increased foraging time on nectars high in iridoid glycoside
concentrations, produced by the turtlehead plant, Chelone
glabra L. Self-medicating was not seen with infection by the
parasitoid fly larva Physocephala tibialis L. This medicinal
effect could be beneficial for many of the bee species that can
tolerate this alkaloid. There has also been evidence in honey
bees of self-medication with secondary plant compounds
[65].

7. Probiotics of Pollen and Nectar

Study of the gut microbiome of bees, and of probiotics in
pollen and nectar are new areas of research for bees. Most
information regarding probiotics comes from investigations
on honey bees with both positive and negative effects
recorded. Microbes have been identified in many different
pollen and nectar sources [66–69], and provisions of bees
[69]. The dominant gut flora for many native wild bees seem
to come from pollen and nectar [69], but honey bees and
bumble bees differ in that brood bacteria are determined by
nurse flora, or social transmission [70, 71]. McFrederick and
Rehan [72] determined that pollen diversity is not a strong
predictor of bacterial diversity in provisions for a solitary
bee,Ceratina calcarata, but a species-specific relationship was
found between pollen of some plant species and bacteria.
This may be significant if certain bacteria are associated
with increased or decreased fitness for bees. More research
is needed to determine if this is the case and if there are
similarities in bee species.

A recent review of probiotics for honey bees reports
several studies that show positive effects such as increased
immunity to different diseases, increased egg laying, and
stronger colony production, but higher mortality was also
reported [73]. Schwarz et al. [74] showed that newly emerged
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worker honey bees, treated with microbial symbiont species,
were negatively affected, decreasing gene expression and
consequently increasing susceptibility to nutritional stress
and the protozoan Lotmaria passim Schwarz. This raises
concern about antibiotic treatment of honey bee hives and
early alteration of gut microbiome for bees. Early treat-
ment with antibiotics may kill beneficial symbionts and
lead to poor immunity and ability to deal with subse-
quent stressors. Bumble bees, just like honey bees, show
positive and negative effects from treatment with probi-
otics. Bombus terrestris colonies treated with Lactobacillus
kunkeei Edwards et al. and Lactobacillus crispatusa Moore
and Holdeman were less susceptible to pollen stress and
exhibited increased drone production but with lower total
drone weights [75]. We could find no studies of immune
response in solitary bee species upon administration of a
probiotic.

8. Quality, Quantity, and Diversity

A question that many conservation biologists are, or rather
should be, asking is whether the nutritional quality of plants
within the landscape matters for resident bees. Nutritional
stress can lead to several problems as demonstrated with
the honey bee. In honey bees, nutritional stress can lead to
poor foraging ability by a colony and individuals [76, 77],
and decreased longevity [78]. High quality diets in honey
bees have been shown to reduce stress in bees exposed to
Nosema apis Zander [79], Nosema ceranae Fries et al. [19,
79], and Varroa destructor Anderson and Trueman [79]. A
similar dynamic has been shown with pesticide exposure in
honey bees [79, 80] and exposure of bees to the Deformed
Wing Virus [79]. Much of the information we have on
nutritional quality comes from the honey bee with less from
commercially reared bumble bee species. Little information
is available on solitary bees.

Pollen quality is measured more often than nectar quality
when analyzing growth and development of larvae, and
protein and amino acid content have been the most common
determinates of pollen quality.Higher amounts of total amino
acid and polypeptide content has repeatedly been shown to
be beneficial to bees. Generally, if pollen has high protein
content is high in pollen the total amino acid content will
also be high. Free amino acid content may be significantly
different from protein and total amino acid content and
therefore a better predictor of pollen quality [21, 79]. In
bumble bees and solitary bees, forage plant pollen with higher
protein, amino acid, and free amino acid contents has been
shown to increase larval weights, egg production, pollen
utilization efficacy, and syrup or nectar collection [52, 81–84].
Fewer studies have focused on sterols as a measure of pollen
quality but a recent study by Moerman et al. [85] showed the
importance

90.sterols play in the development of bumble bee larvae.
Pollen that is higher in quality results in an increase in
thoracic temperature of bumble bees [86], although in this
study, pollen was tested for digestibility rather than nutri-
tional content. Pollen influence on thoracic temperature has
not been tested for solitary bees. In honey bees, a diverse diet

ensures collection of essential nutrients and requires diverse
plant species in a foraging area [87].

Pollen that is of high quality for one speciesmaynot be the
same quality for another species. It has been demonstrated
several times that different bee species are unable to develop
adequately on the same diets [88, 89].This has been observed
in both polylectic bees [89] and oligolectic bees [88]; there-
fore, pollen quality is defined by the bee species that associate
with a given plant species. Differences in the ability to develop
to adulthood may be due to toxins found in pollen that only
some bee species can tolerate [88, 90] or differences in the
ability to digest various pollens [52].

Nutritional content is not the only predictor of pollen
nutritional quality. An important aspect of pollen nutrition
is its digestibility by different bee species because of its
hard, structural exterior (pollenkitt) and interior (intine).
These are both protective barriers that prevent degradation
of pollen grains and resist digestion, so organisms that
consume pollen must have adaptations for adequate nutrient
absorption during digestion [52]. Pollen that is stored in a
hive or nest by honey bees, bumble bees, and solitary bees
for provisioning their eggs is mixed with nectar andmicrobes
throughout the collection process; this mixture provides
initial breakdown of the pollen. Adults and larvae then
process the pollen further during digestion, before excretion.
Plant species with pollen that has a more complex pollenkitt
and intine may be harder for bees to digest and alternatively
pollen grains that are less complex may be a food source that
is much easier to digest and assimilate nutrients. Few bees
have been tested for digestive efficiency. This is important
because different nutrients are digested and absorbed with
different efficiencies. Honey bees, which are generalist bees,
can process 50–98% of pollens ingested throughout their
lifetime [52]. Bee species that are floral specialists may have
more restrictive digestive abilities. In fact, digestibility and
assimilation efficiency could be an explanation for, or at least
a consequence of specialization.

Nectar, as a determinant of the nutritional quality of a
plant species, has received less research attention, but sugars
play an important role in development of bee larvae. Larval
survival may be less dependent on nectar sugars. Solitary
bees, in the familyMegachilidae, had higher larvalmasswhen
fed a diet with higher sugar content [49], but there was no
effect on larval survival with increasing or decreasing sugar
content of food.

An area of nectar quality that has not been well explored
is how nectar from different plant species affects the ability
of a bee species to digest pollen. There are different modes
of pollen digestion for different bee species, but nectar
may play an important role as it is generally mixed with
pollen before it is ingested. This mixing has been shown
to produce chemical changes [21, 52, 54], which may allow
for more effective digestion in bees, although to date this
has not been tested. For the stingless bee, Scaptotrigona
postica Latreille, digestibility was not affected by storage
when compared to freshly collected pollen by bees [91]. This
indicates that there may be an important biochemical change
due to exposure of pollen to nectar and this occurs during
foraging.
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9. Influence of Plant Growing Conditions on
Pollen and Nectar Nutrition

Nutrition of pollen and nectar may be influenced by growing
conditions of the plant. Soil fertility, pH, moisture, competi-
tion or population dynamics may be several of the conditions
that could affect pollen and nectar nutrition. Most studies
to date have focused on production of pollen and nectar,
which has been shown to varywith drought [92], temperature
[93], plant nutrients [94, 95], and levels of herbivory [96].
Nutrient availability in the soil has, so far, been the only
factor tested for its effect on nutrients in pollen and nectar.
Ceulemans et al. [97] found that sugars and free amino acids
in pollen and nectar were affected by nutrient availability for
Sucissa pratensis Moench. Overall, the total concentration of
amino acids increased in the pollen and nectar of fertilized
plants, but individual amino acids responded differently
to fertilization. Nectar sugars were slightly different, with
lower glucose concentrations in fertilized plants. Bumble bees
(Bombus terrestris L.) that visited the fertilized plants in this
study tended to have highermortality rates than those visiting
control plants. A similar result was also found by Hoover
et al. [98] who observed bumble bees collecting artificially
enhanced nectar.

10. Nutrition and Flower Visitation

Different bee species have been observed to visit the same
plant species at different rates, which is sometimes referred
to as foraging preference. Different plant characteristics may
be influencing bee forage behavior and many characteristics
may beworking together to influence bee vitiation to different
plant species [99]. These include but are not limited to floral
display [100, 101], volatiles [102], color [103], and nutritional
value [17, 104]. If bees can assess nutritional resources, they
may be able to select highly nutritious resources for the
rearing of brood and their own energetic needs, while
minimizing energy expenditures during foraging.

Pollen provides the majority of a bee’s nutritional and
developmental requisites, and therefore has been the focus
of studies examining the influences on bee visitation. Bees
are not always observed to select more nutritious pollen and
nectar sources. Honey bees and bumble bees collect pollen
differently. Bumble bees (Bombus terrestris and Bombus
pascuorum Scopoli) have been found to collect pollen with
significantly higher protein and essential amino acid levels
than pollen collected by honey bees [105]. Honey bees in
this same study focused on quantity rather than quality.
Leonhardt and Bluthgen [105] also found some overlap in
plant species visited by B. terrestris and Bombus pascuorum,
but in general, these two bee species visited a different
composition of plant species. Differences in nutritionally
modified foraging behaviors were also observed by Somme
et al. [104] in Bombus lapidaries L. and B. pascuorum, which
were observed to collect pollen with high concentrations of
essential amino acid and high phytosterol content, compared
to B. terrestris and Bombus hypnorum L., which collected
pollen with lower concentrations of essential amino acids
and phytosterols, and a larger amount of pollen. Bombus

impatienshas been found to prefer pollenwith high protein to
lipid ratios and were most attracted to ratios of 5:1 and 10:1, if
concentrations were below a certain threshold, as protein and
lipid concentrations increased B. impatiens consumption of
the diet decreased [17]. Many different bee species may have
highly adapted preferences for specific nutritional content.
We could find no studies of solitary bee species and their
assessment of the nutritional value of floral resources.

11. Bee Forage and Climate Change

Rapidly rising CO
2
levels and other shifts in the environment

due to climate change are among the many uncertainties
about the future of bees and the plants they rely on for their
nutritional needs. Plant species diversity, distributions, and
spread of invasive plant species are all affected by climate
change [106]. Ziska et al. [107] determined that protein levels
in pollen stores of North American bees are already showing
a decreasing concentration with increasing atmospheric CO

2

levels. This is concerning because higher protein levels are
associated with higher fitness [52, 81–84]. Due to potentially
varying plant species response to climate change, generalist
bees that forage on many different pollen and nectar sources
may have an advantage over specialists in the face of climate
change [108]. A comprehensive review by Goulson et al. [12]
points out that climate change may work in conjunction and
might even be synergistic with other stressors that bees face.

12. Conclusions

Regarding native wild bee nutrition, we know that bees
require pollen and nectar as a source for proteins, amino
acids, carbohydrates, lipids, minerals, vitamins, and many
other compounds. Requirements for native wild bees are
poorly known and highly variable due to their diverse
characteristics and the fact that many solitary bee species
are hard to rear in an environment suitable for study. Our
understanding of wild bee nutrition is based upon data
collected from bumble bees. Nectar nutrition and quality
are associated with higher sugar concentrations for bumble
bees, but these aspects are not known for solitary bees.
Pollen rich in proteins, essential amino acids, and lipids, is
expected to be of high quality, but there is evidence that
at high concentrations some nutrients may deter foraging
by bumble bees. There are also different foraging behaviors
for various bumble bee species based on specific nutrients
in pollen and nectar. While this pattern is likely to apply
to many solitary bee species, there is currently no unified
concept regarding wild bee nutrition, and the likelihood of
developing such a concept appears low. The growing body of
research on probiotics and the enhancement of nutrition for
bees is promising, but more research is needed to determine
the health effects on native wild bees.

A few common aspects of nutrition appear to be shared
by most or all bees. Nutritional stress is brought on if the
essential nutrients in pollen are insufficient or the ratios
of these nutrients are unbalanced. This deficiency can lead
to decreased fitness. Bee species vary in their requirements
for different amounts of essential nutrients, but probably all
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bees require every one of them. Without adequate levels of
carbohydrates in nectar, bees cannot maintain enough energy
to perform daily tasks such as foraging, colony maintenance,
rearing brood, or constructing and provisioning nests.

To increase our effectiveness in bee conservation and to
enhance their diversity and abundances, we need to further
investigate the physiological basis of limiting nutrients for
both bumble bee and solitary bee species. We could find only
one study that has addressed this, for amino acids, and the
study focused on honey bees [56]. A comprehensive study
on the nutritional requirements of bumble bee and solitary
bee species has not yet been completed. There is also little
known about the foraging preference or behaviors of solitary
bees. This information would help conservation biologists to
develop lists of forage plant species that would be best suited
for reservoir plantings.

Environmental conditions and their effects on pollen and
nectar nutritional content are of great importance to con-
servation of native wild bees. Decreased survival of bumble
bees with increased soil fertility and pollen nutritional levels
[98] is cause for concern, especially in landscapes continually
enhanced by human activity such as agricultural landscapes
and residential gardens. That phenomenon is also contra-
dictory to the evidence that honey bee nutrition can offset
the deleterious effects of exposure to pesticides, diseases,
and pests. If native wild bees react differently to increased
pollen and nectar nutritional levels, then comparing their
nutritional needs to honey bees is misleading. Honey bee
research on stress reduction with high quality nutrition is
promising, but more research is needed for native wild
bees. Self-medication by native wild bees suggests that this
is a promising area of research. The impact of nutritional
status as a cumulative process across several generations of
bees is another area of conservation research that needs
to be addressed. If poor nutrition is transferred from a
founding reproductive female to her offspring there may
be consequences for resulting populations of that species.
This research question, as all the nutrition queries previously
mentioned, will bemuch easier to investigate with bee species
that can be reared in a laboratory setting or other controlled
environments.

Overall, there are major gaps in knowledge of native wild
bee nutrition. Bumble bee nutrition research is receiving
more attention and we soon should be able to compare
similarities between bumble bees and honey bees. Solitary
bees will need much more attention in the future, especially
because the solitary life history strategy for bees is dom-
inant in north temperate biomes. Without comprehensive
knowledge of the basic nutritional needs of native wild
bees we may be at a disadvantage in developing strategies
for their conservation. For example, Ceulemans et al. [97]
determined that increased soil nutrients had a negative effect
on pollen nutritional content and as a result B. terrestris
colonies showed decreased fitness. If this could potentially
be exhibited on a population scale across large geographic
regions, then the outlook for species that respond in this
manner is bleak. Honey bees are an important pollinator for
our crops and can substitute for some native bee pollination,
but native wild bees represent highly coevolved pollination

systems with our native plant communities and native crops
such as insect-pollinated lowbush blueberry [109, 110] and
cranberry [110].
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