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 Pollination of both wild and crop plants is at a crossroads; honey bee populations are 

experiencing losses at a higher rate than ever before, and some native bee species are declining 

in abundance to the point of being listed as endangered species.  A few examples of these threats 

include pesticide exposure, habitat loss, and climate change.  In response to bee population 

declines, conservation efforts have been initiated to increase habitat quality for bees by planting 

pollinator reservoirs or gardens.  Plants provide nutrition to bees in the form of pollen and nectar.  

Several studies have shown links between higher nutritional quality in pollen and nectar and 

increased fitness in the following generations of bees. 

 Our knowledge of bee nutrition has increased dramatically by studying the managed 

honey bee (Apis mellifera L.) and several species of the commercially available bumble bees, but 

little is known of the nutritional requirements of wild native bees.   In Chapter One I summarized 

the published literature on managed bee and wild native bee nutrition.  A synthesis of this 

information was used to develop a speculative dissertation on wild native bee nutrition.   



 
 

Chapter Two presents the results of my research conducted with the objective of 

determining the role of nutritional quality of pollen and nectar both directly and indirectly on bee 

visitation to flowers in the field.  I hypothesized that pollen and nectar quality, as defined by both 

amino acids diversity and sugar ratios and concentration, will have a larger effect on bee 

visitation rates than other floral characteristics.  I also hypothesized that an increase in soil 

fertility would increase pollen amino acid content and in turn bee visitation.  I conducted two 

field experiments to test these hypotheses.  

In the first experiment, I observed four bee taxa (Honey bees, all Bumble bees excluding 

the species Bombus ternarius, the bumble bee species: Bombus ternarius, and all Other Bees) for 

visitation on four selected plant taxa (Bee’s friend [Phacelia tanacetifolia], Blanket flower 

[Gaillardia aristata], Borage [Borago officianalis, and Sunflower [Helianthus annuus 

‘Zebulon’]) in four locations in Downeast Maine.  Floral morphological characteristics and 

nutritional content of pollen and nectar were measured to determine which characteristics were 

correlated with bee visitation to flowers.  I found that bees in different taxa foraged preferentially 

on one or several of our selected four species, but pollen amino acids and the floral traits 

measured were not factors influencing this visitation.   

In the second experiment, I varied soil fertility for jewelweed (Impatiens capensis) and 

measured subsequent floral production, flower morphological characteristics, pollen amino acids, 

and bumble bee visitation.  I found that increased fertilizer did have a positive effect on plant 

growth, flower production, and amino acid content, which in turn positively influenced bumble 

bee visitation.  The number of open flowers, and not amino acid content, was the consistent 

predictor of bee visitation to flowers. 
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CHAPTER 1 

A REVIEW OF NATIVE WILD BEE NUTRITIONAL HEALTH 

Abstract 

 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 

suggest that their nutritional requirements could be quite different. 

Status of Bees and Their Health 

Pollination is mostly an example of a mutually beneficial relationship 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 (Klein et al. 2007, Ollerton et al. 2011).  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 (Potts et al. 2010, 
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Cameron et al. 2011, Smith et al. 2014, Koh et al. 2016).  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 (Smith et al. 2014, UNEP 2010).  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 (Neumann and Carreck 2010, USDA-EPA 2013). Native 

wild bees are hard to identify and require experienced taxonomists and are therefore less studied 

and more difficult to quantify (Colla et al. 2012).  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 (Winfree 

2010, Goulson et al. 2015, Kerr et al. 2015).  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 the world), and seven bee 

species recently listed as federally endangered in the United States, with several more species 

suggested for listing (Nieto et al. 2014; Fish and Wildlife Service 2016). 

Several factors negatively impact bee populations including pesticide exposure, habitat loss 

and/or degradation, predators, parasites, diseases, and climate change (Potts et al. 2010, Winfree 

2010, Smith et al. 2014, Goulson et al. 2015).  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 (Goulson et al. 2015).  Conservation, restoration and protection of bee habitat 

across many different landscapes are needed to increase bee abundances and ensure pollination 

for both agricultural and non-agricultural native plant communities.   

Bee forage is also a factor that affects bee abundance and health (Persson et al. 2015, Vaudo 

et al. 2015).  A lack of bee forage may cause bee populations to decrease or show signs of 
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nutritional stress (Naug 2009, Di Pasquale et al. 2013).  The goal 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 recently accomplished for honey 

bees (Brodschneider and Crailsheim 2010, Nicolson 2011), 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. 

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 (see Michener 

2007, Nicholson 2011, Brodschneider and Crailsheim 2010).  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 (2007) 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 and 

nectar 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 
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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 (Michener 2007).   

 The life history of eusocial bees is very different and is described for bumble bees by 

Goulson (2003) and for honey bees by Caron et al. (2013).  Eusocial bees collect pollen and 

nectar for adult nutrition as well 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 (Vogt 

et al. 1994).  She then lays eggs and upon hatch, provisions brood (larvae) progressively and 

throughout their development until pupation. Newly emerged female workers collect pollen and 

nectar for themselves and brood (larvae) while males either don’t 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 (Toth and Robinson 

2005, Brodschneider and Crailsheim 2010, Paoli et al. 2014). 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 (Paoli et al. 2014).  It’s not known if this is the case for 
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other eusocial bee species, although in B. impatiens, percent lipid of the diet is correlated with 

body size, but not tasks within the colony (Couvillon et al. 2011).  

Larval Diets 

 Maternal investment is an important aspect of bee development 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 (Hoover et al. 2006).   

In eusocial bees, the quality and quantity of pollen and nectar seem to dictate foraging 

activities.  Honey bees monitor nectar and honey stores in the colony and adjust foraging 

behavior accordingly (Seely 1998).  In bumble bees, it appears that pollen and nectar quality 

determine the rate of foraging and level of stores within a colony (Dornhaus and Chittka 2005, 

Kitaoka and Nieh 2008). Pollen and nectar quality may also have an influence on the rate of 

resource collection (Konzmann and Lunau 2014, Stabler et al. 2015).  Bumble bees have been 

observed to monitor honey pots and pollen stores; then adjust the number of foraging individuals 

and collection behaviors accordingly (Dornhaus and Chittka 2005, Kitaoka and Nieh 2009).  In 

solitary bees, the amount of nectar and pollen provisioned to an offspring has been shows to have 

a linear relationship with body mass (Muller et al. 2006). 

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 
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levels to male and female offspring, with added variation in female provisions, which results in 

highly varied adult female weights (Kapheim et al. 2011).   The small carpenter bee, Ceratina 

calcarata Robertson, provisions the last female offspring with 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 (Lawson et al. 2016). 

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 (Baker 1977, 

Brodschneider and Crailsheim 2010, Nicolson et al. 2011).  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 (Willmer 2011, P. 195).  Most nectars 

contain all three sugars, while few contain hexose sugars alone (Baker and Baker 1983). The 

sugar composition is highly variable due to biotic and abiotic influences in the plant and 

environment (Willmer 2011, 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) (Kim et al. 2011). The 

optimal sugar concentration in nectar for bumble bees is between 50 – 65% for sucrose alone 

(Harder 1986), but many factors may affect imbibition for different bee species, such as ambient 

pressure (Borrell 2006).  Solitary orchid bees (Pokorny et al. 2014) and male carpenter bees 

(Wittmann and Scholz 1989) have been documented to manipulate nectar sugar concentrations 
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by dehydrating them with different tongue or mouth movements.  There have been no studies on 

the optimal concentration ranges for solitary bee species.  Concentration isn’t 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 (Harder 1986).  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 (Greenleaf et al. 2007), 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 distance and foraging task and the energetic requirements (Harano and Nakamura 

2016).  Eusocial insects with nectar stores may be able to use those stores to increase thoracic 

temperatures and allow for flight in sub-optimal 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 (Nieh et al. 2006).  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 

(Burkle and Irwin 2009).  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 
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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 component of nectar after sugars but are 

generally thought to be less important as a nutritional source in nectar than they are in pollen 

(Baker 1977, Nicolson 2011).  Amino acids may affect the taste of nectar (Gardener and Gillman 

2002) or the microbial communities in nectar, which could in turn affect sugar constituents or 

concentration in nectar (Nicolson 2011).  It is debated whether amino acid concentrations are 

selected for by bees or whether they are associated with a plant species (Baker and Baker 1973).  

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 (Baker 

1977).  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 intra-specific constancy in composition and 

concentrations of amino acids in nectar of flowers.  Baker and Baker (1977) found that intra-

specific amino acid composition and concentration was highly conserved, while Gardener and 

Gillman (2001) found intra-specific constancy in amino acid composition, but greater intra-

specific 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 (Beenakkers et al. 

1984, Willmer 2011 (pg. 200)).  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 (Nicholson 2011). 
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Pollen Chemistry and Dietary Requirements 

 Pollen is the major source of protein, free amino acids, starch, sterols, lipids, vitamins, 

and inorganic elements for bees (Roulston and Cane 2000, Brodschneider and Crailsheim 2010, 

Nicolson 2011).  Sugars are present in pollen but at low concentrations (Cane et al. 2011).  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 or microbes transferred from the honey 

stomach (proventriculus), and changes occurring once stored in the hive/nest (Roulston and Cane 

2000, Human and Nicolson 2006, Nicolson 2011).  Many studies on the chemistry of pollen and 

nectar have analyzed honey bee-collected pollen, rather than pollen collected directly from 

flowers (Roulston and Cane 2000), 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 inter-specifically 

across vascular plant taxa (Roulston and Cane 2000, Nicolson 2011).  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 – 50% of dietary nitrogen, and some as high as 87% 

(Roulston and Cane 2000).  Presently, information on minimum or optimum dietary protein 
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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 is not initiated even by consuming more pollen 

(Herbert et al. 1977).  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 (Vossler 2015).  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 aren’t enough of the essential amino acids in pollen, bees 

will need to collect more pollen to provide adequate nutrition for their larvae (Nicolson 2011).  

Most pollens contain all essential amino acids required by bees, with contents and concentrations 

varying inter-specifically (Roulston and Cane 2000). The seminal paper for amino acid 

requirements in bees is by deGroot (1953).  He determined that there are 10 essential amino 

acids for honey bees, and he estimated their minimum concentrations.  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 non-essential amino acids are also present at high levels in honey 

bee collected pollen, these include proline, glutamic acid, aspartic acid, leucine and lysine 

(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, 
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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 (Roulston and Cane 2000).  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 (Roulston and Cane 2000).  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 (Roulston and Cane 2000, Brodschneider and 

Crailsheim 2010, Nicolson 2011).  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 (Roulston and Cane 2000).   Many different water-soluble, and few fat-soluble 

vitamins are found in pollen (Roulston and Cane 2000).  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 

(Roulston and Cane 2000).  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 (Zhang et al. 

2015). 

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 
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compound depends on several factors.  For example, the nectar alkaloid, gelsamine, produced by 

Carolina yellow jasmine, Gelsemium sempervirens L., is known to have sub-lethal 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 (Manson and Thompson 2009).  

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 (Elliott et al. 2008).  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 decrease Crithidia bombi Leger 

parasite loads when its bumble bee host, B. impatiens, was fed high concentrations (Anthony et 

al. 2015, Richardson et al. 2015, Palmer-Young et al. 2016).  Bees may be self-medicating with 

secondary compounds in nectar.  Richardson et al. (2016) 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 (Erler and 

Mortiz 2016). 

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 
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different pollen and nectar sources (Jojima et al. 2004, Fridman et al. 2011, McFrederick et al. 

2017, Avarez-perez et al. 2013), and provisions of bees (McFrederick et al. 2017).  The dominant 

gut flora for many native wild bees seem to come from pollen and nectar (McFrederick et al. 

2017), but honey bees and bumble bees differ in that brood bacteria are determined by nurse 

flora, or social transmission (Engle and Moran 2013, Kwong and Moran 2016).  McFrederick 

and Rehan (2016) 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, stronger colony 

production, but higher mortality was also reported (Audisio 2017).  Schwarz et al. (2016) 

showed that newly emerged 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 

treatment with antibiotics may kill beneficial symbionts and lead to poor immunity and ability to 

deal with subsequent stressors.  Bumble bees, just like honey bees, show positive and negative 

effects from treatment with probiotics.  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 
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(Billiet et al. 2017).  We could find no studies of immune response in solitary bee species upon 

administration of a probiotic.   

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 (Schulz et al. 1998; Scofield 

and Mattila 2015), and decreased longevity (Wang et al. 2014).  High quality diets in honey bees 

have been shown to reduce stress in bees exposed to Nosema apis Zander (Huang 2012), Nosema 

ceranae Fries et al. (Huang 2012, Di Pasquale et al. 2013), and Varroa destructor Anderson and 

Trueman (Huang 2012). A similar dynamic has been shown with pesticide exposure in honey 

bees (Huang 2012, Schmehl et al. 2014), and exposure of bees to the Deformed Wing virus 

(Huang 2012).  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 (Nicolson 2011, Huang 2012).  In bumble bees and solitary bees, forage plant 

pollen with higher protein, amino acid, and free amino acid contents, has been shown to increase 



15 

 

larval weights, egg production, pollen utilization efficacy, and syrup or nectar collection 

(Genissel et al. 2002, Roulston and Cane 2002, Tasei and Aupinel 2008, Vanderplanck et al. 

2014, Moerman et al. 2016).  Fewer studies have focused on sterols as a measure of pollen 

quality but a recent study by Moerman et al. (2017) showed the importance 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 (Mapalad et al. 2008), although in this study, pollen was 

tested for digestibility rather than nutritional 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 (Filipiak et al. 2017). 

Pollen that is of high quality for one species may not 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 (Williams 2003, Sedivy et al. 2011).  This has been observed in 

both polylectic bees (Sedivy et al. 2011) and oligolectic bees (Williams 2003), therefore, 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 (Williams 2003, Praz et al. 2008) or differences in the ability to digest various 

pollens (Roulston and Cane 2000).  

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 (Roulston and Cane 2000).  Pollen 

that is stored in a hive or nest by honey bees, bumble bees, and solitary bees for provisioning 
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their eggs, is mixed with nectar and microbes 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 (Roulston and Cane 2000).  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 family Megachilidae, had 

higher larval mass when fed a diet with higher sugar content (Burkle and Irwin 2009), 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 (Roulston and Cane 2000, Human and Nicolson 2006, Nicolson 2011), 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 (Fernandes-da-Silva and Serrao 2000).  This indicates that there 
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may be an important biochemical change due to exposure of pollen to nectar and this occurs 

during foraging. 

Influence of 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, competition 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 vary with drought (Wasser and Price 2016), 

temperature (Jakobsen and Kritjansson 1994), plant nutrients (Vasek et al. 1987, Lau and 

Stephenson 1994), and levels of herbivory (Strauss et al. 1995).  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. (2017) 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 higher mortality rates than those visiting control plants.  A 

similar result was also found by Hoover et al. (2012) who observed bumble bees collecting 

artificially enhanced nectar. 

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 be working together to influence 
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bee vitiation to different plant species (Nicholls and de Ibarra 2017).  These include, but are not 

limited to, floral display (Essenberg 2013a, Essenberg 2013b), volatiles (Wright and Schiestl 

2009), color (Bukovac et al. 2017), and nutritional value (Somme et al. 2015, Vaudo et al. 2016).   

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 (Leonhardt and Bluthgen 2012).  Honey bees in this 

same study focused on quantity rather than quality.  Leonhardt and Bluthgen (2012) 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. (2015) in Bombus 

lapidaries L. and B. pascuorum, which were observed to collect pollen with high concentrattions 

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 impatiens has been found to prefer pollen 

with 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 (Vaudo et al. 2016).  Many different bee species 
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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. 

 

Bee Forage and Climate Change 

Rapidly rising CO2 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 (Caplat et al. 2013).  Ziska et al. (2016) determined that protein 

levels in pollen stores of North American bees are already showing a decreasing concentration 

with increasing atmospheric CO2 levels.  This is concerning because higher protein levels are 

associated with higher fitness (Genissel et al. 2002, Roulston and Cane 2002, Tasei and Aupinel 

2008, Vanderplank et al. 2014, Moerman et al. 2016).  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 (Miller-Struttmann et al. 

2015).  A comprehensive review by Goulson et al. (2015) points out that climate change may work 

in conjunction and might even be synergistic with other stressors that bees face. 

Synthesis and 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 
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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 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 (DeGroot 1953).  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 
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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 conservation of native wild bees.  Decreased survival of bumble bees with 

increased soil fertility and pollen nutritional levels (Hoover et al. 2012) is cause for concern, 

especially in landscapes continually enhanced by human activity such as agricultural landscapes 

and residential gardens.  That phenomenon is also contradictory 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 be much 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 dominant in north temperate 

biomes.  Without comprehensive knowledge of the basic nutritional needs of native wild bees we 
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may be at a disadvantage in developing strategies for their conservation. For example, 

Ceulemans et al. (2017) 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 

co-evolved pollination systems with our native plant communities and native crops such as 

insect-pollinated lowbush blueberry (Asare et al. 2017). 
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CHAPTER 2 

THE EFFECT OF PLANT NUTRITION ON BEE FLOWER VISITATION 

Abstract 

 In recent decades declines in some bee species and overall abundance have come to light 

and are of great concern due to the ecological importance of bees and their pollination of crops 

worldwide.  Several factors have contributed to this decline, including but not limited to habitat 

loss, pesticide exposure, pests, diseases, and climate change.  Nutritional content of bee food, 

pollen and nectar, is an important aspect of bee health.  Bees fed high quality diets of pollen and 

nectar show increased fitness when exposed to the stressors that cause population declines.  

Several studies have shown that bees forage preferentially for specific floral traits or nutritional 

content.  It has been proposed that nutritional content, specifically pollen amino acids, are the 

most important factor for bees when they are foraging at flowers.  We hypothesized that pollen 

and nectar quality affect bee visitation rates among co-flowering plant species.  We also 

hypothesized that increased soil fertility will increase nutritional content, amino acids, of pollen 

and in turn bee visitation to flowers.  We set up two field studies to test this idea.  In the first 

experiment, we observed Bombus spp., Bombus ternarius (orange-banded bumble bee; Family: 

Apidae), Other Bees (solitary bees), and Apis mellifera (honey bee; Family: Apidae) visitation on 

the following plants: Helianthus annuus ‘Zebulon’ (Sunflower ‘Zebulon’; Family: Asteraceae). 

Gaillardia aristata (blanketflower; Family: Asteraceae), Borago officinalis (Borage; Family: 

Boraginaceae), and Phacelia tanacetifolia (bee’s friend; Family: Boraginaceae).  The number of 

open flowers, corolla depth, flower diameter and nutritional content of pollen and nectar were 

measured to determine which characteristics were correlated with bee visitation to flowers.  We 

found that bees in different taxa foraged preferentially on one or several of our selected four 
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species, but pollen amino acids, and the floral traits measured were not the factors influencing 

this visitation.   

In the second experiment, we varied soil fertility for Impatiens capensis (jewelweed, 

Family: Balsaminaceae) and measured subsequent floral production, flower morphological 

characteristics, pollen amino acids, and bumble bee visitation.  We found that increased fertilizer 

did have a positive effect on plant growth, flower production, and amino acid content, which in 

turn positively influenced bumble bee visitation.  However, the number of open flowers and not 

amino acid content was the consistent predictor of bee visitation to flowers. 

Introduction 

 Globally bees are facing threats such as habitat loss, pesticide exposure, climate change, 

diseases and pests, that can negatively impact population numbers (Potts et al. 2010, Winfree 

2010, Cameron et al. 2011, Smith et al. 2014, Goulson et al. 2015, Koh et al. 2016).  Without 

adequate bee populations, our crop pollination security and wild plants may be at risk.  Bees are 

the largest contributors to pollination worldwide, providing approximately 90% of pollination to 

wild vascular plant species and 75% to food crops, constituting 35% of world crop production 

value (Guillard et al. 2002, Klein et al. 2007).  

Bees that do not receive adequate nutrition show signs of nutritional stress, such as poor 

foraging ability, decreased longevity, and lower population abundances (Schulz et al. 1998, Di 

Pasquale et al. 2013, Wang et al. 2014, Scofield and Mattila 2015).  Bees undergoing nutritional 

stress may also have less ability to survive other stressors such as pesticide exposure, diseases, 

pests and parasites, and climate change (Huang 2012, Di Pasquale et al. 2013, Goulson et al. 
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2015).  Conservation efforts to improve habitat quality should focus on providing adequate 

quantity and quality of pollen and nectar sources for bees.  

 Pollen and nectar contain all nutritional needs for bees and their brood, although a few 

bee species collect plant oils and resins (Nicholson 2011).  Some plants provide pollen and 

nectar that contain concentrations of necessary nutrients, such as proteins, essential amino acids, 

lipids, carbohydrates, and vitamins (Nicholson 2011).  Nectar is a major source of carbohydrates 

and has trace amounts of lipids, inorganic compounds, vitamins, and plant secondary metabolites 

(Baker 1977, Brodschneider and Crailsheim 2010, Nicholson et al. 2011).  Nectar sugars are 

either hexose dominant (fructose and glucose) or sucrose dominant.  Most nectars contain all 

three sugars, but some may have a dominant sugar (Baker 1983) and this is highly variable 

across different environmental conditions (Willmer 2011).  Pollen is a major source of protein, 

essential amino acids, starch, sterols, lipids, vitamins and inorganic compounds for bees 

(Roulston and Cane 2000, Brodschneider and Crailsheim 2010, Nicholson 2011).  Fresh pollen is 

generally mixed with nectar when it is collected by a bee which then influences its chemical 

composition (Nicholson 2011). 

Apis melifera L. (Hymenoptera, Apidae) or honey bees are the most studied taxa 

regarding nutrition.  They are a eusocial bee species in which a colony usually has only one egg 

laying queen with many workers performing different tasks, including provisioning larvae with 

food.  Foraging worker bees collect pollen and nectar to bring back to feed larvae and for storage 

in the colony, which the adults in the colony will use stored resources for their nutritional needs.  

Workers within the colony require different nutrients at different stages of their lives (Toth and 

Robinson 2005, Brodschneider and Crailsheim 2010, Paoli et al. 2014).  Honey bee larvae are 

progressively provisioned until pupation (Caron et al. 2013).  Bumble bees (Bombus spp.) are 
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also a taxon of eusocial bees with one egg-laying queen and worker bees.  Queen bumble bees 

emerge in the spring and feed on pollen and nectar for energy and to develop ovaries.  Once her 

first brood has matured they take over the tasks of taking care of new brood and foraging for 

nectar and pollen for storage in the nest.  Many other wild bee taxa have different life histories 

and are solitary.  Female bees feed on nectar and pollen for their nutritional needs but have no 

storage.  Females lay eggs, each of which she provisions with all the pollen and nectar the larva 

will need to mature to an adult (Michener 2007).   

Larval diets consist of both nectar and pollen that are provisioned by the egg-laying 

female, in the case of solitary bees, or the worker females in eusocial colonies (Michener 2007, 

Nicholson 2011).  The nutrition provided by adult females carries over to progeny fitness 

(Hoover et al. 2006).  It has been shown in several eusocial bee species that adult females change 

foraging behavior based on the quality and quantity of pollen stored in the colony (Seely 1998, 

Kitaoka and Nieh 2008, Kitaoka and Nieh 2009).  The facultatively eusocial bee Megalopta 

genalis Meade – Waldo (Hymenoptera; Halictidae) and the small carpenter bee Ceratina 

calcarata Robertson (Hymenoptera; Apidae) have also been shown to manipulate nutritional 

quality of food given to larvae (Kapheim et al. 2011).  Larvae that are provided a lower quality 

diet have decreased fitness and will stay in the nest to take care of sibling larvae resulting in 

higher fitness of those nurtured individuals.  Nectar that contains high carbohydrate levels and 

pollen with high protein, essential amino acids, sterols, and lipids are referred to as high-quality 

diet (Somme et al. 2015).  Bees that preferentially visit flowers that provide better nutrition may 

be able to garner enough nutrition for themselves and their larvae to increase inclusive fitness 

and in turn reduce the effects of stressors in their environment. 
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In the landscape, different bee species bees have been observed foraging on different 

flowering plant species at different rates (Somme et al. 2015, Bukovac et al. 2017).  Generalist 

bees (polylectic) forage for pollen and nectar from many different plant species and regularly 

switch their pollen and nectar sources based on available rewards (Heinrich 1979).  Specialist 

bees focus on one (monolectic, obligate pollinators of one plant species) or a few related plant 

taxa (oligolectic) (Williams 2003, Michener 2007).  Foraging preference among generalist bees 

has been attributed to several floral and landscape characteristics such as floral display 

(Essenberg 2013a, Essenberg 2013b, Fowler et al. 2016), flower volatiles (Wright and Schiestl 

2009), color (Bukovac et al. 2017), and nutrition (Somme et al. 2015, Vaudo et al. 2016).  Also 

influencing foraging behavior are flowering phenology of plants and native wild bees in the guild 

that visit them (Carson et al. 2016).  Bees have also been found to preferentially visit flowers that 

have higher levels of compounds or beneficial microbes that act against pathogens. This is 

referred to as self-medication (Richardson et al. 2015, Richardson et. al. 2016).    

Many different aspects of pollinator and floral characteristics have been shown to 

influence bee visitation such as tongue length and corolla depth (Goulson et al. 2008).   Bees that 

forage on pollen and nectar high in essential nutrients have higher fitness (Tasei and Aupinel 

2008), therefore higher quality pollen and nectar should be a foraging priority for bees, as 

predicted by optimal foraging theory (Waddington and Holden 1979). 

 Most studies regarding bee floral preference have focused on one or two factors that 

might influence flower visitation by bees (Wright and Schiestl 2009, Essenberg 2013a, 

Essenberg 2013b, Somme et al. 2015, Bukovac et al. 2017).  Somme et al. (2015) found that 

although nutrition strongly influences bee visitation rates, floral density also needs be 

considered.  Gorden and Adler (2013) found that increased fertilizer levels for jewelweed 
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flowers increased plant growth, flower abundance, and bee visitation on flowers.  Sugar 

concentration measured in the same study was not found to increase with added fertilizer, but 

nectar volume increased.  The authors did not test whether the increase in visitation was due to 

increased nectar volume or more abundant flowers.    

We examined multiple morphological and biochemical floral characteristics that could 

drive plant selection by bees.  We hypothesized that nutrition of pollen and nectar will be the 

greatest predictor of bee visitation when compared to number of open flowers, corolla depth, 

flower diameter, and patch density.  We also hypothesized that increased soil fertility will 

increase nutritional content in terms of amino acids in pollen and will increase bee visitation to 

flowers.  We set up two field studies to test this idea. 

Materials and Methods 

Experiment I – Bee garden foraging choice 

The first experiment that we conducted was in the summer of 2015.  The object was to 

determine the importance of different floral characteristics to bee visitation.  We measured 

several floral characteristics previously found to have an influence on bee visitation to flowers 

(Dibble et al., unpublished) including the number of open flowers in a plot, corolla depth, flower 

diameter, and disc corolla depth.  Pollen was also collected for measurement of nutritional 

content.  All flower species selected for the study were observed (Dibble et al., unpublished) to 

be overlapping in phenology and documented as attractive to bees.  We hypothesized that pollen 

nutrition would be the factor explaining the highest proportion of variance in flower visitation by 

bees. 
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Plant Species.  Four plant species were observed regarding bee visitation; these include 

Helianthus annuus L. ‘Zebulon’ (Sunflower ‘Zebulon’; Family: Asteraceae), Gaillardia aristata 

Pursh. (blanketflower; Family: Asteraceae), Borago officinalis L. (Borage; Family: 

Boraginaceae), and Phacelia tanacetifolia Bentham (bee’s friend; Family: Boraginaceae).  These 

plants all have a relatively similar phenology, based on flowering dates collected in summer 

2014 (Dibble et al., unpublished data). 

Experimental Design.  This study was initiated in June 2015 within established pollinator 

research plantings at four sites: Rogers Farm Forage and Crop Research Facility in Stillwater, 

Maine (Penobscot Co., Lat: 44.930364, Long: -68.692877); Dan-a-Dew Farm (Lat: 44.466417, 

Long: -68.633625) and Four Fields Farm (Lat: 44.47601, Long: -68.630973) commercial 

blueberry farms in Blue Hill, Maine (Hancock Co.); and Blueberry Hill Farm, University of 

Maine Research Station in Jonesboro, Maine (Washington Co., Lat: 44.464581, Long: -

67.648223).  At each site, the research planting was comprised of a grid of 36, 1-m2 quadrats, 

each planted with one plant species or established as pollinator habitat, with plots separated by   

1-m wide paths covered with landscape fabric. Gaillardia aristata seedlings were grown in a 

greenhouse in the spring of 2015; 12 seedlings were then transplanted in the first two weeks of 

June into one quadrat at each the four field sites.  Helianthus annuus ‘Zebulon’ and B. officinalis 

were each direct seeded in a 3x4 grid within a 1-m2 quadrat at each site. Phacelia tanacetifolia 

seeds were broadcast as a cover crop into a 1-m2 quadrat at each of the four sites. 

Gaillardia aristata, B. officinalis, and P. tanacetifolia began flowering at the end of July.  

We began observing bee visitation on 23 July and continued weekly until 28 August.  Helianthus 

annuus ‘Zebulon’ began flowering in August; we observed bee visitation weekly from 13 August 

to 3 September.  Observations of bee visitation consisted of three independent one-minute 
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intervals at each site, once a week, until 28 August.  Bees that landed on a flower and foraged in a 

quadrat were counted but not counted again if they moved to another flower in the quadrat.  Bee 

groups recorded during the one-minute observations included Apis mellifera, Bombus ternarius, 

Bombus species (excluding B. ternarius), and Other Bees.  Other Bees included solitary bees and 

species not identifiable on the wing with certainty. 

Floral characteristics and the number of open flowers were also measured in the quadrats.  

Four flowers per quadrat were randomly selected and measured for corolla depth (mm) and flower 

diameter (cm).  Disc flowers of H. annuus ‘Zebulon’ and G. aristata inflorescences were 

measured for corolla depth.  Borago officinalis flowers didn’t have a fused corolla and were 

therefore not measured.  The entire inflorescence of H. annuus ‘Zebulon’ and G. aristata were 

measured for flower diameter.  One flower of a P. tanacetifolia inflorescence was measured for 

corolla depth.  The entire inflorescence (disc and ray flowers) of H. annuus ‘Zebulon’ and G. 

aristata was counted as a flower and individual flowers of B. officinalis and P. tanacetifolia 

inflorescences were counted for the number of open flowers. 

Pollen and Nectar Collection.  In a separate planting, pollen and nectar were collected from 

flowers of the species listed above for chemical analysis.  Individual plots (12 x 5.5m) were 

planted at Blueberry Hill Farm and at Rogers Farm.  Soil from each plot was tested and the 

appropriate amendments were made to produce enough flowers for pollen and nectar analysis.  

Rows for the four plants were spaced .5 m apart.  Gaillardia aristata plants were started in 

spring 2015, and transplanted the second week of June, at 0.25-m spacing within two rows.  

Helianthus annuus ‘Zebulon’ seeds were direct seeded at 0.4-m spacing and 1.5-cm depth in two 

rows; B. officinalis seeds were direct seeded at 0.4-m spacing and 0.75-cm depth in two rows; 

and P. tanacetifolia seeds were broadcast in the row.  Plots mulched with straw after planting to 
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reduce weed pressure and watered approximately 3 times each week.  The plot in Jonesboro 

failed to produce enough flowers for pollen and nectar collection. 

 Collection of pollen and nectar involved covering flowers with exclusion cages or mesh 

bags to prevent insect visitation and pollen/nectar contamination.  Exclusion cages were used for 

B. officinalis and P. tanacetifolia plants because hundreds of flowers were required for adequate 

pollen and nectar collection.  Mesh bags did not cover sufficient numbers of flowers for the 

samples in these two species.  Mesh bags were used for G. aristata flowers and H. annuus 

‘Zebulon’ flowers because fewer flowers were needed for pollen and nectar collection and bags 

covered an entire inflorescence.  Only unopened flowers were bagged, and old flowers were 

removed under exclusion cages to prevent older less viable pollen or nectar collection.  Pollen 

from G. aristata and H. annuus ‘Zebulon’ flowers were brushed with a clean paintbrush into 3.7 

mL glass vials.  B. officinalis flowers were removed and placed over the opening of a glass vial, 

then vibrated with a 440 Hz tuning fork to extricate pollen from anthers.  Phacelia tanacetifolia 

anthers were removed from the plant and pollen was removed from anthers after freeze-drying, 

by shaking glass vials so pollen would stick to the vial.  All pollen samples and the anthers from 

P. tanacetifolia were stored in a -80oC freezer until freeze drying and chemical analysis was 

performed.  Nectar was extracted using the methods developed by Arnold and Michaels (2017).  

Flowers from the four selected plants were removed and placed into a 50 or 2.5ml centrifuge 

tube.  Individual flowers from inflorescences of B. officinalis, P. tanacetifolia, and H. annuus 

‘Zebulon’ were collected and placed in 2.5ml centrifuge vials upside down with glass wool to 

prevent pollen contamination.  The vials were centrifuged at 1500 rpm for 30 seconds.  

Gaillardia aristata inflorescences were collected and placed upside down in 50 mL centrifuge 
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tubes with glass wool.  These tubes were then centrifuged at 2500 rpm for 30 seconds.  Nectar 

was stored at -80oC until sugar analysis was conducted.   

Experiment II – Effect of Soil Fertility on Pollen Quality and Bee Foraging 

 The second experiment was conducted to determine the effects of soil fertility on 

Jewelweed flowering characteristics, pollen and nectar nutrition, and bee visitation.  In summer 

2015, we assessed floral characteristics and bee visitation for high, low, and no fertilizer 

treatments.  In summer 2016, we controlled for the number of flowers produced by high fertilizer 

treatments; an additional high fertilizer treatment was included where some flowers were 

removed to match the number of flowers in low fertilizer treatments, and bee visitation was 

observed.  We hypothesized that high concentrations of fertilizer would increase flower 

production, pollen and nectar nutrient levels, and bee visitation on flowers, with nutrition in 

pollen as the factor influencing bee visitation. 

Plant Species.  Impatiens capensis M. (Jewelweed, Family: Balsaminaceae) plants were used to 

study the effects of soil fertility on pollen and nectar nutrition.  Seedlings were selected from 

natural habitat (Orland, ME in 2015 and Hampden, ME in 2016) and grown in the soil in which 

they were originally collected until they were transplanted. 

Experimental Design.  On 16 June 2015, a total of 85 I. capensis seedlings were transplanted to 

1-gallon plastic plant pots with Sun Gro Fafard 3b soil mixture.  Each pot was given one of three 

fertilizer treatments: 1) high (27g Osmocote), 2) low (7 g Osmocote), or 3) no fertilizer.  The 

analysis of Osmocote fertilizer is 9-15-12 with a three to four-month release (ICL Specialty 

Fertilizers, Dublin OH). Pots were arranged in an unheated clear polyethylene film-covered hoop 

house with drip irrigation set to water for 20 minutes at 7 AM and 20 minutes at 3PM every day.  
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Pots were randomly placed within four statistical blocks.  Blocks were arranged based on shade 

pattern throughout the day.  Each block contained 4 high, 4 low, and 4 no fertilizer plants, 

separated by non-treatment edge plants.  Plants were spaced approximately 0.5 meter apart in 

rows that were spaced 0.6 meter apart.  Plants were supported with bamboo rods when they grew 

too tall to stand on their own and tied to the rod once they began to outgrow their spacing.  In 

total, 48 experimental plants and 85 edge plants, or plot border plants, were used for this study, 

shown in Figure 1.  Plants were collected and separated into stems, leaves and flowers and then 

dried in a drying room for measurement of above ground growth in each category (g). 

 On 28 July 2016, a total of 33 I. capensis seedlings were planted in the same 

polyethylene film-covered hoop house and into the same conditions as the 2015 experiments 

excluding the zero-fertilizer treatment.  Instead, a second high-fertilizer treatment was set up to 

remove flowers produced so they matched the number of flowers the low fertilizer treatment 

produced.  Pots were randomly arranged within four statistical blocks separated by edge plants, 

each block containing one high fertilizer, one high fertilizer with flower removal, and one low 

fertilizer treated plant. Blocks were arranged based on shade covering throughout the day.  Plants 

were approximately 0.5 meter apart and rows were spaced 0.6 meters apart.  Plants were 

supported with bamboo rods once they were too tall to stand on their own, and tied to the rods 

once they began to outgrow their spacing.  In total, 12 experimental plants and 21 edge plants 

were used for this study, shown in Figure 1.  Above ground growth of stems, leaves, and flowers 

were collected using the same methods from 2015. 



34 

 

 

Figure 1.  Experimental set-up of 2015 and 2016 Impatiens capensis pots.  O represents edge 

plants and X represents treatment plants.  Each block contained high fertilizer (27g Osmocote), 

low (7g Osmocote) and zero fertilizer (0 g Osmocote) treatments in 2015(top).  In 2016 (bottom) 

each block contained high (27g Osmocote), low (7g Osmocote), and high fertilizer with flower 

removal to match low fertilizer treatments. 

Soil measurements.  Soil pH and EC (electrical conductivity) measurements were made to 

assess fertility differences among the three treatments.  For each pot, 200 mL DI water was 

poured through the soil, and collected in plastic saucers.  Measurement of soil pH and EC were 

made on this solution after it had fully drained into each saucer.  Measurements were made once 

every other week for a total of four collections in 2015 and two collections in 2016. 

Bee visitation.  When plants began flowering, three plants in each block were selected as pollen 

and nectar collection plants.  One plant in each block was not bagged and used for bee visitation 
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observations and was the subject for flower counts and measurement of the number of open 

flowers, flower diameter, and corolla depth.  The plants used for bee visitation observations were 

not tied up when space became limited in the hoop house.  Plants were observed for three one-

minute intervals and any bumble bee visits were recorded.  In 2016, few bees were observed at 

the start of the experiment in the hoop house, so a Bombus impatiens Cresson (Hymenoptera, 

Apidae) class B hive (Koppert Biological Systems, Inc.) was set up in the hoop house to ensure 

visitation to I. capensis flowers. 

Pollen and nectar collection.  Three plants from each treatment in each block were randomly 

selected for pollen and nectar collection.  Flower buds were bagged and checked daily for bloom.  

Upon bloom, anthers were removed from flowers and pollen grains were brushed into glass vials, 

then stored in a -80 °C freezer until processing for chemical analysis.  Nectar samples were 

collected with 5 ul microcapillary pipets after anthers were removed and flower spurs were 

checked for pollen contamination.  Microcapillary pipets were covered with parafilm at both 

ends and stored in a -80 °C freezer until analysis.  Nectar samples were lost before chemical 

analysis, and therefore were not analyzed for sugar content.  A total of four high fertilizer and 

three low fertilizer samples were tested for amino acid content.  The no fertilizer treatment plants 

had no flowers to sample. 

Chemical Analysis 

Experiment I.  Pollen samples were lyophilized before processing for free amino acid analysis.  

Samples were processed according to the procedures of the Donald Danforth Plant Science 

Center Proteomics and Mass Spectrometry Facility Free Amino Acid Analysis (Donald Danforth 

Plant Science Center 2018).  The ACQUITY UPLC® System coupled with the AccQ*TagTM 
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Ultra Chemistries were used in the UPLC Amino Acid Analysis Solution.  Samples were 

prepared with the Waters’ AccQ*Tag derivitization method and AccQ*FluorTM reagent.  The 

column used was the AccQ*Tag Ultra UPLC column and mobile phases.  The method for 

separation ran for a total of 9 minutes and amino acids were quantified with single wavelength 

UV detection. 

A total of 4 H. annuus ‘Zebulon’ nectar samples, 9 G. aristata samples, 12 B. officinalis 

samples, and 25 P. tanacetifolia samples were analyzed for fructose, sucrose and glucose.  One 

thousand uL of 50:50 CH3CN: H20 was added to each microcentrifuge vial and centrifuged for 

30 seconds.  Ten uL of solution was injected into an Agilent 1100/1200 system equipped with a 

quaternary pump, retractive index detector (RID), Shodex NH2P-40 3E column and Shodex 

NH2P-50G3A guard.  The column was held at 30° C.  Samples were injected with an isocratic 

65:35 (Acetonitrile: DI water) mobile phase at a flow rate of 0.5 mL/min.   Peak areas were 

recorded, and data was analyzed using Agilent Chemstation software.  Sugar analysis was 

conducted by Dr. Brian Perkins in the School of Food and Agriculture.  Three of four samples 

from H. annuus ‘Zebulon’, nine out of 16 samples from G. aristata, 12 of 28 samples from B. 

officinalis, and seven of 47 samples from P. tanacetifolia produced results for sugar analysis. 

Experiment II.  Pollen samples were dried in a freeze dryer prior to processing.  Samples were 

processed for free amino acid analysis based on the Donald Danforth Science Center Proteomic 

and Mass Spectrometry Facility free amino acid processing procedure (Donald Danforth Plant 

Science Center 2018).  Samples were run at their facility and checked for the amino acids 

Histidine (His), Asparagine (Asp), Serine (Ser), Glutamine (Glu), Arginine (Arg), Glycine (Gly), 

Glutamic Acid (Gln), Threonine (Thr), Alanine (Ala), Proline (Pro), Cysteine (Cys), Lysine 

(Lys), Tyrosine (Tyr), Methionine (Met), Valine (Val), Isoleucine (Iso), Leucine (Leu), 
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Phenylalanine (Phe), and Tryptophan (Try).  Chemical analyses were only completed on samples 

collected in 2015. 

Statistical Analysis 

Experiment I.  All statistical analyses were conducted in RStudio (RStudio Team 2015).  Two 

time periods were used for statistical analysis.  Time period I indicates the flowering period 

when H. annuus ‘Zebulon’ was not flowering (23 July – 10 August).  Time period II indicates 

the flowering period when H. annuus ‘Zebulon’ was flowering (13 August – 03 September).  

Floral characteristics (number of open flowers, flower diameter, and corolla depth) were 

analyzed with generalized linear models using the negative binomial link function or if the data 

were normally distributed, general linear model analysis of variance was used.  Bee visitation 

observations were analyzed with generalized linear models using the negative binomial link 

function or if the data were normally distributed, general linear model analysis of variance was 

used.  Independent analyses were conducted for each of the bee species/groups (A. mellifera, 

Bombus spp, B. ternarius, and Other Bees).  Pairwise comparisons of visitation data were also 

conducted for each time period and P-values were corrected for Type 1 error with multiple 

comparisons (maintaining the experiment-wise error at α = 0.05).  Because H. annuus ‘Zebulon’ 

flowered later than the other three plant species, two separate analyses were conducted for the 

dates that H. annuus ‘Zebulon’ was not flowering (23 July to 10 August), and when it was (13 

August to 2 September).  The different flowering periods were also tested to determine any 

significant differences in bee visitation during the two separate flowering periods.  Pearson linear 

correlation analyses were used to determine which recorded flowering characteristics were 

influencing bee visitation to flowers and Bonferroni correction was used to correct for Type I 

error with multiple comparisons (maintaining the experiment-wise error at α = 0.05).   Non-
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metric Multidimensional Scaling (NMDS) ordination was used to determine if specific amino 

acids were associated with pollen of each of the plant species, and correlation analyses were 

subsequently used to determine which amino acids were correlated with visitation for each bee 

group/species.  Linear correlation analysis was used to determine if amino acid concentration 

was associated with bee visitation for all bee groups/species. 

Experiment II.  Statistical analyses were completed in RStudio (RStudio Team 2015) and the 

Students t-test was completed in Excel (Microsoft Office, Version 1075).  The 2015 dry weights 

of stems, leaves and flowers were compared for high and low treatments using general linear 

model analysis of variance.  PH (2015 and 2016) and EC (2015) measurements were analyzed by 

comparing confidence intervals.  Dry weights of high, low, and high-with-flower-removal 

treatments in 2016 were analyzed with general linear model analysis of variance with Tukey 

post-hoc tests (Heumann et al. 2016).  Bee visitation observations were analyzed with linear 

regression for 2015 and 2016 data, and Principal Component Analysis (PCA) was used to 

determine relationships among variables collected in 2015.   

Results 

Experiment 1 

The number of open flowers differed between the four plant species in both Time Period 

I and II (Table 1).  Phacelia tanacetifolia had significantly more flowers than Gaillardia aristata 

(Z = 9.262, P < 0.0001) and Borago officinalis (Z = 7.240, P < 0.001) during time period one 

(when Helianthus annuus ‘Zebulon’ wasn’t flowering).  In an analysis of Time Period II, when 

H. annuus ‘Zebulon’ was flowering, P. tanacetifolia plants had more flowers than G. aristata (Z 

= 2.801, P = 0.03), B. officinalis (Z = 2.790, P = 0.03), and H. annuus ‘Zebulon’ (Z = 8.987, P < 
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0.001).  Helianthus annuus ‘Zebulon’ had fewer flowers than G. aristata (Z = -6.428, P < 0.001), 

and B. officinalis (Z = -6.004, P < 0.001).  Flower diameter was different among all flowers 

during Time Period I (Table 1).  P. tanacetifolia flowers had smaller diameter than both B. 

officinalis (Z = -3.356, P = 0.002) and G. aristata (Z = -6.320, P < 0.001).  G. aristata flowers 

had significantly larger diameter than B. officinalis (Z= 4.016, P < 0.001).  During Time Period 

II, flower diameter was different among the four plants (Table 2).  P. tanacetifolia had smaller 

flowers than H. annuus ‘Zebulon’ (Z = -5.871, P < 0.001), and G. aristata (Z = -3.933, P < 

0.001).  H. annuus ‘Zebulon’ capitula were larger than G. aristata (Z = 5.225, P < 0.001), and 

individual flowers of B. officinalis (Z = 6.260, P < 0.001).  Flowers did not have different corolla 

depths (Table 1). 

Table 1. Measurements of floral characteristics for P. tanacetifolia, B. officianalis, G. aristata, 

and H. annuus ‘Zebulon’ in 2015.  Comparisons were made from 23 July to 10 August when 

only three of the species were co-flowering and 13 August to 3 September when all four plant 

species were co-flowering.  Means followed by the same letters are not significantly different at 

P < 0.05. Standard errors are included after each mean. 

Sampling Period Plant Species Number of 

Open Flowers 

Flower Diameter 

(cm) 

Corolla Depth 

(mm) 

23 July – 10 August      

 B. officianalis 47.9 ± 9.0 b 2.9 ± 0.1 b NA 

 P. tanacetifolia 505.8 ± 117.1 a 0.9 ± 0.04 a 7.8 ± 0.3 a 

 G. aristata 28.1 ± 4.9 b 7.0 ± 0.2 c 7.9 ± 0.4 a 

13 August – 3 

September 

    

 B. officianalis 79.0 ± 37.9 b  3.0 ± 0.06 b NA 

 P. tanacetifolia 236.0 ± 75.1 a 0.7 ± 0.04 a 7.1 ± 0.2 a 

 G. aristata 82.5 ± 14.1 b 6.3 ± 0.4 c 7.1 ± 0.4 a 

 H. annuus 

‘Zebulon’ 

8.4 ± 1.4 c 16.5 ± 0.9 d 9.3 ± 0.2 a 
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Time Period was a significant predictor of visitation for Bombus spp. (X2
(1) = 7.7018, P = 

0.006), and Other Bees (X2
(1) = 8.8505, P = 0.006) but not Apis mellifera or Bombus ternarius (P 

> 0.05).  Plant species was a significant predictor of visitation for Bombus spp. (X2
(2) = 57.762, P 

= 0.03), B. ternarius (X2
(2) = 54.081, P < 0.0001) and Other Bees (X2

(2) = 36.222, P = 0.004).  

Bombus spp. did not differ significantly in visitation rates between the plant species (P > 0.05).  

Bombus ternarius visited P. tanacetifolia more than it did B. officinalis (Z = 4.651, P < 0.001) 

and G. aristata (Z = 3.228, P = 0.01).  Other Bees did not differ significantly in visitation rates 

between the plant species (P > 0.05; Fig. 2a – d).  Pairwise comparisons of bee group visitation 

to plant species show slightly different results with a significant P-value of 0.004 (Table X).  For 

honey bees, plant species was a significant predictor of visitation when comparing G. aristata 

and B. officianalis (X2
(1) = 34.562, P = 0.003), but Tukey’s post hoc test showed no significance 

between G. aristata and B. officinalis (P > 0.004).  For Bombus spp., plant species was a 

significant predictor of bee visitation when comparing G. aristata and B. officinalis (X2
(1) = 

35.958, P <0.001), but Tukey’s post hoc test showed no significance (P > 0.004).  Plant species 

was a significant predictor of B. ternarius visitation between P. tanacetifolia and B. officinalis 

(X2
(1) = 65.510, P < 0.0001) and G. aristata (X2

(1) = 71.858, P < 0.0001).  Visitation was 

significantly higher for P. tanacetifolia than B. officinalis (Z = 5.915, P <0.001) and G. aristata 

(Z = 6.376, P < 0.001).  Plant species was a significant predictor of visitation between G. aristata 

and B. officinalis (X2
(1) = 13.497, P = 0.002) for Other Bee’s, but Tukey’s post hoc test showed 

no significance (P > 0.004). 
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Table 2.  Visitation of A. melifera, Bombus spp., B. ternarius, and Other Bees on B. officinalis, 

G. aristata, and P. tanacetifolia for time period I.  Means followed by the same letters are not 

significantly different at P < 0.05.  Letters followed by a 1 were significant at P < 0.05 for the 

full negative binomial analysis of visitation to plant species.  Letters followed by a 2 were 

significant at P < 0.004 for the negative binomial pairwise comparisons of bee visitation to plant 

species. Standard errors are included after each mean. 

 Plant species   

Bee Group G. aristata B. officianalis P. tanacetifolia 

A. melifera 0.38 ± 0.16 1.93 ± 1.06 1.08 ± 1.05 

Bombus spp. 4.58 ± 0.80 1.94 ± 0.52 4.78 ± 2.45 

B. ternarius 0.58 ± 0.21 b.1, b.2 0.22 ± 0.13 b.1, b.2 18.05 ± 7.05 a.1, a.1 

Other Bees 1.13 ± 0.22 b.1 0.12 ± 0.10 b.1 0.97 ± 0.40 a.1 

  

During the second observation/flowering, plant species was a strong predictor of 

visitation for Bombus spp. (X2
(3) = 21.387, P = 0.004), B. ternarius (X2

(3) = 76.837, P < 0.0001), 

and A. mellifera (X2
(3) = 22.845, P = 0.03).  Bombus spp. did not differ significantly in visitation 

rates between the plant species (P > 0.05).  Bombus ternarius visitation was higher on P. 

tanacetifolia compared to visitation on H. annuus ‘Zebulon’ (Z = 3.089, P = 0.02), G. aristata (Z 

= 4.987, P < 0.001), and B. officinalis (Z = 4.313, P < 0.001).  Apis mellifera did not differ 

significantly in its visitation rates between the plant species (P > 0.05), despite no visits by 

honey bees to P. tanacetifolia during this time (Fig. 2a – d).  Negative binomial pairwise 

comparisons of visitation data show slightly different results (Table 3).  For A. melifera, plant 

species was a significant predictor of visitation when comparing G. aristata and B. officinalis 

(X2
(1) = 14.168, P < 0.001), but Tukey’s post hoc test show no significant different in visitation 

(P > 0.002).  Plant species was a significant predictor of B. ternarius visitation between P. 

tanacetifolia and B. officinalis (X2
(1) = 69.415, P < 0.0001), P. tanacetifolia and G. aristata (X2

(1) 

= 69.415, P < 0.0001), and P. tanacetifolia and H. annuus ‘Zebulon’ (Z = 3.109, P = 0.008).  B. 

ternarius visitation was significantly higher on P. tanacetifolia than B. officinalis (Z = 4.296, P < 
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0.001), G. aristata (Z = 5.017, P < 0.001), and H. annuus ‘Zebulon (Z = 3.109, P = 0.008).  

Floral morphological characteristics (number of open flowers, flower diameter, and corolla 

depth) were not significant predictors for visitation with Bonferroni correction.   

Table 3.  Visitation of A. melifera, Bombus spp., B. ternarius, and Other Bees on B. officinalis, 

G. aristata, P. tanacetifolia, and H. annuus ‘Zebulon’ for time period II.  Means followed by the 

same letters are not significantly different at P < 0.05.  Letters followed by a 1 were significant at  

P < 0.05 for the full negative binomial analysis of visitation to plant species.  Letters followed by 

a 2 were significant at P < 0.004 for the negative binomial pairwise comparisons of bee visitation 

to plant species. Standard errors are included after each mean. 

 Plant species    

Bee Group G. aristata B. officianalis P. tanacetifolia H. annuus 

‘Zebuon’ 

 

A. melifera 

 

1.48 ± 0.59 

 

1.92 ± 0.95 

 

0 ± 0 

 

0.45 ± 0.33 

Bombus spp. 2.78 ± 0.67 1.95 ± 0.76 0.73 ± 0.29 0.96 ± 0.30 

B. ternarius 0.39 ± 0.25 

b1, b2 

1.56 ± 0.27 

b1, b2 

7.87 ± 5.50 

a1, a2 

0.04 ± 0.04 

b1, b2 

Other Bees 0.17 ± 0.07  

 

1.36 ± 0 

 

0.33 ± 0.33 0,17 ± 0.13 
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Figure 2.  Number of open flowers per quadrat and visitation for A. mellifera, B. ternarius, B. 

spp., and Other Bees on B. officinalis (A), G. aristata (B), P. tanacetifolia (C), and H. annuus 

‘Zebulon’ (C) flowers.  Observations began on 23 July and ended on 28 August in 2015.  Time 

period I runs from 23 July to 10 August.  Time period II runs from 13 August to 03 September.  

Bars are mean bee visits and line represents number of open flowers. Error bars are standard 

errors of the mean. 
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Seventeen of the 25 amino acids tested were detected in the pollen of H. annuus 

‘Zebulon’, G. aristata, P. tanacetifolia, and B. officianalis.  Overall the relative ratios of amino 

acids were similar among the four selected plant species, except that eight of the amino acid 

concentrations in P. tanacetifolia were found at low concentrations (Fig. A1, see Appendix).  

Non-metric multidimensional scaling ordination showed separation of amino acid composition 

for the plant species (Fig. 3).  Borago officinalis flowers had significantly greater volume 

(ug/flower) than G. aristata (Z = 3.000, P < 0.001) and H. annuus ‘Zebulon’ (Z = 3.685, P = 

0.01).  Phacelia tanacetifolia flowers had a significantly larger volume of nectar per flower than 

G. aristata (Z = 2.871, P = 0.01).  Calculations of hexose (fructose + glucose) to sucrose ratios 

revealed that G. aristata nectar sugars were more hexose dominant compared to the rest of the 

plant species (Fig. A2, Appendix).  Bee visitation was not correlated with specific amino acids, 

total amino acids, essential amino acids, or recent total amino acids.  
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Figure 3.  Non-metric multidimensional scaling ordination of amino acid profiles in the pollen 

of the four plant species studied for bee visitation. 

Experiment II 

Confidence intervals (95%) were separate for pH measurements in 2015, but electrical 

conductivity (EC) measurements were not (Table A1, Fig. A4a-b).  Confidence intervals (95%) 

had slight overlap for the high fertilizer and high-fertilizer-with-flower-removal treatments, but 

no overlap occurred between the low fertilizer and both high fertilizer treatments (Table A1).  In 

2015 treatment was a significant predictor of pH (F(2) = 100.05, P < 0.0001) and EC (F(2) = 

13.3271, P < 0.0001) of soil (Fig. 4a – b).  Soil pH was highest for the no fertilizer treatment 



46 

 

compared to the high (t = 13.754, P < 0.0001) and low fertilizer (t = 3.978, P < 0.001) 

treatments.  Soil pH was higher for the low fertilizer treatment compared to the high fertilizer 

treatment (t = 9.759, P < 0.0001).  Soil EC was lower for the no fertilizer treatment compared to 

the high fertilizer treatment (t = -4.972, P < 0.0001).  Soil EC was lower in the low fertilizer 

treatment compared to the high fertilizer treatment (t = -3.673, P < 0.0001).  Soil EC was not 

significantly different between the low and no fertilizer treatment (P > 0.05).  In 2016 treatment 

was a strong predictor of soil pH (F(2) = 37.8395, P < 0.001).  Soil pH was higher for the low 

fertilizer treatment compared to the high fertilizer treatment (t = 6.704, P < 0.001) and high-

fertilizer-treatment-with-flower-removal (t = 8.153, P < 0.001).  Soil pH was not significantly 

different between the high and high-fertilizer-with-flower-removal treatments (P > 0.05). 

Treatment was a significant predictor of stem dry weight (X2
(6) = 534.36, P < 0.001), leaf 

dry weight (X2
(5) = 16.950, P < 0.009), and flower dry weight (X2

(5) = 19.355, P = 0.007) in 2015 

with the low fertilizer treatment having lower dry weights than the high fertilizer treatments (Fig. 

4a).   In 2016 treatment was also a significant predictor of stem dry weight (X2
(6) = 19.510, P = 

0.002).  The low fertilizer treatment had lower stem dry weight than the high fertilizer treatment 

(t = -6.176, P = 0.002), and the high-fertilizer-with-flower-removal treatment (t = -3.897, P = 

0.02).  There was no difference in stem dry weight between the high fertilizer and high-fertilizer-

with-flower-removal treatment (P > 0.05).  Treatment was a significant predictor of leaf dry 

weight (X2
(6) = 19.509, P = 0.002).  Leaf dry weight was lower for the low fertilizer treatment 

than the high fertilizer treatment (t = -6.176, P = 0.001), and the high-fertilizer-with-flower-

removal treatment (t = -3.897, P = 0.02).  Treatment was also a significant predictor of flower 

dry weight in 2016 (X2
(6) = 20.506, P = 0.002).  The flower dry mass was lower in the high-

fertilizer-with-flower-removal treatment than the high treatment (t = -4.062, P = 0.02).  Flower 
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dry weight was also lower in the low fertilizer treatment than high fertilizer treatment (t = -6.319, 

P = 0.002).  There was no difference between the low fertilizer and high-fertilizer-with-flower-

removal treatments (P > 0.05). 

 

Figure 4.  Dry weights of high and low fertilizer treatments in 2015 (A) and dry weights for high 

fertilizer, high-fertilizer-with-flower-removal, and low fertilizer treatments in 2016 (B).  Error 

bars are standard errors.  Asterisks denote treatment differences at P ≤ 0.05. 

Treatment was a strong predictor of bee visitation in 2015 (F(2, den df) = 27.88, P = 0.003, 

Fig. 5).  In the high and low treatments 23 of the 25 amino acids tested were found.  These 

include histidine, asparagine, serine, glutamine, arginine, glycine, aspartate, glutamate, 

threonine, alanine, gamma-aminobutyric acid, proline, cysteine, lysine, tyrosine, methionine, 

valine, isoleucine, leucine, phenylalanine and tryptophan.  Fertilizer levels were a strong 

predictor of total amino acid concentration (t(df) = -8.557, P < 0.001).  Kruskal Wallace tests 

show significant differences in every amino acid (X2
(1) = 4.5, P = 0.03) except proline (P = 0.07).  

Linear regression models with false discovery protection show that the number of open flowers 

per plant, flower diameter, and corolla depth are not significant predictors of bee visitation (P > 

0
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0.05).  After Bonferoni correction, many of the amino acids detected were observed to be 

predictors of bee visitation; these include serine, glycine, threonine, alanine, gaba, lysine, valine, 

leucine, phenylalanine, tryptophan, as well as the total amino acid content and essential amino 

acid content (Table A3, see Appendix).  Principal components analysis (PCA) shows a strong 

relationship between bee visitation and free amino acid content, total amino acid content, and the 

individual amino acids.  The PCA ordination corroborates the linear regression analysis (Fig. 6). 

 

Figure 5.  Bee visitation for high and low fertilizer treatments in 2015.  Error bars are standard 

errors. 
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Figure 6.  Principal component analysis of 2015 experimental variables.  Data includes all amino 

acids, total amino acid concentration, essential amino acid concentration, flower diameter 

(Flw.Diam), corolla depth (Cor.Dep), flowering area (Flw.Area), and the number of open flowers 

(OF).  Amino acids are all clustered around visitation (left) and floral characteristics are just 

outside (Flw.Diam, Flw.Area, and OF) or to the left (Cor.Dep). 

In 2016 treatment was also a strong predictor of bee visitation (X2
(2) = 27.847, P = 0.04, 

Fig. 7).  The high fertilizer treatment had significantly more visits than the high fertilizer 

treatment with flower removal (to match the number of flowers in the low fertilizer treatment) 

(t= 3.865, P = 0.02) and the low fertilizer treatment (t = 4.479, P = 0.01).   The number of open 
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flowers, corolla depth, and flower diameter were not significant predictors of visitation (P > 

0.05).

 

Figure 7.  Bee visitation for high fertilizer, low fertilizer, and high-fertilizer-with-flower-

removal treatments in 2016.  Asterisk denotes treatment difference at P ≤ 0.05.  Error bars are 

standard errors. 

 Discussion  

Experiment I – Bee garden foraging choice 

 Phacelia tanacetifolia flowers produced the largest number of flowers per plant in each 

1-meter squared quadrat than the rest of the plant species, but flowers had the smallest diameter.  

Helianthus annuus ‘Zebulon’ flowers had the largest diameter once the flowers opened.  Borago 

officinalis and G. aristata had a relatively similar number of flowers throughout the study.  

Corolla depth was not significantly different for each of the plants selected, although Borago 

officianalis flowers did not have a closed corolla, therefore no data were recorded for this 

species.  The flowers do however have nectaries that are protected by epidermal tissue at the 
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base of the anthers. Borago officinalis flowers also have poricidal anthers, therefore, pollen is 

released at a much higher rate when buzz pollinated (Corbet et al. 1988).  The diameter of P. 

tanacetifolia flowers was larger than the diameter of individual disc flowers of H. annuus 

‘Zebulon’ and G. aristata. 

Borago officinalis, Phacelia tanacetifolia, Helianthus annuus ‘Zebulon’, and Gaillardia 

aristata were visited by all the bee taxa observed for this study (Fig. 2a and 2b).  Total bee 

visitation was significantly different between the two flowering periods for each bee group 

except honey bees. Plant species was not a significant predictor of visitation for either time 

period and honey bees forage into late fall in Maine (Lund 2018) increasing the bee visitation we 

observed in period II.  Differences in total visitation for Bombus spp., B. ternarius, and Other 

Bees could be explained by floral resource availability or differences in taxa present in the 

landscape.  Bombus spp. and B. ternarius populations may be increasing or decreasing 

throughout their active period depending on the availability of surrounding floral resources and 

the caste status of the colonies.  In the bumble bee species B. vosnesenkii, floral resource 

availability was positively correlated with the number of workers and drones produced by a 

colony in the Central Valley of California (Williams et al. 2012).  Our four planting areas, 

containing 34 flowering plant species, and the surrounding landscape may have provided enough 

forage for Bombus spp. and B. ternarius colonies to increase in size throughout the mid to late 

summer, at which point drones and gynes are produced instead of workers.  This finding doesn’t 

necessarily apply to solitary bees because eggs and larvae produced during the summer do not 

emerge as adults until the following spring unless multiple generations are produced during the 

growing season; a few species in Maine are multivoltine (Dibble et al. 2017).  Differences in 

solitary bee species visitation throughout the summer may be explained by different bee species 
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emerging throughout the observation periods.  There are currently no phenological records 

published for bees in Maine, but a recent study in New Hampshire showed phenological 

differences for several bee species throughout the growing season (Tucker and Rehan 2016).  In 

the New Hampshire study, bumble bee species were present for most of the observations with 

several solitary species, but some solitary species were present for only one collection. 

 Bumble bee species, as a group, were not observed to have a flower preference in the first 

flowering period.  This changed during the second flowering period with much higher visitation 

on Borago officinalis, and Gaillardia aristata.  Bumble bee species differ in their physical traits, 

such as tongue length, visitation may be parsed into more specific preferences.  As an example, 

in our study, Bombus ternarius had significantly higher visitation on P. tanacetifolia than on any 

other plant species in both flowering periods (Fig. 2c).  Bees species with either long or short 

tongue lengths have been shown to have overlap in foraging preferences, but primarily forage on 

distinct species (Goulson et al. 2008).  Corolla depth was not significantly different for the 

flowers selected in this study, so tongue length may have been less a factor in forage selection 

and specialization among the bumble bees we observed.  The number of open flowers per plant 

was not found to significantly influence bee visitation but showed a trend for B. ternarius (P = 

0.06).  As the number of open flowers increased throughout the flowering period, B. ternarius 

visitation increased.  Bombus ternarius could differ in its floral preferences from those of all 

other bumble bees we observed, in a species specific manner.  Other Bees, which could include 

several different species of solitary bees, had almost no visitation on B. officinalis during the 

second flowering period.  This may be due to the occurrence of new flowering resources during 

the late summer and early fall, or that some bee species observed in the middle of the summer 
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were no longer active in the late summer and early fall.  Apis melifera is a generalist bee and has 

been observed to visit many plant species (Hilgert – Moreira et al. 2013, Graham 2015). 

Free amino acids may be a better predictor of bee visitation (Huang 2012), therefore we 

tested free amino acid content instead of protein bound amino acids.  There were clear 

distinctions between plant species and amino acid content.  This is consistent with previous 

findings on pollen nutritional content and inter species variation (Roulston and Cane 2000).  

Sugar ratios were variable, and many nectar samples did not contain detectable concentrations of 

fructose, glucose, and sucrose.  Due to a lack of flowers at one planting site we were unable to 

collect pollen and nectar at a second site for statistical analysis of the relationship between pollen 

and nectar concentrations and bee visitation rates. Low power correlations (few data points) were 

the only analysis option.  Nutritional content showed no correlation with bee visitation and this 

may be due to a lack of power with only one site or it may be that bees are not actively foraging 

for free amino acids in pollen, and that sugar ratios are not affecting flower choice.  There are 

other nutritional constituents that influence bee visitation, such as total amino acid content 

(Somme et al. 2015) and protein-lipid ratios (Vaudo et al. 2016).  Somme et al. (2015) studied 

the foraging preferences of four bumble bee species of South Belgium.  All the bumble bees 

observed by Somme et al. (2015) collected the majority of their pollen loads from a lower quality 

nutritional resource but supplemented their diets with either high quality or low-quality pollen 

from plant species.  Two of the bumble bee species these authors observed, B. lapidaries and B. 

pascuorum actively collected pollen with higher essential amino acid and phytosterol content, 

whereas B. terrestris and B. hypnorum consistently supplemented their diets with pollen of a 

lower nutritional content.  Bombus ternarius in our study wasn’t observed to respond to the 
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amino acids concentrations in pollen, but there may have been  other nutritional resources they 

target.   We suggest this is due to a strong preference B. ternarius fexhibted for P. tanacetifolia.  

Experiment II 

 In both 2015 and 2016, as fertilizer rate increased, I. capensis was found to have higher 

plant biomass, flower biomass, plant size, and number of flowers per plant.  The sizes of the 

flowers were not different among treatments.  In a previous study published by Gorden and 

Adler (2013), I. capensis plants were found to have increased plant size and number of flowers 

per plant with increased soil fertility.  In both our study and that of Gorden and Adler (2013), 

flower size did not respond to increased soil fertility. 

 In both 2015 and 2016, bee visitation to I. capensis plants was highest in plants with 

higher fertilizer levels (Fig. 4).  This finding is similar to that of Gordon and Adler (2013) who 

showed increased floral visitors and subsequent nectar thievery on plants with increased fertility.   

In 2016, the high fertilizer treatment with no flower removal had higher bee visitation than the 

high fertilizer treatment with flower removal.  This is significant because, in 2015, several amino 

acids (his, asn, ser, gln, total amino acids, and essential amino acids) were found to be significant 

predictors of bee visitation and amino acid content had a strong relationship with bee visitation, 

while the number of open flowers per plant was not found to be a significant predictor of 

visitatation.  When bees were presented with two different high fertilizer plants in 2016, one with 

a natural number of flowers and one with a reduced number of flowers due to pruning, bees were 

found to visit flowers on plants with the larger flower number.  This might suggest that both the 

number of flowers and nutritional content are important but causes of increased bee visitation are 

confounded.  When we removed flowers in the high fertilizer treatment to mimic the low 

fertilizer treatment, bee visitation fell to a level not different from the low fertilizer treatment.  
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This suggests that the number of open flowers is the driving factor causing increased visitation to 

the high fertilizer treatment, not increased nutritional content.     

 Decreased nutrition in bee diets can lead to several negative outcomes, including but not 

limited to higher susceptibility to disease (DiPasquale et al. 2013) and shorter life span (Wang et 

al. 2014).  When studying anthropogenic increase of soil nutrients for the plant Sucissa pratensis 

Moench (Family: Caprifoliaceae), Ceulemans et al. (2017) discovered lower pollen amino acids, 

nectar sugars, and higher resulting larvae mortality in Bombus terrestris colonies.  In this case, 

the increase in soil nutrients lowered pollen nutrition, which may have led to increased mortality.  

However, increased soil nutrition had the opposite effect in our study on I. capensis, higher 

nutritional content of pollen as measured by amino acids.  A general hypothesis about soil 

fertility, pollen nutritional content, and bee visitation could be of limited applicability because 

plants react differently to enhanced soil fertility (Cuelemans et al. 2017). 

 Bee preference as measured by floral visitation can be driven by a set of specific floral 

traits.  Bombus ternarius is a species easy to identify on the wing and therefore the perfect 

species to select for observing this kind of phenomenon.  However, none of the characteristics 

that we measured (corolla depth, open flowers, flower diameter, pollen nutrition, and nectar 

nutrition) were correlated with B. ternarius visitation rate.  This does not mean that there is not a 

specific characteristic that influences visitation by this species; we may not have measured the 

factor(s) these bees perceive.  We may not have been making observations on a wide enough 

range of plant choice options.  On the other hand, B. ternarius may be a supreme generalist 

whose long-term strategy is to forage widely on all available pollen and nectar sources, thereby 

integrating optimal nutritional food resources across the landscape.   
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Bumble bee visitation was significantly increased on plants exposed to higher soil 

fertility.  In our study the number of open flowers per plant appears to be the driving factor of 

this outcome, but nutrition should not be ignored.  We found that increasing soil fertility helps to 

increase plant production and provides floral resources for bees.  However, because not all bee-

plant relationships depend upon high quality pollen rich in amino acids, or sugar-rich nectar, but 

on some non-quantified components that attract at least a few bee species, there is not a 

generalized rule about plant fertilization that could benefit the entire bee fauna in a given area. 

 Plant selection for pollinator habitat should be based on the soil conditions present in the 

landscape or conditions that can be artificially made in the selected area through soil 

amendments.  Many local Cooperative Extension and soil testing facilities provide information 

on the best soil conditions for flower and fruit production for particular taxa.  Plants provided 

with optimal soil conditions have increased plant production.  As our study, and several other 

studies on flower density have shown, bee visitation for some bee species increases with 

increased floral density in the landscape (Essenberg 2013 a, Essenberg 2013b).   Increased forage 

provides enough pollen and nectar for bees provisioning their young and for some plant species 

increasing soil fertility to optimal levels may increase forage nutrition for bees.  Providing 

enough forage and increasing the nutritional quality of forage for bee fauna in the landscape will 

probably increase health for future generations of bees, and their ability to deal with 

environmental stressors.  More research is needed in several areas of native wild bee nutrition, 

such as the essential nutrients required and optimal levels of those essential nutrients, as most of 

the information for bee nutrition comes from managed honey bee colonies.  Providing higher 

quality and quantity of habitat for native wild bees is a step in the right direction for pollinator 

habitat and conservation efforts. 
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APPENDIX 

SUPPLEMENTAL FIGURES AND TABLES FOR CHAPTER 2 

 Continued in the appendix are supplemental graphs and tables depicting information on 

the detected nutritional content of pollen (amino acids) and nectar (sugars) as well as soil 

measurements, and correlations for amino acid content and bee visitation. 

 
Figure A1.  Amino acids detected in the four selected plant species of experiment one.  Free 

amino acids are depicted for Gailardia aristata (GAAR), Helianthus annuus ‘Zebulon’ 

(HEAN’Z’), Borago officianalis (BOOF), and Phacelia tanacetifolia (PHTA).  Data is log 

transformed.  See chapter 2 for amino acids and plant species represented by abbreviations in this 

figure. 
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Figure A2.  Hexose (fructose + glucose)/ Pentose (sucrose) ratios in nectar for plant species 

studied in Experiment 1. Standard errors are associated with each bar. 

Table A1.  Confidence intervals for soil pH (2015 and 2016) and EC (2015) measurements in 

fertilizer treated Impatiens capensis flowers. Standard errors are included after each mean.  

Year Treatment pH EC 

2015    

 High 0.821 ± 0.021 0.404 ± 0.358 

 Low 0.849 ± 0.005 0.248 ± 0.085 

 None 0.860 ± 0.006 0.194 ± 0.022 

2016    

 High 0.801 ± 0.009  

 HighLow 0.791 ± 0.008  

 Low 0.846 ± 0.005  
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Figure A3. 2015 pH (A), EC (B), and 2016 pH (C) measurements for I. capensis plants.  Error 

bars are standard errors. 
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Figure A4.  Amino acids detected in high and low fertilizer treatments of I. capensis.  

Concentrations are log transformed and error bars are standard errors. 
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Figure A5.  Non-metric multidimensional scaling of free amino acids detected in pollen of high 

and low treatments fertilizer treatments (SS (6) = 8.9383, P = 0.022) in Experiment 2. 
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Table A2.  P-values for visitation linear regression models for 2015 data.  P values were 

corrected with the false discovery rate correction in R Studio (RStudio Team 2015).  Not 

included are the number of open flowers, flower diameter, corolla depth, Asn, and Pro, which 

were not significant predictors of flower visitation (P > 0.05). Abbreviations for each amino acid 

are defined in chapter 2. 

Amino Acid P X2
(5) 

His 0.004 0.03673 

Asn 0.0006 0.02203 

Tau 0.004 0.08881 

Ser 0.0006 0.02535 

Gln 0.005 0.01182 

Gly 0.004 0.0948 

Asp 0.02 0.2277 

Glu 0.04 0.29377 

Thr 0.005 0.11481 

Ala 0.009 0.16401 

GABA 0.005 0.11069 

Lys 0.009 0.162 

Val 0.004 0.07394 

Ile 0.009 0.162 

Leu 0.005 0.11928 

Phe 0.001 0.07362 

Trp 0.004 0.07809 

Total A.A. 0.001 0.04583 

Essential A.A. 0.0006 0.02829 
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