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TERMINOLOGY  

Bee-collected pollen Pollen from flowers that has been mixed with nectar and bee 

secretions upon collection by honey bees (see Corbicular 

pollen). 

Beekeeper   A person that keeps bees, also known as an apiarist.  

Bee package A small colony (~1kg) of worker bees contained in a cage with 

a mated queen suitable for transport over longer distances.  

Colony A functioning unit, containing thousands of female worker bees, 

a queen and drones depending on the conditions and season.   

Corbicular pollen  ‘Bee-collected pollen’ attached to the hind legs of worker honey 

bees. 

Drawn frame A frame of drawn wax comb that is empty (ie. not containing 

pollen or honey) 

Drone    A male honey bee.  

Eucalypts A term used to collectively describe the three plant genera: 

Corymbia, Eucalyptus and Angophora  

Forager An older female worker bee that carries out the collection of 

resources for the colony such as nectar, pollen, resin and water.  

Foundation frame A frame that contains either a plastic or wax sheet for honey 

bees to build wax comb onto.  

Hive    A purpose build box in which honey bees reside. 

Honey A product produced by honey bees from nectar collected from 

flowers and stored inside the hive.  

Honey bee An insect of the genus Apis meaning "bee", and mellifera is latin 

for "honey-bearing", referring to the species' production of 

honey. 
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Nectar  A sweet, watery substance secreted by plants to attract 

pollinators that is collected by bees to meet their carbohydrate 

needs and/ or the production of honey. 

Nectar flow A period of time where nectar is available in abundance and 

where honey bees can convert and store large amounts of 

honey inside the hive. 

Nucleus hive   A small hive usually containing 3-6 frames.  

Nurse bee A young female worker bee that carries out feeding tasks within 

the colony during the first two weeks of her lifespan.  

Pattie A dough like mixture of bee-collected pollen and honey used as 

supplementary feed. 

Pollen  Male gametes produced by flowers consisting of individual 

pollen grains, providing bees with protein, fats, vitamins and 

minerals. 

Royal jelly A translucent white jelly-like substance produced by the glands 

in the head of nurse bees (hypopharyngeal and mandibular 

glands) to feed young brood and other colony members.  

Worker honey bee A general term to refer to an individual female (non-

reproductive) bee that carry out various tasks within the hive.  
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ABSTRACT 

The honey bee industry relies on a variety of floral species throughout the year for the 

management of commercial hives. Floral species vary in the quantity of nectar and pollen they 

produce as well as in the quality (nutritive value) of their pollen sources. The quality and 

quantity of pollen is vital for colony performance, as it impacts brood rearing and the health of 

honey bee colonies. Strong colonies are required for the commercial production of honey and 

other hive products, but also to support effective pollination services.  

Commercial beekeepers migrate their hives to several locations throughout a year. A common 

practice amongst Western Australian (WA) beekeepers is to move colonies to warmer 

overwintering areas in order to maintain and build colonies to prepare hives for pollination in 

spring as well as for honey production for the rest of the year. During winter and spring, 

beekeepers either have access to native coastal heathland vegetation or canola crops in 

agricultural areas further inland to feed their colonies.  

The aim of this thesis was to investigate the impact of different floral feed sources on the 

establishment of strong colonies prior to crop pollination. Four floral species were selected 

because of their high relevance to the WA bee industry. They include Trifolium repens (white 

clover) which was mostly collected by bees in proximity to the coastal heathland, Brassica 

napus (canola) which is cropped on adjacent farmlands, Corymbia calophylla (marri) which is 

revered by beekeepers as a pre-winter pollen store and is commonly used as a supplementary 

feed in colonies during dearth periods, and Eucalyptus marginata (jarrah), which is a high 

value endemic eucalypt species, which produces a unique nectar where the honey is highly 

antimicrobial, high in antioxidants and minerals. Jarrah honey is also fructose dominant and 

naturally remains in a liquid state. 

For the first stage of the project, the floral diversity of marri, jarrah, clover and canola honey 

and bee-collected pollen was assessed at each floral site through pollen identification following 

acetolysis. Honey bees collected nectar and pollen from all species targeted by beekeepers 

when the hives were located near marri, jarrah and canola apiary sites. The percentage of the 

target species varied in the honeys between 28 - 82 % and 60 - 90 % for pollen sources. 

Jarrah pollen and honey contained the lowest diversity of eight species, followed by marri with 

12, canola with 13 and coastal sites with 17 species. Honey bees collected nectar and pollen 

from the same plant species from 33 % of plants at the marri site, 25 % at the jarrah site, 47 

% at the coastal site and 46 % at the canola site. At the coastal heathland site, honey bees 

unexpectedly foraged for nectar and pollen from a different floral source, namely clover. Both 

the availability of coastal heathland pollen sources and/or clover’s attractiveness may have 
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played a key role in determining the foraging choices of honey bees. At the jarrah, heathland 

and canola sites, pollen collected by foragers was more homogeneous than the honey 

collected at the same site. The exception was the pollen collected from the marri site, which 

represented less marri pollen than its respective honey by percentage. The pollen and the 

honeys from the above apiary sites were then used to make jarrah, marri, clover and canola 

patties to feed to hives during experiments. 

Second, the patties were analysed for their nutritional composition. All patties represented a 

similar total protein content of 18 - 22 %. The largest differences were observed in their total 

fat content (which ranged from ~9 % - 20 %) and individual minerals (~8 mg/kg – 7500 mg/kg) 

between the forest species (jarrah and marri) and both crop species (clover and canola). 

Isoleucine, an essential amino acid was found to be slightly lower in jarrah (3.6 g/16 g N) and 

marri (3.7 g/16 g N) patties by comparison to its minimum requirements of 4.0g/16 g N.  

Third, honey bee colonies were established from bee packages and randomly assigned to one 

of the four replicated feed sources to measure the impact of nutrition on body weight and body 

composition of emerging workers. Nurse bees successfully raised young adult workers from 

the larval stage until emergence on all feed sources, tolerating a large range in lipid content 

and minerals. No differences were observed in the body composition of newly-emerged 

workers fed on each feed source for amino acids, fatty acids, total fat and minerals. However, 

the number of nurse bees caring for developing larvae had an effect on the body weight of 

emerging bees over time. Bees with lower body weight were raised when colonies were being 

established, and nurse bee numbers were lower.   

Fourth, the effect on colony development was measured by the amount of brood that colonies 

produced when fed on the different patties. Honey bees reared a similar quantity of brood 

regardless of the type of feed source fed. Besides the nutrition that bees had access to, 

disease and queen failure had a significant negative effect on the number of brood cells that 

colonies were able to produce.  

Finally, the foraging behaviour of pollen and nectar collecting bees in response to the feed 

sources was assessed in a commercial avocado orchard. The foraging behaviour of adult 

bees was strongly influenced by resource abundance and attractiveness of the floral species 

within flight range. In total, six pollen types: Arctotheca calendula, Hypochaeris radicata, 

Eucalyptus marginata, Trifolium repens, other Trifolium species, and Persea americana 

represented plant sources of greater abundance than 5 % for nectar collectors. It was similar 

for pollen collectors, with the exception of P. americana which represented less than 5 % of 

the total pollen count and the additional Myrtaceae species that were found in bee-collected 

pollen. Trifolium repens pollen was collected at the greatest abundance and frequency 
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(Dominance Candidate Index) by pollen collectors compared with other pollen types. Nectar 

foragers showed a more similar Dominance Candidate Index across all six pollen types. The 

different feeding treatments prior to the Avocado pollination event had no significant effects 

on pollen collectors other than some indication that colonies fed on pollen of lower fat content 

(jarrah) increased foraging on pollen with a high fat content. The amount of pollen that pollen 

foragers collected correlated with colony size throughout the pollination period. The pollination 

efficiency of the crop did not seem to be influenced by the type of food sources that colonies 

were experimentally fed with. Nevertheless, floral diversity during crop pollination is likely to 

play a crucial role in the health and strength of honey bees as well as for the pollination 

efficiency of the crop.  

In conclusion, meeting the nutritional requirements of honey bees is important for health and 

colony strength, whereby honey bees will alter their foraging behaviour to meet their needs at 

the colony level. In periods of pollen shortage, an opportunity exists for beekeepers to use a 

variety of pollen sources other than marri in the management of the nutritional requirements 

of honey bees such as canola, clover or jarrah pollen. The use of artificial supplementary feeds 

to support colony health and strength in the “lead up” for honey production and pollination 

services will need further experimentation to meet future needs of the horticultural industry. 
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CHAPTER 1: GENERAL INTRODUCTION 

1.1 Beekeeping in Australia  

In Australia, as for the rest of the word, the demand for pollination of crops by managed honey 

bee colonies has been on the rise (Aizen & Harder, 2009; Benecke, 2007; M. Goodwin, 2012; 

Karasiński, 2018). The increasing demand for crop pollination requires the involvement of a 

greater number of beekeepers providing pollination services, supplying a greater number of 

hives. In many instances, beekeepers are now solely involved with pollination services and 

not traditional honey production.  

Meeting the nutritional requirements of honey bees is crucial not only in maintaining strong 

colonies but also for the overall health of honey bees. For example, nutritional deficiencies 

result in honey bees being more susceptible to disease (DeGrandi-Hoffman et al., 2010; Di 

Pasquale et al., 2013), more vulnerable to pesticides (Oscar Wahl & Ulm, 1983) and having 

reduced longevity (Li et al., 2014; Wang et al., 2014).  

In Australia, commercial beekeepers follow annual flowering events in nomadic relocation of 

apiaries over 100’s to 1000’s of kilometres from one apiary site to the next (Benecke, 2007). 

Flowering events of native forests, coastal heathland and weed species can vary dramatically 

from one year to the next due to climatic variation in rainfall, soil condition, and events such 

as bushfire and drought (Somerville, 2010). Naturally, many eucalypt species flower prolifically 

only every second, third or fourth year or more (Manning, 1993; Somerville, 2010). Eucalyptus 

diversicolor (Karri) may only flower prolifically every 5 years (Coleman, 1962). The 

inconsistency of flowering events can make beekeeping in Australia a challenging exercise 

specifically in combination with extreme weather events such as drought and bushfires. 

Beekeepers may alternatively use agricultural crops such as Brassica napus (canola) and 

Trifolium repens (white clover) as additional floral resources for honey production and to build 

their colonies to strength. The advantage of agricultural crops is that they tend to be grown 

yearly and provide a reliable food resource for honey bees. Canola and clover flower 

prolifically and certain cultivars allow beekeepers to extract honey, and bees to collect large 

amounts of pollen under optimal conditions to meet their nutritional needs (L. H. Johnson, 

1946; Szabo, 1984). One disadvantage being that the use of pesticides on these crops can 

kill or contaminate bee colonies if not managed appropriately (Manning, 2018).   

Supporting the nutritional needs for a large number of colonies during commercial pollination 

events in agricultural settings can be challenging. Different crop species provide variable 

quantity and quality of nectar and pollen sources, and other flowering plant species such as 
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weeds that can support the nutritional needs of honey bees can be limited depending on 

agricultural practices. Therefore, beekeepers need to carefully manage the nutritional 

requirements of their colonies while using them for managed pollination services. Nutritional 

management can be especially important during flowering periods of crops when the crop 

itself is not providing bees with the nutritional requirements they need. Nutritional requirements 

may not be met due to the quantity and quality of nectar and pollen available from the crop, or 

because of floral competition from having too high colony densities in agricultural settings. 

Similarly, when beekeepers place hives at an apiary site for honey production, pollen sources 

can be insufficient and need to be managed. There are several ways beekeepers can manage 

the nutritional needs of bees through careful site selection, and/or artificial feeding during 

dearth periods. The latter is currently not a standard practice in Australia. 

The case study below is based on the practices of commercial beekeeper Stephen Davies1. 

It gives an example of how a beekeeper may manage and build up honey bee colonies prior 

to providing pollination services. Stephen was innovative and forward thinking, and his passion 

for developing the industry was key to the purpose of this thesis.   

1.2 Beekeeper case study  

Stephen was a commercial beekeeper for many years with his father before taking on the 

business. Between 2013 and 2017, Stephen had been providing an increasing number of 

colonies for avocado pollination at Jasper Farm near Busselton, WA (Figure 1.1). In October 

2017 he provided 900 of his colonies for avocado pollination. To be able to provide colonies 

of sufficient strength for pollination, Stephen had to prepare his colonies ahead of time during 

winter and early spring (June – September).  

  

 

1 Stephen Davies had a strong interest in this project. He was tragically killed in a truck accident on the 
13th December 2017. He was always looking forward to seeing the results of this project. 
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Figure 1.1 Beekeeper Stephen Davies alongside two of his palleted colonies that were 

distributed throughout the avocado orchard during pollination period (October - November 

2017).  

The need for good quality pollen and a good supply of nectar is crucial to building colonies 

(Kleinschmidt et al., 1975; Kleinschmidt & Kondos, 1976, 1978). During late autumn and 

winter, like most commercial beekeepers in Western Australia (WA), Stephen moved his 

colonies onto coastal heathland, also known as the ‘Beekeepers Nature Reserve’. The 

heathland extends from Cervantes up the coast to south of Dongara (Figure 1.2), where 

beekeepers maintain and build up their colonies for spring.  
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Figure 1.2 Location of the (A) Northern and (B) Southern ‘Beekeepers Nature Reserve’ 

(dashed line) along Western Australia’s (WA) shoreline.  (C) The map of WA has been adapted 

from Wills et al. (1990), the inset describes the 625mm rainfall isohyet.  

Some beekeepers may choose to place their colonies on canola (Brassica napus), which 

flowers from July to September (flowering from north to south on latitude) (Lilley et al., 2019), 

instead of coastal heathland sites. Stephen preferred to place his colonies on heathland sites 

during winter and early spring and used canola sites to boost his bees if required prior to the 

pollination period. 

Strong colonies are essential to meet pollination standards, commonly measured by the 

amount of adult bee populations and the amount of brood present. The avocado orchard had 
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minimum standards of eight frames of brood with a minimum of 50 % bee coverage, and 20 

frames of bees in each colony. Ideally, only strong colonies that meet the pollination standard 

are provided for pollination.  

It was Stephen’s priority to provide strong colonies and to work closely with the avocado 

grower to achieve the best outcome for his business but also for the grower, in achieving the 

best pollination of the avocado trees. Their working relationship was unique in how closely 

they worked together. Stephen was manipulating the food reserves of the colony to stimulate 

bees for nectar collection. Nectar collection is central to the mechanism of pollination because 

nectar collecting bees visit both male and female avocado flowers, and consequently carry 

out the majority of the pollination (Ish-Am, 2005).  

It was in Stephen’s interest to not only deliver strong colonies to the orchard but also to 

maintain colony strength throughout the pollination period. There are two reasons for that: 1) 

to maintain the maximum pollination efficiency and 2) to maintain strong and healthy bees for 

the next honey crop.  

Throughout the pollination period, which lasted for about four weeks on average, colonies at 

this particular orchard had access to avocado flowers which dominate the flower abundance 

at the orchard. The bees can also obtain food from the ground cover plants and can 

additionally access pollen and honey from stores inside the hive which were obtained during 

winter and early spring. 

Stephen saw great value in managing the nutritional requirements of honey bees at all times. 

Generally, managing the nutritional needs of colonies may depend on the season and climatic 

conditions, but it is always dependent on the availability of good quality and quantity of pollen 

and nectar sources.  

This case study illustrates the need to optimise colony health and the pollination efficiency 

during crop pollination. In addition, it highlights a knowledge gap about the influence of 

nutrition prior to the pollination period and during pollination on: 1) colony strength, 2) overall 

colony health, and 3) foraging behaviour. Any differences in colony strength, health and 

foraging behaviour could potentially have a large impact across hundreds of colonies and the 

crop - the largest avocado producer in WA that Stephen was providing the pollination service 

to. My thesis was designed to address these gaps of knowledge. 

In conversation with Stephen, the orchard owner and other industry partners, it very quickly 

became apparent that filling the gaps of knowledge about the effects of nutrition on colony 

strength, health and performance would also serve wider industry applications, with the 
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concepts not only being applicable to other crops, but also for building and maintaining honey 

bees for honey production. 

1.3 Aims of the thesis 

This study aims to test the effects of some of Western Australia’s (WA) major honey and pollen 

floral resources on the nutritional health of developing bees, nutrient regulation at the colony 

level and effects on the foraging behaviour of honey bees. 

This will be achieved by: 

• Identifying the pollen and honey diversity of the four commonly used floral resources 

marri, jarrah, coastal heathland and canola 

• Determining the nutritional profile of pollen and honey specific for each floral resource  

• Analysing emerging bees that were reared on these floral resources for their nutritional 

composition  

• Quantifying the effects on overall brood development of honey bee colonies fed with 

one of the four feed sources 

• Evaluating the foraging behaviour of honey bees at a commercial orchard in response 

to the nutrition they have available at the colony level  

The results of this study will inform beekeepers about the effects site selection of Western 

Australia’s (WA) major honey and pollen floral resources has on honey bee colonies prior to 

crop pollination. To achieve this, 40 nucleus hives were established by feeding colonies with 

pollen collected from four apiary sites (marri, jarrah, coastal and canola). Subsequently, the 

colonies were shifted to an avocado orchard for pollination services, where they continuously 

had access to the assigned feed sources within the hive. 

This thesis is organised as follows; Chapter 1 provides the background to the research 

including a case study that highlights industry practices. Chapter 2 provides a literature review 

on honey bee nutrition. Chapter 3 describes the general methodology of the field experiment, 

with methods for specific analyses being described in individual chapters. Chapter 4 identifies 

the floral origin of the pollen and honey sources used in the study. Chapter 5 discusses the 

nutritional value of patties prepared from honey and pollen.  Chapter 6 describes the nutritional 

composition of emerging bees, as well as body weight and food consumption across the feed 

sources. Chapter 7 looks at the brood development and factors influencing brood development 

as an outcome from this study. Chapter 8 explores the foraging behaviour of pollen and nectar 

collecting honey bees according to the assigned feed sources. It takes into account the 
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quantity of pollen collected by colonies as a measure of bee-collected pollen from pollen traps, 

and pollen grains on nectar foraging bees. The latter is crucial for the pollination of avocado 

flowers. Chapter 9 provides an overall discussion of chapters 4 – 8, with an emphasis on 

implications for the beekeeping industry and opportunities for further research.  
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CHAPTER 2: LITERATURE REVIEW 

The management of honey bee nutrition requires a detailed understanding of flowering 

patterns of melliferous flora, as well as an understanding of the health benefits of different 

pollen and nectar sources for bees (Smith, 1969). The following literature review provides an 

overview of the current knowledge of the foraging behaviour of honey bees including flower 

preferences, and the digestibility of pollen and nectar and provides a summary of nutritional 

requirements of honey bees. The review of literature leads into the research questions 

addressed in this thesis. 

2.1 The life of honey bees 

A honey bee colony is made up of thousands of individuals that function as a superorganism 

carrying out various tasks between very distinct castes, the female bees (queen and workers) 

and males (drones) (Seeley, 1989b). Females develop from fertilised eggs, and males develop 

from unfertilised eggs, known as haplodiploidy (Charlesworth, 2003).  

Queen: The queen is the main reproductive member of the colony. The queen will mate within 

days of hatching with several drones (males) whilst on a mating flight (Page & Peng, 2001). 

For the rest of her life, she will be the only reproductive individual of the colony, laying up to 

2000 eggs daily (Bodenheimer, 1937). The lifespan of a queen is influenced by her egg laying 

rate and the number of stored sperm in her spermatheca (sperm storage organ) (Page & Peng, 

2001). Queens have been reported to live up to 5 years (Fredrick & Audi, 2017).  

Drones: The drones are males and mate with queens to produce diploid offspring. A colony 

raises drones primarily during the breeding season. Drones can be present in the thousands 

but usually do not represent more than 10 % of all individuals of a colony (referenced in: 

Czekońska et al., 2015). A drone’s lifespan is about four weeks (Page & Peng, 2001). 

Workers: Worker bees are non-reproductive female bees that have different roles during their 

lifetime. The younger generation of worker bees carry out tasks such as nursing of developing 

larvae, cleaning and guarding of the colony. Young workers, also known as “nurse bees”, feed 

all colony members (Crailsheim, 1991). To feed all colony members, nurse bees consume a 

large amount of pollen for the development of their hypopharyngeal and mandibular glands, 

located in their head, which are used for jelly production. Pollen consumption by worker bees 

increases from emergence to day nine and falls to low levels in foraging bees (Crailsheim et 

al., 1992). Foraging begins after two weeks post emergence for resources including nectar, 

pollen, water and plant resin (Wright et al., 2018). Foraging is the riskiest of all tasks because 

workers are exposed to predation and weather conditions. The lifespan of foraging bees is on 
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average up to 6 weeks (Page & Peng, 2001). In cool climates, workers may live up to several 

months throughout the winter inside the hive (Page & Peng, 2001).  

2.2 Foraging behaviour of bees  

Many animal species regulate their macronutrient intake depending on physiological and 

seasonal demands (Behmer, 2009; Clark et al., 2013; Simpson & Raubenheimer, 2012). 

Honey bees need to regulate their nutritional requirements at the colony level. This includes 

macronutrients (protein, fat and carbohydrate) and micronutrients (minerals, trace elements 

and vitamins). Nectar provides bees with various carbohydrates such as fructose, glucose and 

sucrose and is stored as honey after the removal of excess water. Honey is usually stored in 

excess amounts for winter survival. Pollen provides bees with essential amino acids (protein), 

fatty acids (fats), minerals, vitamins and sterols, and is stored in much smaller quantities 

(~1kg), as bee bread (Wright et al., 2018). Bee bread forms after honey bees mix pollen with 

nectar, honey and granular secretions, whereby lactic fermentation takes place by bacilli of 

Lactobacillus bacteria under anaerobic conditions (Kieliszek et al., 2018). The process 

preserves the nutrients inside the storage cells (Anderson et al., 2014). Nutrient intake is tightly 

regulated via a ‘food feedback loop’ depending on the colony’s need for such activity like brood 

rearing, which requires a large amount of pollen. A shortage in pollen will limit the capacity of 

a queen to lay eggs and for nurse bees, who process the largest amount of protein, to feed 

larvae but also other colony members (Brodschneider & Crailsheim, 2010; Thomas Schmickl 

& Crailsheim, 2004).  

Honey bees obtain their nutrients by foraging from a vast variety of plant sources and are 

therefore known as polylectic foragers. The attractivity of flowers to pollinators like bees 

depend on both the characteristics of the plants and the preferences of the bees. Flower colour 

(Hempel de Ibarra et al., 2014), shape (Gould, 1985), odour (Dobson et al., 1990; Giurfa et 

al., 1994; Knoll, 1930), reward quantity (Aronne et al., 2012; Liolios et al., 2015), pollen grain 

size (Harder, 1998; Roberts & Vallespir, 1978; Somerville, 2005a), sugar concentration 

(Seeley, Camazine, & Sneyd, 1991), flower attractants and deterrents (Dobson & Bergström, 

2000; Stevenson et al., 2017), and foraging distance (Danner et al., 2016; Oldroyd et al., 1993) 

influence plants selected by bees. Bees even have genetically pre-determined pollen and 

nectar preferences (Calderone et al.,1989; Oldroyd et al., 1992, 1993; Pankiw et al., 2002). 

The preference for visiting a single plant species during a single or consecutive foraging trip 

is known as ‘flower constancy’, a coevolution  between pollinators and plants (Betts, 1935; 

Chittka et al., 1999; Free, 1963). For bees, flower constancy reduces their energetic 

expenditure on foraging, and for plants it assures effective pollination (Knut & Pijl van der, 

1979). The relative importance of plant characteristics to determine the flower choices by 
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honey bees has been investigated. Pernal & Currie (2002) were the first to disentangle multiple 

stimuli under controlled environments. Bees responded to pollen preferably to odour over 

handling time or particle size. Factors such as grooming ability add further complexity to the 

collection process of even a highly attractive pollen source. Moreover, effective collection of 

pollen is influenced by the pollen moisture and lipid content, pollen morphology and its 

associated electrostatic charge, pH and pollen age (reviewed in Pernal and Currie 2002). The 

question that remains, is to what degree the foraging behaviour of bees can be explained by 

co-evolutionary principals between pollinator and plant interactions, and to what degree bees 

can use plant signals to quantify the nutritional quality of a specific forage.  

Some studies have reported that bees preferentially forage on only a few plant species even 

in highly diverse landscapes, which indicates that bees make specific floral choices (Aronne 

et al., 2012; de Vere et al., 2017; Hawkins et al., 2015). However, the foraging preferences 

included plants with copious amounts of pollen of low protein quality (Aronne et al., 2012; 

Liolios et al., 2015), and in another instance an increase in pollen foragers but not floral 

diversity was observed to compensate for pollen quantity and quality (Pernal & Currie, 2001), 

which in both senarios could indicate an opportunistic foraging behaviour rather than a 

selective choice for nutrients. Alternatively, pollen quantity of limited quality could outweigh 

small quantities of high-quality pollen. Yet, other essential nutrient such as individual amino 

acid, fatty acid, minerals and vitamins in addition to total protein content would need to be 

considered. Feeding experiments on honey bees and bumblebees have shown that a poly-

floral blend of pollen is not necessarily more nutritious than a mono-floral pollen of good 

nutritional value (Di Pasquale et al., 2013; Moerman et al., 2017). However, a diverse pollen 

source can increase honey bee immunity against the fungal gut parasite Nosema ceranae 

(Alaux et al., 2010; Di Pasquale et al., 2013). Therefore, floral diversity could play a significant 

role in disease tolerance and ultimately bee health.  

The change in feeding behaviour of ‘sick animals’ after an infection has been studied 

intensively (de Roode et al., 2013; Hutchings et al., 2003; Singer et al., 2009). Honey bees 

are known to collect a variety of antimicrobial plant products which include nectar, pollen and 

plant resin (propolis) (Manning, 2001a; Viuda-Martos et al., 2008). There is empirical evidence 

that honey bees collect these antimicrobial substances to protect themselves from parasites, 

but much less is known about whether honey bees can exhibit ‘self-medication’ behaviour. 

Increased foraging for propolis has been observed in colonies with chalkbrood disease 

(Simone-Finstrom & Spivak, 2012), but whether honey bees also change their foraging 

preference for nectar and pollen in response to disease is not known. This ‘self-medication’ 

foraging suggests that bees can detect antimicrobial properties and be able to choose, an idea 

that is supported by a study by Gherman et al. (2014).  
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Honey bees are healthier if they can balance their protein to carbohydrate intake ratios by 

selectively foraging for nectar and pollen sources. Unbalanced protein nutrition reduced 

longevity of many insects (ants: Arganda et al., 2017; Dussutour & Simpson, 2012; honey 

bees: Paoli, Wakeling, Wright, & Ford, 2014; Pirk, Boodhoo, Human, & Nicolson, 2010; 

drosophila: Lee et al., 2008; crickets: Maklakov et al., 2008; bumblebees: Stabler, Paoli, 

Nicolson, & Wright, 2015). In honey bees, Nosema spp. infections and depressions in brood 

rearing increased in colonies of high protein diets (Herbert, Shimanuki, & Caron, 1977; Jack 

et al., 2016). High carbohydrate intake has been associated with negative effects on larval 

growth and survival (Helm et al., 2017). While protein and carbohydrates are needed to rear 

young and are necessary for general physiological functioning of individuals, balanced protein 

to carbohydrate ratios are crucial for optimal health and colony functioning in bees (honey 

bees: Paoli et al., 2014; bumblebees: Stabler et al., 2015). Yet, whether honey bees are 

capable to quantify protein content of pollen remains controversial. Some studies support this 

idea (Fewell & Winston, 1992; Waddington, Nelson, & Page, 1998), and some do not (Levin 

& Bohart, 1955; Pernal & Currie, 2002; T.H. Roulston et al., 2000; J. O. Schmidt, 1982; O 

Wahl, 1966). However, honey bees seem to be able to regulate their intake to balance protein 

to carbohydrate ratios in their diet (Altaye et al., 2010), and more importantly might be able to 

discriminate between complementary nutrients such as amino acids (Hendriksma & Shafir 

2016). In fact, specific amino acids added to sucrose solution have either an attracting or 

deterrent effect on honey bees (Carter et al., 2006; Hendriksma et al., 2014; Y. S. Kim & Smith, 

2000).  

The foraging behaviour of honey bees is also influenced by the presence of secondary 

compounds in floral resources, which are discussed in section 2.4.  

2.3 Nutritional requirements  

2.3.1 Nectar  

Nectar from flowers is the primary source of carbohydrates for pollinators. The amount of 

nectar that honey bees can collect from flowers varies between plant species from extremely 

small amounts up to 5.5 µL (Waddington, 1987). The most commonly found sugars in nectar 

are sucrose, glucose and fructose, which are rapidly metabolized by honey bees (Crailsheim, 

1988). Honey bees can utilise other sugars like maltose, trehalose and melezitose (Black, 

2006). More complex carbohydrates like dextrins, inulin, glycogen and pectin cannot be 

utilised by honey bees, and similarly for raffinose, galactose, glucuronic acid, galacturonic 

acid, lactose and stachyose (Barker, 1977; R. M. Johnson, 2015). The sugar content in nectar 

can range between 7 – 70 % (Nicolson, 2007), with the remaining component being made up 
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of water and minor amounts of trace elements such as minerals, amino acids, protein, lipids 

and free fatty acids, fragrance and organic acids (Black, 2006). The second most abundant 

solutes are free amino acids, yet these are 1000 - 100,000 times less concentrated than nectar 

sugars (Gottsberger et al., 1984). The nutritional importance of minerals, amino acids and 

other micronutrients in nectar are still understudied. Yet, some amino acids and minerals can 

play a role in attracting or deterring bees from flowers and are likely to play a greater role in 

flower recognition (Afik et al., 2006; Hendriksma et al., 2014; Waller et al., 1972). Nectar, 

therefore, mostly meets the carbohydrate as well as most of the metabolic water requirements 

for honey bees (Ostwald et al., 2016).  

Other than the nutritional importance, nectar plays a critical role in brood production and 

colony performance. Even though honey bees can obtain some carbohydrates from pollen 

(Solberg & Remedios, 1980), honey bees cannot meet their carbohydrate needs from pollen 

alone, and cannot rear brood in the absence of nectar (H. Q. Zheng et al., 2011). Nectar is 

required for the production of larval food, which contains between 30.6 ± 3.3 to 33.9 ± 3.71 % 

sugars by dry weight (H. Q. Zheng et al., 2011). Additionally, a large amount of carbohydrate 

is required for wax and heat production. A continuous nectar flow also initiates hygienic 

behaviour in honey bees, assisting in disease management (Somerville, 2005a).   

The amount of energy that honey bees obtain from nectar is determined by its sugar 

concentration and its viscosity. The greater the sugar concertation, the more energy honey 

bees can obtain per unit of nectar. In a natural environment honey bees collect from a variety 

of nectar sources of varying sugar concentrations, showing some preferences for sugar 

concentrations of nectar between 30 – 50 % (Wright et al., 2018). Sugar concentrations of 

about 55 % provide the optimal concentration, taking into account both energy intake and 

dipping efficiency (W. Kim et al., 2011). At low sugar concentrations, honey bees use a 

different drinking mode, sucking instead of lapping, to still be able to enhance their feeding 

capabilities (Wei et al., 2020). However, nectar choice may also be influenced by other factors 

such as distance from the hive, ambient temperature affecting energy expenditure to collect 

nectar and handling time to collect nectar (Black, 2006).  

Honey bees collect and transport nectar in a special organ: the honey stomach (Southwick, 

1992), which functions as a temporary store of ingested material (Maddrell & Gardiner, 1980). 

Once nectar foragers return back to the hive, the nectar is regurgitated and passed on to 

nectar storer bees through trophallaxis (Crailsheim, 1998; Wright et al., 2018). Nectar storer 

bees then deposit the nectar into the honeycomb cells. The moisture of the nectar is 

evaporated off to stop sugar fermentation, a process that begins during foraging and on the 

return trip, and completed during nectar processing as honey for later consumption (Nicolson 
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& Human, 2008). From collection until storage, the sucrose component of the nectar is broken 

down into its subunits, glucose and fructose, the main sugars of honey. This conversion is 

achieved through enzymatic activity (Ohashi et al., 1999; Wright et al., 2018). Honey bees can 

live on carbohydrates for several months especially through winter in cool climates (Page & 

Peng, 2001). 

2.3.2 Pollen  

Pollen is the primary source of protein, fats, minerals and vitamins for honey bees. Honey 

bees are relatively efficient at digesting pollen. Between 70.2 % (T’. H Roulston & Cane, 2000) 

to 77 – 83 % of the nutrients in pollen grains are ingested and are accessible to bees, as 

calculated on assimilated nitrogen (J. O. Schmidt & Buchmann, 1985). The majority of the 

nutritive value of pollen grains is obtained from the protoplasm, which is surrounded by the 

inner wall, the intine, composed of primarily cellulose and pectin (T’. H Roulston & Cane, 

2000). The pollenkitt, which coats the indigestible outer cell wall of the pollen grain, the exine, 

is rich in lipids (Y. Peng et al., 1985). Both the exine  and the intine (Figure 2.1) form 

indigestible barriers and resist decay (T’. H Roulston & Cane, 2000; Southworth, 1974). Honey 

bees use different mechanisms to acquire nutrients from the protoplasm of pollen grains (T’. 

H Roulston & Cane, 2000). These mechanisms include simple diffusion through the grain’s 

germination pores that perforate the exine (Stanley & Linskens, 1965), osmotic shock bursting 

the pollen grains (Kroon et al., 1974) and enzymatic activity of digestive enzymes entering the 

germination pores (Y.-S. Peng et al., 1986). In bees, digestion takes place within the 

alimentary canal (Crailsheim et al., 1992; Kroon et al., 1974). The midgut is the main site of 

nutrient digestion and absorption for foragers and developing larvae (Dobson & Peng, 1997; 

Nation, 2002).   
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Figure 2.1 Pollen wall stratification adapted from (Halbritter et al., 2018). A: Schematic cross 

section of pollen wall, pk: pollenkitt. B: Ambrosia artemisiifolia, Asteraceae, optical view 

showing both intine and exine; acetolysed. C: Ambrosia artemisiifolia, Asteraceae, cross 

section showing both intine (yellow) and exine (blue).  

Unlike for nectar, honey bees directly store pollen as bee bread inside of the wax cells. The 

pollen gets tightly packed by young worker bees and honey and bee secretions are added, 

which starts a fermentation process for food preservation (Anderson et al., 2014; Kieliszek et 

al., 2018). The lactic acid fermentation is caused by bacteria and yeasts (Gilliam, 1979). 

Whether microbial activity in bee bread contributes to nutritional value from pre-digestion is 

still unclear. Generally, bacterial activity is lacking in bee bread, which suggest that nutrient 

preservation may be the primary benefit over nutrient conversion in bee bread (Anderson et 

https://www.google.com/search?rlz=1C1GCEB_enAU910AU910&q=Ambrosia+artemisiifolia&spell=1&sa=X&ved=2ahUKEwi2jrrFvIfxAhXOqksFHSTCAj0QkeECKAB6BAgBEDE
https://www.google.com/search?rlz=1C1GCEB_enAU910AU910&q=Ambrosia+artemisiifolia&spell=1&sa=X&ved=2ahUKEwi2jrrFvIfxAhXOqksFHSTCAj0QkeECKAB6BAgBEDE
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al., 2014). Honey bees in fact preferentially consume fresh pollen, which contains a greater 

nutritional value in protein and lipids compared to bee bread (Wright et al., 2018).  

2.3.2.1 Protein and amino acids 

Most pollen types contain all the common amino acids (Solberg & Remedios, 1980). However, 

the protein content of pollen varies widely  from 10 % to 60 % for angiosperms (T.H. Roulston 

et al., 2000; Somerville & Nicol, 2006). Not all pollen may provide sufficient concentrations of 

the 10 essential amino acids (Table 2.1) arginine, histidine, lysine, tryptophan, phenylalanine, 

methionine, threonine, leucine, isoleucine and valine, required by honey bees (De Groot, 

1953). For example, the pollen of Taraxacum officinale (dandelion pollen) not only lacks two 

essential amino acids (Auclair & Jamieson, 1948) but is also deficient in arginine (Herbert, 

1992), which can have significant effects on longevity (De Groot, 1953). The pollen of several 

plant species of the genus Eucalyptus are low in isoleucine (Manning, 2001b; Rayner & 

Langridge, 1985; Somerville, 2000; Somerville & Nicol, 2006). Maize pollen is characterized 

by a low histidine content (Höcherl et al., 2012).  

Table 2.1 Essential amino acids required by honey bees (DeGroot 1953).  

 

 

The minimum amount of crude protein in pollen required by honey bees is 20 - 25 % 

(Kleinschmidt & Kondos, 1976). The protein amount of bee-collected pollen can vary between 

9.2 % for Hypochaeris radicata (flatweed) to 37.4 % for Echium plantagineum (Paterson’s 

curse), as reported in a study on 62 floral species visited by bees (Somerville & Nicol, 2006). 

A deficiency in protein, and therefore likely in essential amino acids, reduces worker longevity 

(De Groot, 1953; Jack et al., 2016; Maurizio, 1950; J. O. Schmidt et al., 1987; L. S. Schmidt 

et al., 1995; Standifer, 1967), the development of hypopharyngeal glands and ovaries (Hoover 

et al., 2006; Human et al., 2007; Standifer, 1967), as well as immunocompetence (Alaux et 

Essential amino acids Bee requirements g/ 16g N 

Threonine 3.0 

Valine 4.0 

Methionine 1.5 

Isoleucine 4.0 

Leucine 4.5 

Phenylalanine 1.5 

Histidine 1.5 

Lysine 3.0 

Arginine 3.0 

Tryptophan 1.0 
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al., 2010; Azzouz-Olden et al., 2018; Rinderer & Rothenbuhler, 1974). The development of 

the hypopharyngeal and mandibular glands in the head of nurse bees is particularly important 

because nurses use the glands to produce glandular secretions (jelly) to feed larvae and all 

other colony members (Crailsheim, 1992).  

Honey bees break proteins into absorbable amino acids using proteolytic enzymes. Proteolytic 

enzyme activity increases with protein consumption from pollen by nurse bees and is indeed 

correlated with the development of their hypopharyngeal gland (Moritz & Crailsheim, 1987).  

Very little is known about pollen digestibility at the larval stage of honey bees (Dobson & Peng 

(1997). Honey bee larvae are fed with pollen only in the final larval stage, however the protein 

amount received from pollen constitutes only about 5 % of the protein received during protein 

containing brood feeding (Babendreier et al., 2004; Haydak, 1970).  Proteolytic activity is 

limited in pupae and newly emerged bees, but increases rapidly once pollen consumption 

starts after emergence (Moritz & Crailsheim, 1987). In larvae of the solitary bee Chelostoma 

florisomne (Megachilidae), nutrients are effectively digested and absorbed in the gut (Dobson 

& Peng 1997). In this species, lipids are completely digested, and proteins and carbohydrates 

are mostly digested, with only small quantities still present in grains in the hindgut (Dobson & 

Peng (1997). It is probable that  larvae of honey bees are able to effectively digest the nutrients 

from pollen grains, although the digestibility of pollen may still vary with pollen type (Suarez-

Cervera et al., 1994). 

2.32.2 Fats and fatty acids  

Fats (lipids) can make up 2 to 20 % of the dry mass of pollen, which includes fatty acids, 

sterols and phospholipids (Roulston & Cane, 2000). Bees meet their fat requirements through 

the consumption of pollen, and certain lipids from pollen attract bees to particular flowers 

(Dobson, 1988, 1989; Lepage & Boch, 1968; Singh et al., 1999). Pollen of eucalypts are 

generally low in fat content ranging from as low as 0.43 % (E. bridgesiana) to 4.6 % (E. 

camaldulensis), with the majority of eucalyptus producing pollen with a fat content below 2% 

(Somerville, 2000). For example, lipid content in jarrah (E. marginata) pollen has been 

reported to be between 0.59 % (Manning 2001) and 0.8 % (Roulston & Cane, 2000) and 0.88 

% for marri (Corymbia calophylla) pollen (Manning, 2001b). The pollen of European originating 

plant species, such as white clover (Trifolium repens), belonging to the plant family Fabaceae, 

and canola (Brassica napus), belonging to the plant family Brassicaceae, are much greater in 

total lipid content, (6.1 % ± 4.3 SD and 10.7 % ± 2.8 SD), respectively (recalculated from 

Roulston & Cane, 2000). However, it is important to consider the lipid extraction methods used 

by each study when comparing the fat content of pollen types because some extraction 

methods are incomplete or underestimate the total fat content (Dobson, 1988; Dobson & 
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Bergström, 2000; Iverson et al., 2001). The differences between extraction methods and their 

efficiencies are discussed in Chapter 4.  

Fats are important for bees because they are a source of energy (although not the main source 

for honey bees). Manning (2006) identified 73 fatty acids in Australian bee-collected plant 

pollen. Lipids are necessary for the synthesis of fat reserves and glycogen (Brodschneider & 

Crailsheim, 2010), the synthesis of cell membrane phospholipids and ovary development 

(Amdam et al., 2003). While the requirements of lipids in honey bees are still poorly 

understood, some studies have explored the effects of total lipid content in supplementary 

feed on brood rearing and requirements for specific fatty acids. Herbert et al. (1980) 

demonstrated that a 2 % lipid content in a supplementary feed was just as sufficient in rearing 

brood as by feeding natural pollen. Doubling the lipid content of the feed did not improve brood 

rearing, but cholesterol or 24-methylenecholesterol added to supplementary food seemed to 

increase brood rearing Herbert et al. (1980).     

In most insects including honey bees, polyunsaturated fatty acids are considered to be 

essential (Nation, 2002; Shen et al., 2010) and need to be obtained from the diet (Arien et al., 

2015; Hulbert & Abbott, 2011; Wright et al., 2018). Essential fatty acids play a crucial role in 

pupal and adult ecdysis. Deficiencies can cause deformed adults, slow growth and decreased 

adult fecundity (Nation, 2002). In honey bees, omega 3 fatty acids and the omega 6:3 ratios 

are crucial dietary constituent because they are involved in memory and learning ability (Arien 

et al., 2015, 2018). Some estimates of essential fatty acid requirements of  linolenic and 

linoleic acid have been calculated by Black ( 2006; page 50). Under experimental conditions, 

supplementing natural pollen (Corymbia calophylla) and artificial supplements with linoleic 

acid concentrations up to 6 % over the original levels, does not improve the longevity of bees, 

which suggests that dietary requirements for total fats lie below that threshold (Manning et al., 

2007). 

The regulation of lipids is important as excess amounts of lipids can be detrimental to the 

health of bees, as it has been shown in bumblebees and honey bees (Manning, 2006; Vaudo, 

Patch, et al., 2016). Bumblebees, regulate their lipid intake according to the presence of brood 

(Kraus et al., 2019) to adjust for specific protein to lipid ratios, when presented with diets of 

different nutritive value (Vaudo, Patch, et al., 2016; Vaudo, Stabler, et al., 2016). It would be 

expected that bumblebees under diverse environmental conditions would show similar floral 

preferences. In fact, some evidence shows that honey bees can display floral preferences and 

recruit nestmates to forage for diets that complement essential fatty acid deficiencies (Zarchin 

et al., 2017). Furthermore, honey bees actively regulate their intake of lipids around an optimal 
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value relative to the amount of protein in their diet, and fat content alone does not seem to 

directly result in increased mortality (Stabler et al., 2021).  

Lipid digestion in adult honey bees likely depends on the fatty acid chain length, the degree 

of saturation and requires lipase activity, although a large amount of lipids, sterols and wax 

remain undigested. Some volatile fatty acids act purely as phagostimulants to attract honey 

bees and pass unaltered through the digestive tract (reviewed in Black, 2006).  

Besides fatty acids being an essential dietary constituent, certain fatty acids such as decanoic 

(capric), dodecanoic (lauric), myristic, linoleic and linolenic acids have antimicrobial properties 

and can play crucial roles in the fight against pathogens and disease for honey bees 

(Feldlaufer, Knox, et al., 1993; Feldlaufer, Lusby, et al., 1993; Manning, 2001a).  

2.32.3 Minerals  

Although honey bees can obtain some minerals from nectar, the main source of minerals is 

from pollen (Somerville & Nicol, 2002). The mineral content of corbicula pollen consists 

predominantly of potassium, sodium, phosphorus, sulphur, calcium and magnesium (Herbert 

& Miller-Hill, 1987; Manning, 2001b; Serra Bobvehi & Jorda, 1997; Somerville & Nicol, 2002).  

Minerals are an important dietary constituent, important for enzymatic activity (Nation, 2002) 

and play a role in navigation and attracting or deterring bees from floral resources. Dietary 

mineral requirements of bees are still largely unknown, but have been estimated from body 

compositions of bees, pollen sources and indirect effects on brood development (Black, 2006; 

Herbert & Miller-Hill, 1987; Herbert & Shimanuki, 1978) (Table 2.2). Nation & Robinson (1971) 

studied the mineral content of pollen, royal jelly and worker bees and proposed a 3 % ash 

content (dry matter) for artificial diets, with specific requirements for potassium, sodium, 

magnesium and calcium. Herbert, Svoboda, et al. (1980) suggested that a feed should contain 

1 % ash content (dry weight) as a source of minerals for optimum brood rearing. Calcium 

levels between 144 mg/kg to 244 mg/kg are required for maximal larval growth in vitro (Zhang 

& Xu, 2015), and zinc nutrition increases the antioxidant defence of honey bees (Zhang et al., 

2015). 
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Table 2.2 Estimated minimum available requirements for the growth of honey bees, adapted 

from Black (2006). 

 

Certain minerals and micronutrients can have a phagostimulatory (stimulating feeding) or 

repelling effect. For example, high potassium levels found in onion and avocado nectar reduce 

the attractiveness of flower nectar to bees (Afik et al., 2006, 2014; Hagler, 1990; Waller et al., 

1972).  

Iron accumulates in body tissue of the abdomen of honey bees and is thought to play a role 

in navigation (Boyd et al., 2013; Shaw et al., 2018). High concentrations of iron, such as when 

foraging on highly fertilised crop systems, can cause lipid peroxidation and reduce bee 

longevity (Jumarie et al., 2017). Furthermore, the consumption of high mineral concentrations  

of potassium, calcium and sodium have a negative impact on brood rearing and colony 

productivity (Hagler, 1990; Herbert & Shimanuki, 1978). The most abundant minerals found in 

honey bee tissue are phosphorus and potassium (Herbert, 1992), which are also dominant in 

pollen (Manning, 2001b; Somerville & Nicol, 2002). 

2.32.4 Vitamins  

Vitamin requirements are only briefly discussed, as they were not studied in this thesis.  

Pollen is rich in water soluble and poor in fat soluble vitamins (T’. H Roulston & Cane, 2000), 

and are easily excreted when fed in excess expect for the fat soluble vitamins A and K (Black, 

2006). Several vitamins are essential for honey bees including biotin, choline, folic acid, 
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inositol, niacin, pantothenic acid, pyridoxine, riboflavin, thiamine, vitamin B12, vitamin A and 

vitamin K. (Black, 2006). Several studies quantified the effects of different vitamins on brood 

rearing and the development of the hypopharyngeal gland, although vitamin availability did 

not alter worker longevity (reviewed in: Black, 2006). 

2.4 Secondary compounds 

Plants produce a vast variety of secondary metabolites as a protection mechanism against 

herbivory and parasites. The concentrations of secondary metabolites differ between 

vegetative tissues, floral tissues and floral rewards (Cook et al., 2013; McKey, 1974). 

Concentrations of secondary metabolites are typically lower in nectar compared to other plant 

tissues and can have a positive but also toxic effect (Cook et al., 2013; Rhoades & Bergdahl, 

1981). Deterrent and toxic effects can occur from non-protein amino acids, alkaloids and 

phenolics (Detzel & Wink, 1993; Liu et al., 2006; Rhoades & Bergdahl, 1981; Stevenson et al., 

2017). Little evidence indicates that pollinators co-evolved with plants using secondary 

metabolites as a mechanism of defence (Stevenson et al., 2017).  

Secondary compounds most likely have a toxic effect on honey bees and some flowers can 

be avoided through learnt behaviour (Wright et al., 2010). Other compounds such as 

cyanogenic glycosides found in almond nectar, causing mortality in honey bees at high 

concentrations, can be undetected by bees (London-Shafir et al., 2003; Wright et al., 2010). 

Bees are able to degrade some secondary metabolites when they convert nectar to honey, 

but these processes are not well understood (Stevenson et al., 2017).  

Beneficial effects of secondary metabolites include increase attractiveness of specific plants 

and improvement of bee health. Caffeine enhances honey bee memory of floral traits (Wright 

et al., 2013). Interestingly, concentrations of caffeine greater than the natural range or above 

0.01 M repels bees (Mustard et al., 2012; Singaravelan et al., 2005). Naturally occurring 

phenolics increased the attractiveness of avocado nectar to bees (Afik et al., 2006). 

Gelsemine, a nectar alkaloid has been found to reduce infection intensities of the gut 

protozoan Crithidia bombi in bumble bees, indicating that secondary metabolites of plants 

can play a role in controlling pathogen infections (Manson et al., 2010). The beneficial role 

of secondary metabolites to control infections has been described in other insects, particularly 

in caterpillars. Caterpillars increase the consumption of pyrrolizidine alkaloids to reduce 

infections by parasites even though, under healthy conditions, the consumption of these 

alkaloids reduced caterpillar survival (Singer et al. 2009). The roles secondary metabolites 

play in pollinator-plant interactions might have not yet been fully realized. 
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Tannins represent another group of poly-phenolics produced by vascular plants (especially 

woody perennials). Tannins with high molecular weight can limit nutrient uptake by 

precipitating protein and reducing the protein availability to herbivores (Barbehenn & Peter 

Constabel, 2011; Zucker, 1983). Other effects of tannins on herbivores include enzymatic 

inhibition and toxicity (Barbehenn & Peter Constabel, 2011; Goldstein & Swain, 1965). Many 

animals feed on plant material that contains tannins, and have developed mechanisms to 

degrade or digest tannins (Chung-MacCoubrey et al., 1997; Frutos et al., 2004; McArthur & 

Sanson, 1991; Narjisse et al., 1995). The binding properties of tannins to protein can even 

have some beneficial effects in mammals such as reducing foaming of protein rich forage in 

the rumen (Barbehenn & Peter Constabel, 2011). Tannins bind proteins in acidic to mildly 

basic aqueous solutions, but binding does not readily occur at high pH (Barbehenn & Peter 

Constabel, 2011). In the insect gut, tannin-protein precipitation as described in mammals may 

be prevented or reversed (Fox & Macauley, 1977; Robbins et al., 1987). Instead, tannins are 

much more likely to induce a toxic effect in insects as the high pH of insect guts prevents 

protein precipitation (Barbehenn & Peter Constabel, 2011; Ibanez et al., 2012; Salminen & 

Karonen, 2011). In addition, surfactants (detergents) believed to be formed as a product of 

lipid digestion also prevent protein precipitation in insects’ gut lumen (reviewed in Barbehenn 

& Peter Constabel, 2011). Based on the evidence from other insects, nectar tannins are likely 

to be toxic to honey bees because their oxidation under high pH conditions produced reactive 

oxygen species (Appel, 1993; Barbehenn & Peter Constabel, 2011). Only very limited data 

shows that tannins might have some beneficial effects for honey bees in reducing the intensity 

of a fungal disease, nosemosis (Gajger et al., 2011).  

Eucalypts are particularly high in tannins (referenced in: Fox & Macauley, 1977), compared to 

other plant species, in that they typically represent 5 – 10 % of the dry weight (Barbehenn & 

Peter Constabel, 2011). In countries like Australia that heavily rely on eucalypt species for 

commercial beekeeping (Benecke, 2007; Ohmart & Edwards, 1991; F. G. Smith, 1969; 

Somerville & Moncur, 1997), understanding the effects of tannins in honey and nectar, on their 

consequences on the physiology of bees, could be important.  
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CHAPTER 3: GENERAL METHODOLOGY 

This study was based on a large field experiment that took place over two locations from the 

beginning of September to November 2017. At location 1 (Latitude: - 32.2° S, Longitude: 

115.9° E), experimental colonies were assembled and then monitored for six weeks (Figure 

3.1). Then they were shifted to location 2 (Latitude: - 33.7° S, Longitude: 115.5° E); an avocado 

orchard and monitored for further six weeks. Throughout the thesis I will be referring to the 

sampling weeks, which also define the location (Table 3.1).  

Figure 3.1 Locations of experimental colonies. Location 1 (Latitude: -32.241003° S, 

Longitude: 115.904404° E): Build-up site, where colonies were assembled and monitored until 

they were shifted to Location 2 (Latitude: -33.730602° S, Longitude: 115.45758° E): The 

pollination of an avocado crop.   
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Table 3.1 Experimental timeline replicating current beekeeping practices in WA. 

Location Sampling week Dates in 2017 

1 (Build-up site) 

1 1st September 

2 13th September 

3 26th September 

4 3rd October 

5 7th October 

6 11th October 

2 (Avocado orchard) 

7 18th October 

8 24th October 

9 1st November 

10 8th November 

11 14th November 

12 22nd November 

Forty nucleus hives (hereon referred to as colonies) were set up with four feed sources (marri, 

jarrah, coastal and canola) with 10 replicates each. All colonies were four - framed full depth 

Langstroth colonies, each contained one frame of stored pollen and one frame of stored honey 

(from one of the four assigned feed sources), a drawn frame and a waxed foundation frame 

(no drawn wax) (Figure 3.2). The pollen and honey frames were sourced from local 

beekeepers prior to the experiment during the peak flowering times of the plants, stored at – 

20 °C and used as experimental feeds (Table 3.2). All the honey and pollen frames were 

weighed individually prior to the experiment. Approximately 800 ± 10 g of bees per colony 

were sourced from a commercial beekeeper (operating north of Geraldton, Table 3.2). Six-

month-old sister queens (open mated) were purchased from a local queen bee breeder and 

one introduced to each colony. The queens were of Italian race, Apis mellifera ligustica, and 

the breed has lineage from the long-established Rottnest Island Bee Breeding Program (1980 

to current). In some colonies there was queen failure, and these were promptly replaced with 

same aged queens of similar genetic stock.  
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Figure 3.2 Setup of experimental colonies. Each colony consists of 4 frames (foundation, 

honey, drawn, pollen) (1-4), a sister queen (5) plus ~ 800 g of worker bees. Bees were also 

fed with pollen patties (honey + pollen mix) weekly (6). Image of the queen adopted from Getty 

image. 

All colonies had pollen traps (Plastic – ANEL Greece) attached to their entrance to restrict the 

intake of external sources of pollen from the environment (Figure 3.3).  

Figure 3.3 Nucleus hive with a plastic ANEL pollen trap at the entrance of the colony 
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3.1 Feed sources 

Bulk pollen was purchased from beekeepers who had trapped pollen when on nectar flows of 

jarrah (Eucalyptus marginata), marri (Corymbia calophylla), coastal pollen from an 

overwintering heathland site and canola pollen from the variety Round- up Ready 43Y23 (Table 

3.2). Round - up Ready 43Y23 is a genetically modified variety of canola. All pollen sources 

were stored at -20 °C until use. Honey was obtained from the same apiary sites after being 

commercially extracted.  

3.2 Feeding 

In addition to the stored honey and pollen frames, bees also had constant access to pollen 

patties. Pollen patties were made up of beekeeper collected fresh (wet) trapped pollen and 

mixed with extracted honey from the same sites (Table 3.2). Pollen patties were prepared prior 

to the experiment by mixing the wet pollen and honey of the four feed sources using a Kenwood 

Food mixer at a ratio of 6:1 (by weight) as described by Somerville (2005). However, for similar 

texture (firmness) the proportions of pollen to honey were adjusted due to the moisture content 

of both wet pollen and honey. Each pollen patty weighed 150 g. Marri and jarrah patties were 

rolled out using a kitchen roller and stored between baking paper at – 20 °C prior to use in 

colonies. Coastal and canola patties were stored at - 20 °C in square petri dishes 

(100x100x20mm) due to their crumblier texture. Patties were thawed prior to being placed 

under the lid of a colony on top of the frames, and the patties were replaced weekly. Additional 

honey was only fed to colonies from their assigned feed source when honey stores were low 

or when robbing behaviour was observed. 

No treatments were applied for pests and diseases during the duration of the experiment.
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Table 3.2 Details on the origin of the feeds (frames, bee-collected pollen and honey). 

 

Feed type 
Feed 

source 
Sampling date 

Chemicals 
used 

Genetically 
modified 

Location 
Apiary 

site 

Frames (pollen and 
honey) 

Marri 6th March 2017 no - Jarrahdale AS 4594 

Bee-collected pollen Marri 
Feb-March 
2017 

no - Jarrahdale AS 4594 

Honey Marri 
Feb-March 
2017 

no - Jarrahdale AS 4594 

Frames (pollen and 
honey) 

Jarrah 16th Dec. 2016 no - Jarrahdale AS 3895 

Bee-collected pollen Jarrah 6th Jan 2017 no - Jarrahdale AS 4594 

Honey Jarrah 6th Jan 2017 no - Jarrahdale AS 4594 

Frames (pollen and 
honey) 

Coastal 
early August 
2017 

no - North of Jurien Rd, Jurien Bay 
Private 
site 

Bee-collected pollen Coastal Sep-16 no - North of Jurien Rd, Jurien Bay 
Private 
site 

Honey Coastal Sep-16 no - North of Jurien Rd, Jurien Bay 
Private 
site 

Frames (pollen and 
honey) 

Canola 8/11/2017 yes 
Round- up Ready 
43Y23 

East Chapman Rd, Chapman 
Valley 

Private 
site 

Bee-collected pollen Canola 11th August 17 yes 
Round- up Ready 
43Y23 

East Chapman Rd, Chapman 
Valley 

Private 
site 

Honey Canola 11th August 17 yes 
Round- up Ready 
43Y24 

East Chapman Rd, Chapman 
Valley 

Private 
site 
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CHAPTER 4: FLORAL DIVERSITY OF COMMERCIALLY 

PRODUCED POLLEN AND HONEY COLLECTED FROM 

FOUR DIFFERENT APIARY SITES 

4.1 Introduction 

An abundance of pollen and nectar is required to maintain colony health and productivity of 

honey bees (Herbert, 1992). Commercial beekeepers in Western Australia (WA), like in many 

other countries, have adopted nomadic beekeeping practices to ensure a continuous supply 

of pollen and nectar for their bees. Shifting colonies to an average of six apiary sites per year 

is common practice (Benecke, 2007). In WA, the peak flowering periods at  most apiary sites 

last between 4 - 6 weeks (Manning, 1992, 1993), with beekeepers targeting plant species that 

yield large quantities of nectar for honey production.  An abundance of pollen is required to 

support brood development and colony expansion in spring (Herbert, 1992; Kleinschmidt et 

al., 1975).  

Western Australian plants of prime importance for commercial production are from very few 

families, with Myrtaceae being the most important (Benecke, 2007; F. G. Smith, 1969). 

Species belonging to the Myrtaceae genera Eucalyptus and Corymbia flower at various times 

throughout the year (F. G. Smith, 1969). Some of the major species that beekeepers target 

for nectar and pollen sources include Eucalyptus patens, Eucalyptus marginata, Corymbia 

calophylla, Eucalyptus accedens and Eucalyptus wandoo (Benecke, 2007; F. G. Smith, 1969).  

Eucalyptus patens (blackbutt) flowers during the summer months of January and February 

(Figure 4.1). Its pollen is excellent for colony build-up and moderate amounts of nectar can be 

collected by bees (Coleman, 1962). In January, the flowering period of blackbutt may also 

overlap with E. marginata (jarrah), which flowers from September to January in different 

regions (Figure 4.1) of WA. Jarrah can produce large amounts of pollen and good quantities 

of nectar depending on the region (Coleman, 1962). Other small trees and numerous smaller 

shrubs present additional floral sources from the understorey of jarrah forests (F. G. Smith, 

1969). However, the most important honey flow in jarrah forests comes from Corymbia 

calophylla, commonly known as marri, that produces large amounts of nectar and high quality 

pollen from February to March (Figure 4.1) (Coleman, 1962; Manning, 2001b). Eucalyptus 

accedens (powderbark wandoo) flowers from mid-January to mid-March and produces ample 

amounts of nectar and pollen (Figure 4.1). Another eucalypt species important for honey 

production for the WA beekeeping industry is E. wandoo (wandoo/ white gum), which flowers 

in three distinct seasons (summer, winter and spring) in three different regions. Although the 
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pollen of E. wandoo was said to be of poor quality, it produces excellent honey (Coleman, 

1962), Manning (2001b) has since shown that the pollen content is not poor for E. wandoo 

(total protein: winter wandoo 21.8 ± 0.42 %, spring wandoo 23.1 ± 0.55 % and summer wandoo 

23.7 ± 0.75 %) and higher in protein than jarrah pollen (total protein: 19.7 ± 0.18 %). 

 

Figure 4.1 The distribution of four Eucalypts and a Corymbia species (maps adapted from: 

Western Australian Herbarium, 1998-) of importance to the WA beekeeping industry. The 

months indicate the flowering period of each species, except for E. wandoo which flowers 

during spring, summer and winter months in Western Australia in different regions.  

Other apiary sites most commonly used during winter and spring months (July to September) 

are heathland sites (mixed coastal vegetation) found along the sandplain areas north of Perth 

between Cervantes and Dongara (Kessell & Burking, 1983), known as the Southern and 

Northern Beekeepers Reserves (F. G. Smith, 1969) (see Chapter 1, Figure 1.2). On heathland 

sites, common plant species visited by bees for nectar and pollen include Grevillea spp. and 

Hakea spp., both from the Proteaceae family. (F. G. Smith, 1969).  
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During the winter months in July, beekeepers may also choose to shift their colonies onto 

Brassica napus (canola), an agricultural crop, to nutritionally boost their bees for spring 

(September-November) when large amounts of nectar and pollen are required for the colonies 

to expand. Honey bees are highly attracted to canola flowers, a mostly wind pollinated crop, 

and can collect an abundance of nectar and pollen (Kotowski, 2001; Lepage & Boch, 1968).  

In both agricultural and non-agricultural sites, common weeds include daisy species (family 

Asteraceae) which are widely distributed in the South-West of WA (Western Australian 

Herbarium, 1998-). Amongst the Asteraceae species, Arctotheca calendula (cape weed) 

flowers from July to November in WA and Hypochaeris radicata (flat weed) flowers all year 

round with a flush in spring (Western Australian Herbarium, 1998-). Cape weed and flat weed 

are a valuable source of pollen for honey bees (Coleman, 1962). The pollen of both weeds 

are distinctively orange, and bees are attracted to the pollen because of its high fatty acid 

content (Manning, 2001a; Standifer, 1966). In addition, introduced legume species of the 

family Fabaceae (clover, pea and lupin), of which Trifolium repens (white clover) flowers from 

July to November in WA (Western Australian Herbarium, 1998-), can generally be valuable 

floral sources for honey bees (L. H. Johnson, 1946; Somerville, 2004).  

Honey bees, like any animal species, regulate their macronutrient intake (protein, 

carbohydrate, fat) to match their physiological and seasonal demands (Behmer, 2009; Clark 

et al 2013; Simpson & Raubenheimer, 2012). This principal has been described through the 

Geometric Framework for Nutrition (Simpson & Raubenheimer, 2012), whereby individuals 

meet their optimum intake referred to as the ‘intake target’. In honey bees, the intake target 

can be influenced by floral source availability, the attractiveness of a floral source, as well as 

the energy needed to collect nectar and pollen. Consequently, bees may collect the majority 

of food sources from comparably few plant species in highly diverse landscapes, despite the 

bees’ ability to collect pollen from a vast variety of plants (Aronne et al., 2012; de Vere et al., 

2017; Hawkins et al., 2015). Foraging distances can vary from a few hundred metres to as far 

as 13.5 km (Frisch 1967 & Visscher and Seeley 1982, referenced in Beekman & Ratnieks, 

2000). Foraging distance is influenced by energy expenditure, availability of food source, 

flower patch size and floral reward, with honey bees carrying out longer foraging trips when 

food sources in close proximity diminish (Danner et al., 2017; Seeley, 1986, 1995). Other floral 

cues that attract bees to particular flowers include flower colour, odour, reward quantity, pollen 

grain size and nectar sugar concentration (Dobson & Bergström, 2000; Dobson, Bergström, 

& Groth, 1990; Giurfa, Núñez, & Backhaus, 1994; Knoll, 1930; Pernal & Currie, 2002; Seeley, 
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Camazine, & Sneyd, 1991). However, the use of floral cues by honey bees to forage for 

nutritional quality is still unclear. 

Beekeepers target known nectar flows which are predominately single species. Honey and 

pollen harvested from colonies in eucalypt forests and agricultural crops during peak flowering 

season are often referred to as ‘mono-floral honeys or pollen’ if they are from a single botanical 

source, or when a particular species is predominant in the sample (Codex Alimentarius 

Commission, 2001; de França Alves & de Assis Ribeiro dos Santos, 2017). However, other 

shrubs and flowering plants are found in the understorey of forests, in sandplain/heathland 

and as weeds in farmland (F. G. Smith, 1969). It is unknown as to what degree other plant 

species in the area, other than the major flowering species, contribute to the floral diversity of 

a particular, especially ‘mono-floral’, apiary site. While other flowering plants and weed species 

might be seen as a ‘contaminant’ of pollen and honey for the consumer market, or as a 

hindrance for crop pollination, they may play a crucial role in honey bee nutrition (Alaux et al., 

2010; Di Pasquale et al., 2013; Girard et al., 2012; Requier et al., 2015; J. O. Schmidt et al., 

1987).  

This chapter investigates the breadth of flora visited by honeybees for nectar and pollen from 

four apiary sites situated on a predominant floral source: marri and jarrah in forest and 

woodland; canola, an agricultural crop; and a diverse heathland site. We predict that bees 

predominantly collect pollen and nectar from the most common flowering plants at a site, but 

that this may vary between the different target species.  

4.2 Methodology 

4.2.1 Feed sources 

Pollen and honey from marri, jarrah, coastal and canola apiary sites were sourced from 

commercial beekeepers as described in the general material and methods section (Chapter 

3). Pollen was received in ~ 5 - 10 kg bags, each of which were combined and thoroughly 

mixed prior to taking a 50 g sub-sample. The honey was received in one 15 kg bucket from 

commercial beekeepers and a 100 mL sub-sample was taken.  

Pollen patties, normally fed to honey bee colonies as supplementary feed, were made by 

combining the honey and its respective pollen source of marri, jarrah, coastal and canola. 

Patties were mixed as described in the general methodology section, and a 50 g sub-sample 

was provided for palynological analyses from four pooled batches. Patties were analysed in 

addition to the pollen and honey, as these were later used as feed.   
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All samples were kept at - 20 ºC prior to analysis, and were palynologically processed and 

analysed at the ChemCentre WA, an accredited laboratory by the National Association of 

Testing Authorities (NATA) in Western Australia.  

4.2.2 Sample preparation 

Honey samples: The honey samples were mildly heated in a microwave (for < 1 min at 1000 

W) to liquify and thoroughly mix the samples. Twenty mL of honey was subsampled and 

heated in 200 mL of distilled water in a 250 mL glass beaker until liquid. The liquid mixture 

was transferred to 50 mL centrifuge tubes and centrifuged at 3,000 rcf for 3 minutes. The 

supernatant was discarded and the pellet containing the pollen was rinsed-centrifuged twice 

in hot distilled water (min temp. above 40 °C). The pellet was transferred to 15 mL centrifuge 

tubes to be acetolysed. The acetolysis method (Erdtman, 1960) removes extraneous organic 

matter and the content from the pollen grains so that the structure and surface of the pollen 

wall can be clearly seen microscopically.   

Acetolysis: The samples were dehydrated with concentrated acetic acid (rinse-centrifuged 

twice) then heated to boiling point in a mixture of 9 parts concentrated acetic anhydride to 1 

part concentrated sulphuric acid for 8-10 minutes in a boiling water bath, and then rehydrated 

with concentrated acetic acid (twice as above) and rinse -centrifuged in distilled H2O eight to 

ten times until neutral pH to slightly acidic was reached. 

Slide making: Approximately 5 mL of water was added to the acetolysed pellet, and a small 

drop (approx. 0.1 mL) of the mixture was pipetted into a weak solution of polyvinyl acetate 

(PVA) on a glass microscope coverslip. When dry, the coverslip was inverted onto a small 

drop of the permanent mounting medium Eukitt© on a glass microscope slide, and left to dry 

for several days.  

Pollen and patty samples: Approximately 3 g of each of the pollen samples and the prepared 

pollen patties, were placed into 50 mL centrifuge tubes. Warm (~ 40 °C) distilled water (20 - 

30 mL) was added to the tubes, and the tubes were agitated until the pollen was dispersed. 

The samples were then sieved into a small flask through a 120 µm plastic mesh to remove 

extraneous material (e.g. bee parts) and returned to the 50 mL tubes. Samples were rinsed -

centrifuged in hot distilled water several times, the supernatant discarded, and residue 

retained. The residues were then acetolysed and slides prepared as described above.  

 

Slides were examined and pollen photographed with a transmitted light biological microscope 

(OLYMPUS-BX51, Olympus Corporation) with a digital camera attachment (OLYMPUS-P71, 

Olympus Corporation). At least 200 grains were counted and identified in the pollen and patty 
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samples (Lau et al., 2018), and at least 500 grains in the honey samples to account for the 

diversity of plant species (von der Ohe et al., 2004). The contrast and background of 

photomicrographs was adjusted in Photoshop (Adobe), which did not change the pollen 

structure. All pollen grains were identified to the species level by comparing pollen types to 

the personal pollen database of Dr Lynne Milne, and pollen collected from the field (see 

Chapter 5) and the Western Australian Herbarium during this project. Pollen grains that could 

not be identified to the species level were reported to the family or genus level. 

Pollen percentages were calculated from the total pollen counts for each individual sample. A 

dominant floral source of a honey or pollen for this study was classified as dominant when 

pollen abundance was greater than 45 % (Baum et al., 2004; von der Ohe et al., 2004). Data 

are presented as mean ± sem when available. 

For the remaining of this chapter, pollen collected by bees found in the pollen traps is referred 

to as “bee-collected pollen” whereas “pollen” is used to refer to pollen identified in honey as 

part of the palynology method, or as pollen from plant species. Common pollen types are 

shown in Plate 4.1. 
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Plate 4.1 Photomicrographs of major pollen types (acetolysed) found in honey, pollen and 

patties. A,B. Eucalyptus marginata (jarrah). C,D. Corymbia calophylla (marri). E-H, Trifolium 

repens (clover). E,F, Equatorial view of two different grains, G,H. Polar view of two different 

grains. I-L. Brassica napus (canola). I,J. Same grain, equatorial view, median and high focus 

respectively. K,L. Same grain, polar view, median and high focus respectively. Scale bars 10 

µm (= magnification x 100). 

4.3 Results 

Across all apiary sites, honey bees visited 22 plant species belonging to 12 families - 

Amaranthaceae, Asteraceae, Brassicaceae, Casuarinaceae, Fabaceae, Lauraceae, 

Myrtaceae, Plumbaginaceae, Poaceae, Proteaceae, Solanaceae and Xanthorrhoeaceae 

(Table 4.1). Myrtaceae was the most represented plant family across all apiary sites. Pollen 

from plant species that were present in the honey but not in bee-collected pollen included 

Persia americana (0.2 %), Banksia species (0.2 %), Echium plantagineum (1.3 %) and 

Xanthorrhoea preissii (0.4 – 10.8 %). Pollen that was present in the bee-collected pollen and/ 

or patty but not in honey included Lupinus cosentinii (0.4 %), a Persoonia species (0.2 – 0.6 

%) and Urospermum picroides (0.2 %). 
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The number of total plant species obtained from honey and pollen analyses varied between 

sites, with jarrah containing the fewest species with only eight, followed by marri with 12, 

canola with 13 and coastal sites with 17 species. Honey bees collected nectar and pollen from 

the same plant species from 33 % of plants at the marri site, 25 % at the jarrah site, 47 % at 

the coastal site and 46 % at the canola site.  

4.3.1 Honey 

The floral contribution of the target species marri, jarrah, coastal and canola ranged between 

28 - 82 % (Plate 4.1, Table 4.1). Pollen of jarrah and canola were not dominant in their 

respective honeys. Jarrah contained ~ 28 % jarrah pollen, with the most abundant pollen 

coming from other related Myrtaceae species (56 %), and pollen of Xanthorrhoea preissii (~ 

11 %). Canola honey contained ~ 40 % canola pollen, close to 40% of Myrtaceae species that 

could not be identified at the species level and ~ 12 % marri pollen.  Honey from the marri site 

had the greatest pollen count of its target species with ~82 %. Most of the pollen count from 

the coastal honey was made up of white clover ~ 50 %, Myrtaceae species ~ 23 % and Lotus 

subbiflorus ~12 %. On average, pollen of 11.0 ± 3.1 % plant species were found across honey 

samples. Overall, 2 - 3 different pollen types (greater than 10 %) represented ~ 85 %  -  96 % 

of the floral diversity within a particular honey.  

4.3.2 Pollen 

The pollen of the target species marri, jarrah and canola were the most abundant in the pollen 

collected by bees for the respective apiary sites (Table 4.1). Canola pollen represented ~ 90 

% of the pollen count from that site, followed by marri and jarrah close to 60 % (Table 4.1). 

The coastal pollen was made up of ~ 88 % white clover pollen. On average, pollen of 7.5 ± 

2.7 % plant species were found across bee-collected pollen samples. The coastal pollen was 

made up of predominantly clover pollen, close to 90 %. Overall, 1-3 different pollen types 

(greater than 10 %) represented ~ 88 % - 100 % of the floral diversity within bee-collected 

pollen. Except for pollen in marri honey, there was a higher percentage of the dominant pollen 

in bee-collected pollen.   

4.3.3 Patty 

The diversity of floral sources was reflected in the patty mixtures from the above pollen and 

honey from the four sites (Table 4.1).  
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Table 4.1 Percentage of pollen types from native plants (Australian) and alien plants (non-Australian: weed or crop plants as per Florabase (The Western 

Australian Flora, 1988) and total number of pollen types in honey, pollen and patties from the four sites: marri, jarrah, coastal and canola. Empty cells indicate 

that the species was not detected. *NFI = not formally identified 

Plant family Plant species Origin  Plant type 
Honey Pollen Patty 

Marri Jarrah Coastal Canola Marri Jarrah Coastal Canola Marri Jarrah Coastal Canola 

Amaranthaceae Unknown Native       0.2 2.5       2.4       

Asteraceae 

Arctotheca calendula Alien weed     1.3       3.4       2.8   

Hypochaeris radicata Alien weed     1.5 0.4 0.2       1.2 0.2     

Urospermum picroides Alien weed             0.2           

Brassicaceae 
Brassica napus Alien crop   0.2 5.2 41.1     3.7 89.8     2.8 88.4 

Raphanus raphanistrum Alien weed     0.2 1.2     0.2 2.3       0.6 

Casuarinaceae Unknown Native 1.6       25.1       19.4       

Fabaceae 

Acacia iteaphylla Native 0.2 0.8 1.2         0.6         

Acacia sp. Native   0.4   0.6       1.3       1.4 

Lotus subbiflorus Alien weed     11.8 0.2     0.2           

Lupinus cosentinii Alien weed         0.4             0.2 

Trifolium repens Alien weed/crop     50.3 1.8     88.2       93   

Lauraceae Persia americana Alien crop     0.2                   

Myrtaceae 

Corymbia calophylla Native 82   0.6 12.5 63.2     0.2 71.2     0.4 

Eucalyptus marginata Native 1.2 28 1 2.2 0.2 41     0.6 29.4     

Unknown Native 14.2 56 22.7 38.4 7.6 58.8 0.4 3.8 4.4 69.8   5.9 

Plumbaginaceae Echium plantagineum Alien weed     1.3                   

Poaceae Unknown Alien weed     0.6       0.4       0.2 0.2 

Proteaceae 
Persoonia sp. Native           0.2       0.6   0.2 

Banksia sp. Native 0.2   1                   

Solanaceae Solanum nigrum Alien weed       0.4 0.2   0.2           

Xanthorrhoeaceae Xanthorrhoea preissii Native 0.4 10.8                     

No. of pollen types - - 7 7 14 12 9 3 9 7 7 4 5 9 

NFI 
Unknown Unknown   1.2   0.2 0.6     0.6 0.8   0.4 0.8 

Tricolporate sp. Unknown 0.2 2.6 1.2 1     3.2 1.5     0.8 2 
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4.4 Discussion 

Honey bees visited marri, jarrah and canola flowers from their respective apiary sites, which 

was evident from the pollen found in honey and in bee-collected pollen. At the coastal 

heathland site, honey bees were foraging mostly on an exotic weed species instead of on a 

diversity of surrounding native shrubs, known to exist from this site. While we cannot comment 

on the absolute floral diversity of each site, honey bees overall visited a variety of species from 

a minimum of five plant families. Myrtaceae was the most common plant family across all 

samples, which is not surprising as it is one of the most common plant families in Australia. 

Even so, the percentage of different pollen types in honey and bee-collected pollen varied 

largely between different apiary sites and did not necessarily represent marri, jarrah, and 

canola species targeted by beekeepers.  

Jarrah pollen was present at only 28 % and 41 % in bee-collected pollen and honey from the 

Jarrah site. This was surprising given that bee-collected pollen and honey was obtained from 

colonies during the peak jarrah flowering period. However, jarrah forests have a variety of 

understorey growth (F. G. Smith, 1969), and other myrtaceous species flower at the same 

time.  Palynological analysis suggests that there may be jarrah hybrids in the forests as well 

(L. Milne pers.comm.), making it difficult to confidently assign some grains to jarrah. If we 

consider the total pollen percentage of all Myrtaceae species in both honey and bee-collected 

pollen samples, myrtaceous pollen is dominant with close to 75 % in honey and close to 100 

% in bee-collected pollen. 

Honey and bee-collected pollen of marri, which flowers after jarrah, was dominant in pollen 

assemblages at about 80 % and 60 % respectively. Marri trees are often found either amongst, 

or in proximity to, jarrah forest (F. G. Smith, 1969). The greater percentage of marri pollen in 

the honey and bee-collected pollen may be explained by fewer of the other eucalypt species 

and understorey plants flowering at the same time, even though a few groundcover species 

may still exist, as it was evident from the number of pollen types found in the marri samples.  

At the coastal and canola sites, bee-collected pollen comprised close to 90 % of clover and 

canola pollen respectively. There are two possible explanations why honey bees collected 

almost pure pollen from flowers at these sites. If a crop such as canola, which is highly 

attractive to bees (Kotowski, 2001; Lepage & Boch, 1968), also produces large amounts of 

pollen, honey bees are likely to forage shorter distances (Frisch 1967 & Visscher and Seeley 

1982, referenced in Beekman & Ratnieks, 2000), especially during cooler months (Couvillon 

et al., 2014). However, the abundance of a pollen source is important because if nearby floral 

sources are exhausted or limited, honey bees will start to forage further away (Seeley, 1994, 
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1995). Given that honey bees collected almost negligible amounts of pollen from other native 

species at the coastal heathland site, it is likely that a pollen shortage existed. Coastal 

heathland sites can vary largely in floral diversity over the winter and spring months, and 

shorter periods of fewer yielding plants can exist (F. G. Smith, 1969). Therefore, clover may 

have provided a greater nectar and pollen reward for bees, despite the larger foraging 

distance. Clover is often found on farmland with nutrient rich soils and honey bees would have 

had to extend their foraging trips to collect clover. Especially on farmland, plant species such 

as Trifolium repens can occur in large patches, providing large quantities of floral reward to 

honey bees.  

With the exception of Marri honey, the percentage of pollen in honey was more diverse in all 

honey types compared with bee-collected pollen. On average, 11 plant species were found in 

honey and 7.5 plant species in bee-collected pollen.  Generally, more pollen types of various 

plants are found in honey compared with bee-collected pollen (Minckley & Roulston, 2006). 

The result was therefore not surprising, however, there was a surprisingly low percentage of 

canola pollen (41 %) in the canola honey.  Some plant species mainly produce pollen (Aronne 

et al., 2012; Couvillon et al., 2015), but this is not the case for canola, as honey bees usually 

also produce large amounts of honey from canola crops (Calderone et al., 1989; Pankiw et 

al., 2002), though it can vary by canola variety (Szabo, 1984). The second most common 

pollen in the canola honey was from the family Myrtaceae. With Myrtaceae species not being 

abundant at the canola site (M. Rhodes pers. comm.), it is likely that honey from the canola 

site was ‘contaminated’ with honey containing artefactual pollen from a previous site. Honey 

stored inside colonies from different sites, due to commercial migration practices, can get 

mixed during the extraction process. During the spring and autumn months prior to when 

canola flowers, some beekeepers may also choose to feed irradiated marri pollen to colonies 

if a pollen shortage occurs, which may explain why 12 % of marri pollen was found in the 

canola honey, as marri does not flower at that time of the year.  

The results show that the pollen of some plant species was present in a high percentage in 

the bee-collected pollen and in a very low percentage in the honey, or vice versa. This 

difference could be explained by the ratio of nectar to pollen produced by some plant species, 

or by the selective foraging behaviour of honey bees. In bee-collected pollen from the marri 

site, Casuarinaceae species represent 25 % of the pollen collected by honey bees, but only 2 

% of the pollen was present in the honey. Casuarinaceae, a family of wind pollinated species, 

are high pollen-producers and produce very little or no nectar (Couvillon et al., 2015), so the 

bees collected almost exclusively pollen from this plant family. In samples from the coastal 

and jarrah site, pollen of Lotus subbiflorus (12 %) and Xanthorrhoea preissii (11 %) were 

present in the honey, but in negligible amounts or not present at all, in bee-collected pollen. 
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Foragers often collect either nectar or pollen on a single foraging trip even though both may 

be available from the same flower (Calderone et al., 1989; Pankiw et al., 2002). Foragers may 

have been selective and only collected pollen from these plants while their nest-mates could 

have collected nectar from different plants. 

Overall, however, whether in honey or bee-collected pollen, the majority (at least 85 %) of 

either was represented by only one to three plant species. Few plant species (2 – 4), have 

been reported in another study representing about 60 % of the floral diversity (de Vere et al., 

2017). Selective foraging behaviour is also observed when a large diversity of flowering plant 

species is available. For example, from plant surveys of forage-able flora, bees visited 11 % 

of all available plants in an area of 34.2 ha of a diverse landscape in the UK (de Vere et al., 

2017), and 30 % of available plants of a diverse heathland landscape in Australia (WA), 

covering 13,000 ha, which included our coastal study site (Wills et al., 1990). This indicates 

that honey bees must use various floral and environmental cues that instigate their foraging 

choices. Even at the most plant-diverse apiary sites, honey bees are likely to choose only few 

plant species, influenced by floral cues but also by resource abundance and foraging reward 

(Dobson & Bergström, 2000; Dobson, Bergström, & Groth, 1990; Giurfa, Núñez, & Backhaus, 

1994; Knoll, 1930; Pernal & Currie, 2002; Seeley, Camazine, & Sneyd, 1991). 

One limitation in using pollen percentage as an indication of floral abundance is that plant 

species naturally produce different amounts of pollen. This is particularly true for the amount 

of pollen that is found in nectar (von der Ohe et al., 2004). Even if honey bees collect the same 

amount of nectar from flowers to then store it as honey inside the colony, the pollen count 

between species in the honey will differ. Therefore, the pollen percentage of different plant 

species found in honey is not directly comparable and may lead to over or underestimation of 

plant species in melissopalynology (pollen analysis of honey). However, Ruoff and Bogdanov 

(2003) state that “Pollen analysis is still the most important method for the determination of 

the botanical origin of honey”, but note that the standard percent occurrence of the nominal 

pollen type may be different for different plant species.  

4.5 Conclusion 

In summary, the pollen analyses of honey and bee-collected pollen suggests that honey bees 

foraged for pollen from all species targeted by beekeepers. Although the reward that various 

plants offer, as well as their proximity to the apiary site, may play a larger role in determining 

the foraging behaviour of bees than the number of available plants. This was evident from the 

pollen of only few plant species found in honey and bee-collected pollen. In the next Chapter 

(Chapter 5), the patties of the different floral sources are analysed for their nutritional 
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composition, as these were then fed to colonies to study the effects of different nutritional 

sources on the colonies. It should be noted that from here forward the coastal floral source 

will be referred to as “clover”, as it was the most represented floral source in both the honey 

and pollen. Other floral sources will be referred to as marri, jarrah and canola representing the 

honey and pollen types discussed in this chapter.   
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CHAPTER 5: POLLEN AND HONEY SOURCES AND THEIR 

IMPACT ON COMPARATIVE NUTRITIONAL VALUE OF 

SUPPLEMENTARY FEEDS FOR APIS MELLIFERA 

5.1 Introduction 

When honey bee-collected pollen is fed back to colonies in response to limited pollen 

availability, feeding is conducted using either a feeding station, where pollen is available for 

collection to all bees in an apiary, or as pollen patties that are placed inside colonies 

(Somerville, 2005). Patties typically consist of a mixture of natural and/ or artificial protein 

feeds that are mixed into a dough-like consistency using irradiated honey or more commonly, 

sugar syrup (Somerville, 2005). As illustrated in Chapter 4, honey bees forage on a variety of 

flowering plants. Therefore, the nutritive value of bee-collected pollen used to make patties 

may vary between apiary sites and collection times due to the availability of different floral 

sources. Understanding the nutritive value of pollen from different sources and how well they 

meet the nutritional requirements of honey bees is important as beekeepers require large 

populations of honey bees to optimise production and in times of pollen dearth. It is therefore 

essential to know which pollen sources are beneficial to use for supplementary feeding of 

colonies. 

This chapter focuses on the nutritional analyses of supplementary feeds provided in the form 

of pollen patties as described in the General Methodology section (Chapter 3). The patties 

were made from bee-collected pollen and honey harvested from each of four florally different 

apiary sites (marri, jarrah, clover and canola), described in Chapter 4. Each patty type was 

analysed for its nutritional composition to determine its available nutrients for honey bees. In 

Western Australia, feeding natural pollen such as from Corymbia calophylla (marri) is a 

common industry practice during pollen shortage. The aim of this chapter was to carefully 

evaluate nutritional differences between several pollen types that are used to build bees, 

and/or  could potentially provide additional sources of pollen to feed back to honeybees during 

periods of dearth.  

5.2 Methodology 

The protocol used to make each of the four different patty feeds is described in Chapter 3. All 

patties were kept at – 20 ºC prior to the nutritional analyses. Pooled sub-samples of 50g were 

provided from four batches of Corymbia calophylla (marri), Eucalyptus marginata (jarrah), 

Trifolium repens (clover) and Brassica napus (canola) patties to be processed and analysed 
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at a registered analytical facility (The Western Australian ChemCentre) for nutritional 

composition using analytical methods listed in Table 5.1.  

For the remaining of the chapter, the pollen collected by bees found in the pollen traps is 

referred to as “bee-collected pollen”. 
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Table 5.1 Nutritional analyses of pollen patties fed to bees. 

Type of analysis 

Moisture 

Ash 

Minerals 

Total nitrogen as protein 

Amino acids profile 

Total fat 

Fatty acid profile 

Simple sugars 

Carbohydrate by difference 

Phenolics 

Tannins 

 

5.2.1 Nutritional analysis  

5.2.1.1 Moisture 

Moisture was determined by drying at 105 ºC for 16 hrs as recommended by the American 

Association of Cereal Chemists (AACC, Method 44-15.02). 

5.2.1.2 Ash 

Ash is the total amount of minerals and silica content of feed materials. The ash content was 

determined by ashing the samples at 600 C for 16 hrs (Thiex et al., 2012). The ash is the 

weight of residue determined after cooling in a desiccator. 

5.2.1.3 Minerals 

The procedure of destroying the organic matter by digestion in acid for P, S, K, Na, Ca, Mg, 

Cu, Fe, Mn, Zn and B in food samples is based on a nitric/perchloric acid digestion to a 

temperature of 200 - 210 °C. Upon cooling the mixture is diluted with deionised water and the 

minerals are quantified using inductively coupled plasma atomic emission spectroscopy (ICP-

AES) against primary standards. The method is certified according to the National Association 

of Testing Authorities, Australia (NATA).  

5.2.1.4 Total protein 

Nitrogen is determined by placing a weighed sub-sample in a furnace at 850 °C and flushing 

with oxygen for rapid combustion of the sample. Combustion products are collected. An aliquot 
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taken from the combustion products is carried via a helium stream through various scrubber 

columns to remove carbon dioxide, oxygen and vapourised water. The various forms of 

nitrogen are then converted to N2 by a catalyst and measured in a thermal conductivity cell. 

(The process is automated by the LECO Corporation) ChemCentre uses a LECO combustion 

analyser for this purpose by AOAC using method 990.03 (AOAC, 2000).  

Nitrogen results are calculated and expressed as a percentage as received in the sample, this 

percentage is then converted to protein equivalents using the protein factor 5.6 to obtain the 

percent of protein in the sample (Rabie et al., 1983). Final results are expressed as Crude 

Protein (CP). 

5.2.1.5 Amino acids 

Total amino acids are determined after a first step of hydrolysing the protein with 6N HCl for 

24 hr to free the amino acids. After hydrolysis the solution is diluted, filtered and the HCl 

neutralised with sodium hydroxide (Llames & Fontaine, 1994). All amino acids are determined 

individually except cysteine and cystine which are degraded to cysteic acid, and reported as 

a combined outcome. Tryptophan is partially destroyed in 6M HCl. Amino acids were 

determined by the method outlined by AOAC methods 994.12 (sulfur and regular) and 988.15 

(tryptophan) (AOAC, 1995). Since amino acids have low absorptivity in the UV/Vis range, the 

analysis uses pre-column derivatisation to form adjunct compounds which have high 

absorption in the UV and therefore can be determined by HPLC with a greater sensitivity.  

5.2.1.6 Total lipids 

Three to 5 g of sample were accurately weighed.Total lipids including phospholipids were 

extracted using a chloroform/methanol 2:1 ratio solvent extraction according to the method of 

Folch et al. (1957). Solvent ratios of chloroform, methanol and water in the combined phases 

were maintained as close as possible to 8:4:3 (by volume) ratios to ensure appropriate lipid 

extraction. The lower phase after separation was collected and made to known volume and 

an aliquot rotary evaporated at 37 ˚C, to dryness, and weighed. Gravimetric total lipid 

concentration was then extrapolated for the original sample.  

5.2.1.7 Fatty acids 

Following the Folch extraction for total lipids, pollen was freeze-dried then weighed and the 

ternary solvent mixture added and high speed blended with a IKA T25 Ultraturrex immersion 

blender. An aliquot of the extractant containing approximately 0.05 g of lipid was then 

saponified, methylated and esterified using boron trifluoride as a catalyst. This was conducted 

under reflux conditions over a steam bath to create fatty acid methyl esters from the 
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triacylglycerides, glycolipids and phospholipids present in the oil (Christie, 1989). Esterified 

samples were run on an Agilent 6890 Gas Chromatography with flame-ionization detection 

(GC-FID) with a dual column (ID 0.25 mm, Film thickness 1.25 µm, Column 1 Film SGE BPX 

70 length 30 m, Column 2 Film SGE BPX 90 length 30 m) setup and dean switch to extend 

the resolution of fatty acid isomers measured. Retention times were compared to 

internationally certified reference standards and after identification, peak areas were 

quantified (AOAC, 1990). Individual fatty acid concentration is expressed as a percentage of 

the total fatty acids identified. 

Key fatty acid groups such as total saturated and unsaturated, mono and polyunsaturated, 

trans, omega 3 and omega 6 classes of oils were determined based on the international 

definitions for each of these classes (FSANZ, 2017).   

The ChemCentre is NATA accredited for fatty acid profile analysis, Certification No. 8, 

ensuring that the analysis meets ISO and international certification requirements.  

5.2.1.8 Simple sugars 

Fructose, glucose, sucrose and maltose were analysed by HPLC using refractive index 

detection (AOAC, 1999; De Vries et al., 1979; Smith et al., 1986). 

The samples were extracted into a 60 % ethanol mixture, and injected on a Waters High-

Performance Liquid Chromatograph (HPLC) W2695 separations module using 

acetonitrile/water as a mobile phase and separation achieved using a Waters High 

Performance Carbohydrate Column 5u 3.9 mm x 300 mm. Sugars were detected using a 

Waters 2414 Refractive index (RI) detector with individual peak area quantified. Sugar 

identification and concentration were determined after comparison to primary compound 

standard sets covering each analyte. The standard set concentrations covered the range of 

concentrations presented in the unknown sample analysis, standards and samples were run 

under the same conditions in the same run.  

5.2.1.9 Determination of complex carbohydrates   

Complex carbohydrates by difference is a crude calculated result determined as;  

Complex carbohydrates = 100 - (Moisture + Ash + Fat + Protein + Simple sugars) 

Carbohydrates include soluble and insoluble carbohydrates such as cellulose and 

hemicellulose.  
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5.2.1.10 Total phenolics 

Feed material was extracted in 70 % acetone. An aliquot was taken and complexed with 

commercial Folin-Ciocalteu reagent and sodium carbonate in a redox reaction with the OH 

groups attached to the aromatic ring structures forming a colour complex proportional to 

concentration. Results are expressed as Merk Tannic acid equivalents. 

5.2.1.11 Total tannins 

Total tannins were analysed according to Makkar et al. (1993) as polyvinylpolypyrrolidone 

(PVP) expressed as precipitable phenolics. PVP is then added to the above extract binding 

with some of the phenolic compounds, mimicking the tannin binding capacity of these 

compounds with proteins, PVP density causes the precipitation of the condensed tannin 

component. 

An aliquot of the supernatant is then taken and reacted with Folin-Ciocalteu reagent and 

sodium carbonate. PVP precipitable phenolics are then determined by difference and again 

expressed as Merk tannic acid equivalents. 

5.2.2 Data visualisation and classification  

5.2.2.1 Minerals 

The mineral composition of the patties was compared to estimated honey bee mineral 

requirements from pollen by Black (2006).  

5.2.2.2 Amino acids 

Amino acids were classified into essential and non-essential amino acids and compared to 

minimal requirements of amino acid percentages as defined by De Groot (1953). All amino 

acid values are presented as a relative percentage in the result section, to enable comparison 

of the measurement of the feed sources to the body composition of emerged bees (see 

Chapter 6), where the total protein content could not be determined due to technical difficulties.  

5.2.2.3 Fatty acids 

All unknown fatty acids were removed from the dataset and all other fatty acids are presented 

in a table. Fatty acids exceeding 0.1 g/100 g (Manning, 2006) in  the patties are presented in 

a Figure and classified into essential and non-essential fatty acids for comparison. 
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5.3 Results 

5.3.1 Proximate analysis 

The moisture content was approximately 30 % in marri, clover and canola patties and 25 % in 

the jarrah patties. The ash content was the lowest (2.1 %) in marri patties and highest in clover 

patties (2.8 %) and intermediary for the jarrah and canola patties, 2.3 % and 2.6 % 

respectively. Protein in all pollen patties ranged from 20 - 25 % total protein (Table 5.2) and 

between 23 – 28 % when the dilution factor of 6:1 of pollen to honey was taken into account: 

25.8 % protein for marri, 23.4 % for jarrah, 27.9 % for clover and 28.0 % for canola. The total 

fat content in the canola patties was 20.1 %, which was more than twice of that of the marri 

and jarrah patties, and almost twice the fat content of the clover patties (Table 5.2). The 

amounts of simple sugars were the highest in jarrah and clover patties (48 %), approximately 

10 % lower in marri patties and 20 % lower in canola patties (Table 5.2). Percentages of 

carbohydrate were similar between the marri and clover patties, approximately 20 % lower in 

the canola patties and 10 % higher in the jarrah patties (Table 5.2). The concentrations of 

polyphenolics and tannins in marri and jarrah patties were between three to four-fold the 

amount in clover patties and about twice the amount for canola patties (Table 5.2).  

Table 5.2 Summary of proximate analyses of marri, jarrah, clover and canola patties. 

Presented values do not account for the 1:6 dilution factor of honey to pollen and reported 

values are 1/7 lower compared to the pollen collected from marri, jarrah, clover and canola 

apiary sites.  

Component Marri Jarrah Clover Canola 

Moisture (%) ar 31.3 24.6 29.1 31.4 

Ash (%) db 2.1 2.3 2.8 2.6 

Protein (%) db * 20.2 18.3 21.8 21.9 

Fat (%) db 9.84 8.97 11.2 20.1 

Simple Sugars (g/100 g) db 43.4 48.4 47.8 37.6 

Complex carbohydrates (g/100 g) db 14.4 15.1 7.7 7.1 

Polyphenolics (g/kg) db 26.0 30.0 8.3 15.8 

Tannins (g/kg) db 17.9 17.1 5.5 9.0 

*Protein was calculated by multiplying %N x 5.6; ar: as received, db: on dry basis 
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5.3.2 Minerals 

Jarrah and clover patties were similar in potassium content and approximately 20 % greater 

than for marri patties and ~ 30 % greater than for canola patties (Table 5.3). Canola patties 

had the highest phosphorus, sulphur, calcium and magnesium content. Clover was most 

similar in phosphorus content compared to canola followed by jarrah and marri of about ~35 

% lower. Sulphur was very similar in marri, jarrah and clover patties and only slightly greater 

in canola patties. Calcium was particularly low in marri patties, about 50 % less than in jarrah 

and clover patties and ~ 40 % lower than in canola patties. Magnesium was comparable 

between marri, jarrah and clover patties but approximately 50 % higher in canola patties. 

Sodium was similar in marri, jarrah and clover patties and ~ 25 % lower in canola patties. Iron 

was ~ 25 % lower in jarrah patties compared to the other patties. Manganese was about twice 

as high in marri compared to clover and canola patties and jarrah was ~ 35 % greater than 

marri. Zinc was similar between jarrah and clover but ~ 30 % lower than marri and canola 

patties. Marri patties were highest in copper (20 mg/kg) followed by jarrah but ~ 25 % lower, 

in clover ~ 50 % lower, and in canola ~ 60 % lower.  

Table 5.3 Mineral content of marri, jarrah, clover and canola patties (dry weight) with reference 

to minimum levels in pollen required for the growth of bees  (Black, 2006). Bold values are 

below the minimum levels in pollen (Black 2006). 

Minerals (mg/kg) 
Patties Pollen 

Marri Jarrah Clover Canola Min. levels 

Potassium 5777 6853 7488 4862 2703 

Phosphorus 3414 3613 5293 5782 2872 

Sulphur 2626 1994 2195 3285 2027 

Calcium 696 1184 1265 1971 169 

Magnesium 814 885 710 1301 338 

Sodium 123 224 129 88 338 

Iron 131 86 105 122 51 

Manganese 41 59 16 26 51 

Zinc 59 44 46 62 34 

Copper 20 15 9 8 8 
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5.3.3 Amino acids 

Individual amino acids made up between 0.7 % - 21.5 % of all measured amino acids.  

5.3.3.1 Essential amino acids 

Essential amino acids (Figure 5.1) made up 44.2 %, 40.2 %, 41.6 % and 47.6 % of the marri, 

jarrah, clover and canola patty respectively (calculated from the total weight of the patty). 

Within the essential amino acids, arginine, lysine, methionine and threonine showed a 41 %, 

30 %, 45 % and 26 % difference between the highest and lowest measurement across feeds 

(Figure 5.1-A). All other essential amino acids varied by 10 - 17 %.  

5.3.3.2 Non-essential amino acids 

Non-essential amino acids (Figure 5.1-B) represented 55.9 %, 59.8 %, 58.4 % and 52.4 % of 

the marri, jarrah, clover and canola patty receptively (calculated from the total weight of the 

patty). Within the non-essential amino acids, cysteine/ cystine, proline and serine showed a 

31 %, 57 % and 23 % difference between highest and lowest measurements across feeds. All 

other non-essential amino acids varied by 8 % - 19 % (Figure 5.1-B). 
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Figure 5.1 Amino acid profile of marri (orange), jarrah (blue), clover (grey) and canola (green) 

patties by relative dry weight (%), (A): Essential amino acids with reference to the minimum 

levels (striped bars) defined by De Groot (1953), Arg: arginine, His: histidine, Ile: isoleucine, 

Leu: leucine, Met: methionine, Phe: phenylalanine, Thr: threonine; Val: valine ; (B): Non-

essential amino acids, Ala: alanine, Asp: aspartic acid, Cys: cysteine, Glu: glutamic acid, Gly: 

glycine, Pro: proline, Ser: serine, Tyr: tyrosine.  
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5.3.4 Fatty acids 

All patty types varied in the number of fatty acids that made up most of the total fat content 

above 0.1 g/100 g, a cut-off point as per Manning (2006). In marri, jarrah, clover and canola 

patties 11, 9, 8 and 17 fatty acids respectively represented 84.5 – 93.1 % of the fat content 

(Table 5.4). Jarrah was particularly low in linolenic acid (0.05 %) compared to the other patty 

types and was 85 % lower than the marri patty which was closest in its linolenic acid content. 

Both marri and canola were higher in Arachidic acid and Eicosenoic acid was lowest in clover. 

Palmitoleic acid was characteristic in jarrah as was Heneicosanoic acid in clover. Fatty acids 

that exceeded 0.1 g/100 g in both the patties and the emerging bees (see Chapter 6) are 

presented in Figure 5.2 of essential and non-essential fatty acids for comparison. 
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Table 5.4 Quantity of fatty acids detectable in patties made from pollen and honey collected 

by bees foraging in apiaries with dominant presence of marri, jarrah, clover and canola. Fields 

highlighted in grey represent values greater than 0.1 g/100 g of dry material. ND: not 

detectable, values below the detection limit.  

Fatty acids Marri Jarrah Clover Canola 

Linoleic 3.61 2.63 0.57 1.39 

Palmitic 2.13 1.95 3.82 4.73 

Oleic 1.23 1.16 0.84 0.9 

Linolenic 0.36 0.05 3.64 5.68 

Stearic 0.35 0.44 0.24 1.31 

Arachidic 0.34 0.08 0.07 0.45 

Capric 0.25 0.19 ND ND 

Eicosenoic 0.24 0.58 0.01 0.27 

Nervonic 0.2 0.08 0.12 0.32 

Erucic 0.15 0.14 0.13 0.12 

Myristoleic 0.1 0.1 0.06 0.02 

Heptadecenoic 0.06 0.09 0.01 0.02 

Cerotic 0.05 0.04 0.04 0.13 

Octacosanoic 0.05 0.02 ND 0.1 

Triacontanoic 0.05 0.01 0.02 0.1 

Lignoceric 0.04 0.02 0.03 0.09 

Arachidonic 0.02 0.03 ND 1.01 

Eicosatrienoic 0.02 0.04 0.03 0.06 

Tric.Doc 0.02 0.02 0.03 0.04 

Eicosadienoic 0.02 0.05 ND ND 

Lauric 0.02 0.03 ND ND 

Pentadecenoic 0.02 0.03 0.02 0.03 

Docosahexaenoic 0.01 0.02 ND 0.01 

Docosapentaenoic 0.01 0.02 0.01 0.1 

Palmitoleic ND 0.39 ND ND 

Heptacosanoic ND 0.01 ND ND 

Eicosapentaenoic ND ND 0.03 ND 

Docosadienoic ND ND 0.01 ND 

Heneicosanoic ND 0.04 0.63 0.04 

Behenic ND ND 0.08 0.15 

Petroselinic ND ND 0.06 0.68 

Myristic ND 0.01 ND 1.27 
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5.3.4.1 Essential fatty acids 

While the fatty acid requirement of bees is not well understood, the two polyunsaturated fatty 

acids linoleic and linolenic acid are essential for honey bees and need to be obtained from  

diets (Arien et al., 2015; Hulbert & Abbott, 2011). The concentration of linoleic acid was the 

greatest in marri patties and was similar in concentration to that of jarrah patties. The 

concentration of linoleic acid in marri was about twice that in canola patties and about four 

times as high when compared to clover patties (Figure 5.2-A). The concentration of linolenic 

acid was the greatest in canola, at 5.68 g/100 g, followed by that in clover (~ 2/3rd the amount). 

Minimal concentrations of linolenic acid were present in marri and jarrah patties (< 0.5 g/100 

g, Figure 5.2-A).  

5.3.4.2 Non-essential fatty acids 

All four monounsaturated non-essential fatty acids, eicosenoic, erucic, oleic, and palmitoleic 

(above 0.1 g/100 g) were detected in the jarrah patties (Figure 5.2-B). Palmitoleic acid was 

not detected in marri, clover or canola patties.  

Amongst the saturated non-essential fatty acids palmitic, stearic and arachidic; palmitic acid 

was the most abundant followed by stearic and arachidic fatty acids (Figure 5.2-B). The 

concentrations of the two saturated fatty acids, stearic and arachidic, were at least double in 

canola patties than in the other patties. The concentrations of palmitic acid in clover patties 

was about 25 % less than measured in canola patties (Figure 5.2-B).  
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Figure 5.2 Concentrations of fatty acids (A) Polyunsaturated essential fatty acids (B)  

Monounsaturated and saturated non-essential fatty acids in patties made of pollen and honey 

collected by bees kept on apiaries with floral compositions dominated by marri (orange), jarrah 

(blue), clover (grey) and canola (green) plants. 

5.4 Discussion 

The nutritional analyses of patties made up of honey and pollen from marri, jarrah, clover and 

canola sites showed that all patties varied greatly in nutritional value.  It was noted that some 

non-essential fatty acids were below the detection limit. The patties of marri and jarrah pollen 

were more similar to each other and so were the patties compromising clover and canola 

pollen. These results show that different floral sources provide different nutrition for honey 

bees during each species peak flowering periods. The nutrition was sufficient with the 

exception of isoleucine in jarrah and marri patties, otherwise none of the nutrients measured 

were below the published requirements for honey bees (De Groot, 1953).  

The sugar content of marri, jarrah and clover patties revealed similar quantities of simple 

sugars, however, canola patties were about 20 % lower in simple sugars and total 

carbohydrate. The differences in sugar content between the four patty types was driven by the 
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sugar content in the honey and by the sugar percentage of bee-collected pollen (Wright et al., 

2018). Honey contains about 83 % sugar and some deviations are possible if the honey 

contains a higher or lower moisture level (Ball, 2007). In the present experiment, the patties 

were prepared from wet pollen, so the moisture level of the different pollen could have 

influenced the pollen/ honey ratio and consequently the total sugar content, of the patties.  

The patties from the four floral pollen types met the minimum amount of 20 % crude protein 

required to maintain strong colony growth (Kleinschmidt & Kondos, 1976). While the patties 

were made of one part of honey to six parts of pollen, the contribution of honey to the total 

crude protein of the patties was negligible as honey contains approximatley 0.5 % of protein 

(Bogdanov et al., 2008). After a correction taking into account the addition of honey, the protein 

content of the patties was comparable to previously published crude protein of pollen. After 

adjustments, the protein content of the different pollen patties was 25.8 % for marri, 23.4 % 

for jarrah, 27.9 % for clover and 28.0 % for canola, whereas the crude protein values of pollen 

collected by bees in Australia were approximatley 27 % for marri (Corymbia calophyllia) (Bell 

et al., 1983; Manning, 2001b), 20 % for jarrah (Eucalyptus marginata) (Bell et al., 1983; 

Manning, 2001b), 26 % for clover (Trifolium repense) (Crailsheim et al., 1992; Manning, 1995; 

Somerville, 2001) and between 23 % to 27 % for canola (Brassica napus)  (Bell et al., 1983; 

Manning, 2001b). Some of the variability in crude protein could be as a result that an unknown 

amount of nectar can be added to pollen by honey bees during collection from flowers (Wright 

et al., 2018). 

The four patties made from the different pollen sources met the individual amino acid 

requirements for honey bees with the exception of isoleucine. Isoleucine, an essential amino 

acid was low in jarrah and marri patties compared to the minimal requirements for honey bee 

survival (De Groot, 1953).  Low levels of isoleucine have been reported in pollen of jarrah and 

many eucalypt species (Manning, 2001; Rayner & Langridge, 1985; Somerville, 2000; 

Somerville & Nicol, 2006). In the present study, it is surprising that the concentrations of 

isoleucine were low in patties containing marri pollen. Pollen of marri has been identified as 

nutritionally complete in amino acids for honey bees (Manning, 2001b).  Differences may be 

explained by the floral diversity and by the way the patties were prepared, creating a ‘dilution’ 

of nutrients per gram of pollen by being mixed with honey.   

Total fat content differed greatly between the patties of different floral origin. Fat content of the 

canola patty was just under twice the amount for clover patties and just over twice the amount 

in both marri and jarrah patties. Similar fat content has been previously reported for canola 

(Brasscia napus) pollen and the related pollen from rapeseed pollen which ranged from 1.8 - 

7.31 % (average of 6.03 %, Somerville 2001) and can reach up to 31.7 % (Evans et al., 1987; 
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Odoux et al., 2012). Similarly, fat content in pollen of field mustard (Brassica campestris) 

ranged from 10.7 % (T’. H Roulston & Cane, 2000) to 20 % (Singh et al. 1999). Total fat 

content is also variable in pollen from clover species, ranging from 2.7 and 3.8 % in Trifolium 

repens (white clover, Roulston and Cane 2000) and 2.5 % for Trifolium species (Somerville 

2001). Fat content in pollen collected by bees from marri, jarrah and eucalypt species in 

general, is less than 2 % (Manning, 2001; Somerville, 2000), with a total fat content of 0.59 % 

± 0.17 in jarrah and 0.88 % ± 0.017 in marri pollen (Manning, 2001). Overall, Brassica and 

Trifolium species seem to contain higher total fat content compared to either marri or jarrah, 

however the large variability between studies including this one, cannot be explained apart 

from expected differences by the use of different lipid extraction methods by the various 

studies. 

The fat content for this study was among the highest reported values for canola (~ 20 %), 

about three times greater for clover and about ten times greater for marri and jarrah than 

previously reported. However, this variability could be due to differences in the incubation time 

and the solvents used for lipid extraction methods. Methods that are very rapid (less than 30 

seconds) removed the lipids from the pollenkitt which contains about 3.6 - 5.5 % lipid (Dobson, 

1988) but not lipids from the protoplasm which contain large quantities of fat (referenced in  

Dobson & Bergström, 2000). For example, in Brassica napus, the pollenkitt contains 9.8 % 

lipid and the protoplasm and membranes contain a further 21.9 %, making a total of 31.7 % of 

fat of dry weight (Evans et al., 1987). Different solvents have different capacities to extract 

lipids from plant material. Ether extraction captures the lipids from the inner wall, the cell 

membrane and the protoplasm of pollen grains (Dobson & Bergström, 2000), but ether 

extraction of lipids from intact pollen grains was only complete if the pollen was fractured prior 

to extraction (Scott and Strohl,1962, referenced in (Evans et al., 1987). The Folch method 

used in the present study extracts the total lipid content after fracturing the pollen wall and 

therefore gives a high and more robust determination of total lipid presence and concentration. 

Previous studies using petroleum ether for total lipid extraction (Bell et al., 1983) and the 

Bligher and Dyer (1959) method (Manning, 2001b) recorded lipid percentages of marri and 

jarrah of about 10 times lower. The ratio of chloroform and methanol to sample is greater in 

the Folch methodology than in the method by Bligh and Dyer (Iverson et al., 2001). One study, 

comparing the two methods on marine tissue, found both methods gave similar results in 

samples containing less than 2 % lipid, but the Bligh & Dyer method underestimated the total 

lipid content by up to 50 % compared to Folch methods in samples containing more than 2 %, 

lipids (Iverson et al., 2001). This difference was observed for samples with a fat content up to 

26.6 % (Iverson et al., 2001). It is important to note that the difference in extraction efficiency 

has no effects on fatty acid composition (Iverson et al., 2001). In the present study, while the 
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fat content measured was different from published data, the fat content obtained for the patties 

are comparable as the same analytical procedure was used.  

The region where plant species originated, ie. native vs non-native, affected the fatty acid 

profile of their pollen. Marri and jarrah patties had a high content of linoleic acid while clover 

and canola, which are non-native, but grown agriculturally in Australia, had a high content of 

linolenic acid. The fatty acid composition of European (Italian) and Western Australian plant 

species has been reported previously, with linoleic acid being high in eucalypt species and 

linolenic acid greater in European species (Manning, 2006). The observed differences in both 

linolenic and linoleic acids content between marri and jarrah patties and clover and canola 

patties could have implications for the bees as both fatty acids are essential to bees (Arien et 

al., 2015; Hulbert & Abbott, 2011). Other non-essential fatty acids, that bees can synthesise, 

were present in varying amounts and were similar in patties containing marri and jarrah pollen. 

These amounts were comparable to previously measured fatty acids in marri and jarrah pollen 

(Manning, 2001b).  

The total ash content, a proxy for total mineral content, was the highest in clover patties 

followed by canola, jarrah and marri. The profile of individual minerals varied among the four 

patty types. Canola had the highest content of phosphorus, sulphur, calcium, magnesium and 

zinc, which together represented half of the amount of minerals measured. The difference in 

minerals in the four types of patties could be due to the different soil types on agricultural 

farmland compared to the soil types of forest where jarrah and marri trees are found. Jarrah 

trees grow in soils derived from laterite, and/ or deeper sandy soils overlying granite for marri 

trees (Smith, 1969). Clover and canola are generally exposed to higher nutrient levels from 

applied fertilisers and can tolerate these unlike for example some of the native perennial plant 

species (Cork et al., 2012). Jarrah and marri patties showed very similar mineral profiles 

except for calcium being about twice as high in jarrah patties, which has been reported 

previously (Manning, 2001b). In all patties, mineral content was well above the estimated 

minimum requirements for bees, except for sodium and manganese in marri, clover and 

canola patties (Black, 2006). One explanation for sodium levels being below the minimum 

requirements is that the requirements for sodium based on measurements in honey bees 

might be overestimates, as sodium may accumulate in body tissues of bees as is observed in 

mammals (Black, 2006).   

Another difference between marri and jarrah patties and clover and canola patties, was that 

marri and jarrah patties had high polyphenolic and tannin content. Eucalypt trees are known 

to contain a high tannin content (referenced in: Fox & Macauley, 1977). It is therefore possible 

that the pollen and/or nectar of jarrah (Eucalyptus marginata) and marri (Corymbia calophylla) 
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have higher concentration of tannins. In insects, tannins can induce a toxic effect, but have no 

effect on N uptake as can be the case for mammals (Barbehenn & Peter Constabel, 2011; 

Zucker, 1983). Tannins might have some beneficial effects for honey bees in reducing 

Nosema infections (Gajger et al., 2011). Some phenolic compounds attract bees to flowers, 

and is dependent on its concentration in floral nectar and pollen (Afik et al., 2006; Hagler, 

1990; Hagler & Buchmann, 1993; Liu et al., 2006). Whether honey bees are affected by the 

high phenolic and tannin amount in marri and jarrah pollen and nectar is unknown, but given 

that honey bees readily forage on both, it could be inferred that the concentrations are 

tolerated by honey bees. However, it is possible that the elevated levels of polyphenols may 

diminish colony vigour in the long term. This could be tested by longer term feeding studies. 

5.5 Conclusion 

In summary, the nutritive analyses of the patties studied were not only different because of 

their floral diversity as discussed in Chapter 1, but they were different in their nutritional 

composition. Consequently, honey bees feeding on floral resources from marri, jarrah, clover 

and canola sites have access to different concentrations of nutrients, which may reflect in 

differences in colony health in the long term. It is not known how such differences in nutrient 

availability can affect the development of honey bee colonies except that honey bees benefit 

from multi-floral pollen (Alaux et al., 2010; Di Pasquale et al., 2013; Girard et al., 2012; Requier 

et al., 2015; J. O. Schmidt et al., 1987). In the next chapter, the nutritional impact of the four 

types of patties on the body composition of newly-emerged bees is investigated.  
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CHAPTER 6: BODY COMPOSITION OF EMERGED BEES 

REARED ON FOUR DIFFERENT FEED SOURCES 

6.1 Introduction 

Honey bees regulate their nutritional requirements at the colony level (Herbert, 1992). Tasks 

such as foraging, food storage, nursing and feeding of colony members are cast specific, 

whereby colony members display a division of labour in meeting colony needs (Crailsheim, 

1990; Crailsheim, 1998; Herbert, 1992; Robinson, 2002). Foragers can collect vast amounts 

of nectar, which gets stored in excess in the form of honey (Wright et al., 2018). Nectar and 

honey are the colony’s major source of carbohydrates and therefore its primary source of 

energy. Foragers also collect pollen, which is crucial for larval rearing because it is the basis 

of worker jelly the larvae feed on. Pollen is the primary source for protein, fats, minerals and 

vitamins and is stored in much smaller quantities inside the colony (Brodschneider & 

Crailsheim, 2010; Herbert, 1992; Wright et al., 2018).  

Nurse bees are pivotal to the nutrition of the colony. They feed young larvae and other colony 

members, the queen, drones and foragers, which do not/ or only consume small quantities of 

pollen directly (Crailsheim, 1990; Crailsheim, 1992, 1998; Haydak, 1970). Nurse bees require 

a large amount of protein for the development of their mandibular and hypopharyngeal glands. 

The development of the hypopharyngeal and mandibular glands is important for colony 

performance because these glands produce secretions referred to as jelly which is fed to the 

developing larvae (Crailsheim, 1992).  

Adequate levels and quality of nutrition are essential to the normal development of larvae until 

emergence as young adult bees. Larvae obtain all their nutrients from nurse bees during the 

first five to six days of the larval stage, which is via a combination of glandular secretions (Stell, 

2012). The amount of glandular secretion received from the hypopharyngeal and the 

mandibular gland depends on larvael age, sex and cast (Beetsma, 1979; Brouwers et al., 

1987). While worker larvae are fed with secretions of both glands at a ratio of 1:3 to 1:4 

(mandibular: hypopharyngeal), mixed with pollen after the third day, queens only receive 

mandibular-gland secretions during the first three days followed by secretions from both 

glands at a ratio of 1:1 (Beetsma, 1979; Haydak, 1970; Jung-Hoffmann, 1966). Nurse bees 

stop feeding once the cells are capped off at day nine. The developing larvae undergo 

pupation from day 13 until emergence at day 21 (for female worker bees) (Stell, 2012). If 

during development, bees have access to all essential nutrients but in limited quantities their 

body size and weight will be reduced (Daly et al., 1995; Eishchen et al., 1982; Scofield & 



59 
 

Mattila, 2015). A shortage of pollen causes a reduction in the nurse bees’ ability to produce 

sufficient amounts of jelly, and as a consequence nurse bees may cannibalize younger larvae 

in order to be able to feed older developing larvae (Imdorf et al., 1998). However, several 

studies have indicated that larvae can be reared until emergence under sub-optimal conditions 

(Eishchen et al., 1982; Hoover et al., 2006; Li et al., 2014; Moerman et al., 2015; Scofield & 

Mattila, 2015; B. Zheng et al., 2014). Inadequate or poor larval nutrition during development 

has significant effects on adult fitness such as shorter lived nestmates (Eishchen et al., 1982; 

Li et al., 2014; Scofield & Mattila, 2015; B. Zheng et al., 2014), impaired ovary development 

(Hoover et al., 2006), increased susceptibility to pesticides (Mogren et al., 2019), less precise 

waggle dance communications, earlier onset of foraging (Scofield & Mattila, 2015) and 

increased susceptibility of the larvae to the fungal parasite Aspergillus flavus (Foley et al., 

2012).  Therefore, larval nutrition plays a crucial role during development and in setting a 

baseline for later adult fitness.  

Previous research on larval nutrition has mostly been controlled at the colony level through 

experimental manipulation of either quantity (Eishchen et al., 1982; Hoover et al., 2006; 

Scofield & Mattila, 2015) or quality (Foley et al., 2012; Hoover et al., 2006; Kunert & 

Crailsheim, 1988; Li et al., 2014; Manning, 2006; Zhang & Xu, 2015; B. Zheng et al., 2014) of 

food sources available to nurse bees, or by artificially feeding larvae in vitro under controlled 

laboratory environments (Brodschneider et al., 2009; Zhang & Xu, 2015). Under these 

scenarios, food sources that colonies had access to were either a mix of unknown pollen 

available from the environment, artificial feeds or a combination of both. Nutritional studies 

have generally concentrated on the impact of protein content (Hoover et al., 2006; Kunert & 

Crailsheim, 1987; Li et al., 2014; B. Zheng et al., 2014), with some studies considering calcium 

levels (Zhang & Xu, 2015) and minerals of a synthetic diet (Herbert & Shimanuki, 1978), sugar 

levels (Brodschneider et al., 2009; Kunert & Crailsheim, 1987), L-arginine an amino acid 

(Herbert and Shimanuki, 1970) and linoleic and oleic fatty acids (Manning, 2006) on larval 

development. To our knowledge, the effects of other nutritional requirements such as other 

essential amino acids and fatty acids as well as minerals on larval development, have not 

been investigated so far.    

Pollen of different plant species vary greatly in their protein, fat (Manning, 2001a, 2001b; T’. 

H Roulston & Cane, 2000; Somerville, 2000) and mineral content (Herbert, 1992; Herbert & 

Miller-Hill, 1987; Manning, 2001b; Serra Bobvehi & Jorda, 1997; Somerville & Nicol, 2002). 

Such variability can influence the nutritional composition and quantity (Standifer, 1967) of the 

food produced by the nurse bees for the colony, and this may also vary between worker and 

queen jelly and by season. For example, the amount of water and protein in royal jelly fed to 

queens is not affected by the origin of the pollen consumed by nurses, but the fat and 
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carbohydrate contents are (Wright et al., 2018). In newly emerged worker honey bees 

seasonal changes to larval food may contribute to changes in the body composition of protein, 

triglycerides, fats, glucose and glycogen levels (Kunert & Crailsheim 1988). However, the 

impact of different types of natural pollen on the development of larvae have never been 

investigated. 

The patty analyses in Chapter 5 showed that total fat and fatty acid composition, as well as 

mineral composition, differed between the forest species Eucalyptus marginata (jarrah) and 

Corymbia calophylla (marri) compared to the two agricultural plants in the study: Trifolium 

repens (white clover) and Brassica napus (canola). Some variations in fatty acids and minerals 

were observed within the forest species and agricultural species.  This chapter, investigates 

whether nurse bees can effectively utilise the nutrients at the colony level from these four 

commercially important pollen sources to support the optimal development of bees until 

emergence. To test for the effect of feed source on emerging bees, emerged bees were 

weighed and analysed for their body composition of minerals, amino acids and fatty acids. 

The feed consumption of the patties, reported in Chapter 5, was estimated at the colony level 

using brood count as an indicator of colony size (Delaplane et al., 2013). 

6.2 Methodology 

6.21 Experimental setup 

Colonies were set up as described in the General Methodology section (Chapter 3). In brief, 

10 colonies were fed with one of four different feed sources (patties) made from matching 

pollen and honey of marri, jarrah, clover and canola which had been collected from commercial 

apiary sites. Honey bee colonies were setup in four frame nucleus colonies from bee packages 

with a sister queen. The bees had access to the patties and a frame of stored honey and 

pollen of the same feed source. Pollen traps were used to restrict bees of an external source 

of pollen from the environment. The colonies were placed at each of the two locations (build 

up site and the avocado orchard) for a period of six weeks each (see Chapter 3: general 

methodology section for detail on patty preparation and Chapter 4 and 5 for the floral diversity 

and nutritional analyses).   
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Table 6.1 Experimental timeframe showing when bees reared on the marri, jarrah, clover and 

canola feed sources were collected from the first time they emerged at week 4 and when 

leftover patties were collected, as well as when brood frames were photographed, indicated 

by “x’s”. Location 1 (Latitude: -32.241003, Longitude: 115.904404): Build up site (prior to 

pollination), where colonies were assembled and monitored until they were shifted to Location 

2 (Latitude: -33.730602, Longitude: 115.45758): An avocado crop in pollination stage.   

Location 
Sampling 

time 
(week) 

Number of days 
between consecutive 

sampling 

Emerging 
bees 

Patties 
Brood 
count 

1 

4 7 x x x 

5 7 - x - 

6 8 x x x 

2 

7 7 - x - 

8 6 x x x 

9 7 - x - 

10 7 x x x 

11 7 - x - 

12 7 x x x 

 

6.2.2 Emerging bees 

6.2.2.1 Collection 

Only bees that were chewing through the cell capping and had therefore not consumed food 

other than during the larval stage were selected. Between 10 to 15 newly-emerged bees were 

collected from each colony every second week, beginning from week 4 when the first bees 

reared on the assigned feed sources were emerging, until week 12 at the end of the 

experiment (Table 6.1). The bees were collected in 50 mL screw top containers, kept on ice 

in the field. They were freeze killed and stored at - 20 ºC, and later, transferred to laboratory 

freezers at - 80ºC prior to any further analyses.  

6.2.2.2 Weight 

The containers of frozen bees were placed on dry ice. Ten bees at a time were transferred to 

a tissue paper that was not on dry ice. Each bee was then transferred into individual pre-
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weighed Eppendorf tubes with a small hole in the cap to allow freeze-drying, and weighed 

using a 0.001 g precision scale (Mettler Toledo, ML 104/01, Switzerland). The procedure took 

less than three minutes and the bees did not defrost. The bees were individually freeze-dried 

in Eppendorf tubes using a VirTis benchtop 2K freeze dryer over a 10-day period until no 

weight change was observed. Afterwards, the dry weight of each bee was measured inside 

the Eppendorf tube using a 0.001 g precision scale (Mettler Toledo, ML 104/01, Switzerland). 

This weighing procedure avoided condensation in Eppendorf tubes. 

Immediately after freeze drying and weighing, 50 - 60 individual bees in Eppendorf tubes were 

grouped by colony in postage envelopes. Batches of 4 envelopes were placed in a large Ziploc 

bag with approximately 5 g of dessicant (Silica gel orange, SL421, chem-supply). The dried 

bee samples were then combined across five colonies per feed source for each week and 

transported to the Chemcentre (Building 500, Curtin University, Western Australia) for 

nutritional analyses.  

6.2.2.3 Body composition  

The dried bee samples were then milled in a high-speed plunge mill. Approximately 1 g per 

sample was then accurately weighed and used for mineral, amino acid, total fat, and fatty acid 

analyses using the same methods as described in Chapter 5.  

6.2.3 Patty consumption 

At the end of each sampling week any patties (original weight 150 g see Chapter 3: general 

methods for more details) that were not completely consumed by colonies were collected and 

frozen in Ziploc bags at – 20 ºC (Table 6.1). From each of the four feed sources (marri, jarrah, 

clover and canola) within a sampling week, five random patties were selected and a sub-

sample of 7 - 10 g was accurately weighed using a 0.001 g precision scale (AND, GX-400, 

Australia). In few instances there were less than five patties available for weighing as colonies 

had either entirely consumed the available patty or less than 7 g were left over. In that instance, 

fewer patties than five were weighed. The latter was the case for patties from marri in week 2 

and 3 and for jarrah in week 11. The sub-samples were then dried in an incubator at 60 ºC to 

determine the moisture content of the patties. The first batch of patties to be dried were 

weighed every day to determine how long the patties needed to be dried until no weight 

change could be measured, this was determined to be day six. The weight of all other patties 

was then recorded after a drying period of six days. The average moisture content per feed 

source was subtracted from all patties not consumed by bees of that feed source within the 

same sampling week. The dry weight of each of the original patties of marri, jarrah, clover and 
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canola, before feeding it to the colony, was obtained via the same method as described above. 

This was done for the different batches of dough that were used to prepare the patties.  

The dry weight of patties consumed by individual colonies was calculated on a daily basis 

(g/day) to account for differences in days between sampling weeks. To take into account the 

influence of the colony size on the amount of patty being consumed, brood count of individual 

colonies was used as an estimate of colony size. The number of brood cells per colony was 

counted on digital photographs of brood frames using a Mobile phone (iPhone 5SE). 

Photographs were taken every second sampling week (Table 6.1) and uploaded into the 

desktop software ”Beestly” (available from www.cyency.com). The amount of patty consumed 

(g/day) was then expressed per 100 brood cells (g/day/100 brood cells).  

6.2.4 Data visualisation and classification 

Amino acids were classified into essential and non-essential amino acids and compared to 

minimal requirements of amino acid percentages as defined by De Groot (1953). All amino 

acids are presented as a relative percentage of total amino acid concentration per sample (the 

total protein content of emerged bees could not be determined due to technical difficulties). 

Hyproxiproline and taurine were excluded from the amino acid dataset of the bees because 

their values were too close to the detection limit of the GC-MS used.  

All unknown fatty acids were removed from the dataset and only fatty acids that exceeded 0.1 

g/100 g of the total fat content are reported in the results, as per Manning (2006).  

Due to some technical difficulties in sample preparation, fewer minerals are reported for the 

bees than for the food sources (Chapter 5). Potassium, sulphur, sodium and iron are reported 

only in the food sources, whereas phosphorus, magnesium, calcium, zinc, copper and 

manganese are reported in the food sources as well as for bee. In addition boron has been 

analyesed in the bees. One replicate sample (bees reared on jarrah of the second sampling 

week) was an extreme outlier and was excluded from the dataset. 

6.2.5 Statistical analysis 

All statistical analyses were performed in R, version 3.5.2 (R Core Team 2020).  

Despite that the use of pollen traps had restricted the access to pollen from the environment, 

location was considered as a factor because different types of nectars were collected by bees 

at each location and therefore reflecting possible environmental influences on the results. The 

bees collected on week 8 were fed as larvae on Location 1, but were born on Location 2 

because the colonies were shifted prior to their emergence. Therefore, data obtained for those 

bees were analysed as part of Location 1. Sampling of emerging bees commenced at week 4 

http://www.cyency.com/
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when the first hatching bees reared on the allocated feed source could be collected. All data 

were checked for normality and equal distribution of variance.  

6.2.5.1 Weight 

The effect of Feed Source on bee weights was analysed by Linear Mixed Effects Models using 

the package “nlme” (Pinheiro et al., 2020). Feed Source and Location were included as fixed 

factors in the model. Colony was included as a random factor, and to account for the repeated 

sampling of bees from the same colonies, Week was nested within Colony. 

6.2.5.2 Body composition  

The effect of Feed source on individual amino acid, fatty acid, mineral and total ash and fat 

content of emerging bees was analysed by Linear Mixed Effects Models using the package 

“nlme” (Pinheiro et al., 2020). Feed source and Location were included as fixed factors in the 

model. To account for the repeated sampling of colonies for creating a combined sample, 

Week was nested within the combined sample and was included as a random factor. One 

replicate sample for jarrah in week 4 was an extreme outlier and was removed for mineral 

analysis.  

6.2.5.3 Patty consumption  

The effect of Feed source on patty consumption was analysed by Linear Mixed Effects Models 

using the package “nlme” (Pinheiro et al., 2020). Feed source and Location were included as 

fixed factors in the model. Colony was included as a random factor, and to account for the 

repeated sampling of bees from the same colonies, Week was nested within Colony. 

The model was then applied to three different sets of data. The first dataset included all dry 

patty weights consumed by colonies from weeks 4 to 12 (Table 6.1). The output of the first 

dataset was then compared to the output of the second dataset, which included only the 

datapoints of patty consumption that corresponded with the time points at which the emerging 

bees were collected and when the brood counts were taken (Table 6.1). Because the output 

of the model did not change by removing every second week from the dataset, we could then 

use dataset two to create the third dataset which takes into account the size of the colony 

through the number of brood cells recorded per colony. The data was normalized using a log 

transformation. One replicate colony of the jarrah feed source (for week 6 at Location 1) was 

removed as the capped brood count created an extreme outlier. However, removing the outlier 

did not change the overall outcome of the model.   

All data are presented as mean ± sem. A post-hoc using Tukey’s pairwise comparisons was 

used to test for within factor effects from the R package ‘lsmeans’. 
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6.3 Results 

6.3.1 Emerging bees 

6.3.1.1 Weight 

A total of 2199 emerging bees were collected across all experimental colonies. On average 

between 10.0 ± 0.0 and 12.8 ± 0.6 bees were collected from each feed source across 7 - 10 

colonies for every sampling week across the two locations (Table 6.2). Samples from Table 

6.2 with less than 10 replicate colonies shown in brackets indicate that the remaining colonies 

did not have any hatching bees at the time of collection. This was the case for colonies that 

had experienced a gap in the brood cycle due to queen failure.  

Table 6.2 Average number of hatching bees (mean ± sem) collected from replicate colonies 

(number of colonies shown in brackets) from each of the four feed sources marri, jarrah, clover 

and canola across sampling weeks within each location.  

Location Week Marri Jarrah Clover Canola 

1 

4 10.7 ± 0.2 (10) 10.6 ± 0.2 (10) 10.5 ± 0.2 (10) 10.0 ± 0.0 (10) 

6 11.6 ± 0.4 (7) 12.8 ± 0.6 (9) 12.7 ± 0.7 (9) 12.0 ± 0.3 (10) 

8 11.9 ± 0.3 (8) 12.0 ± 0.2 (9) 11.6 ± 0.3 (9) 11.7 ± 0.4 (7) 

2 
10 11.8 ± 0.4 (9) 12.7 ± 0.6 (9) 12.2 ± 0.3 (10) 12.8 ± 0.4 (10) 

12 12.8 ± 0.4 (10) 13.1 ± 0.4 (10) 11.7 ± 0.2 (9) 12.8 ± 0.4 (10) 

There was no effect of Feed Source on the bee weights, but there was an overall effect of 

Location on the wet and dry weights and moisture content of the emerging bees (Figure 6.1, 

Table 6.3). Bee weights were significantly lower (p < 0.001) in Location 1 (wet weight: 112.0 

± 0.28 mg, dry weight: 17.7 ± 0.16 mg) than in Location 2 (wet weight: 117.0 ± 0.26 mg, dry 

weight: 18.4 ± 0.08 mg). The moisture content of the bees at Location 1 (moisture: 94.4 ± 0.31 

mg) was significantly lower (p < 0.001) compared to Location 2 (moisture: 98.6 ± 0.24 mg). 

This effect was proportional to body size as no moisture difference by location was found when 

expressed as a percentage (Location 1: 84.1 ± 3.0 %; Location 2: 84.2 ± 1.5 %). There was 

no significant interaction between Feed Source and Location. 

The wet weights of bees increased over the sampling weeks of experimentation (Figure 6.1-

A). Dry weights of bees followed a similar increase over time but dropped slightly in week 6 

for bees fed on jarrah and in week 8 for bees fed on clover (Figure 6.1-B). The wet and dry 
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bee weights and moisture content of bees fed on marri presented a larger drop of 4.4 %, 7.8 

% and 3.6 % respectively in week 8 (Figure 6.1-A-C).  

Figure 6.1 Average weight of 10 - 15 emerging bees per colony (10 colonies/ feed source) 

fed on marri (dashed line), jarrah (solid line), clover (dotted line), and canola (dashed and 

dotted). Left panel: The vertical dashed line indicates the change in location from Location 1 

(left) to Location 2 (right). (A) Wet weight (± sem), (B) dry weight (± sem) and (C) moisture 

content (± sem) of emerged bees. Right panel: (A) Wet weight (± sem), (B) dry weight (± 

sem) and (C) moisture content (± sem) of emerged bees over the two locations: Location 1 

(weeks 4-8) and Location 2 (weeks 10-12). * p<0.05, ** p<0.01, *** p<0.001. 
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Table 6.3 Summary of the effects of Feed source and Location from the Linear Mixed Effects 

Model on the wet and dry weight and the moisture content of bees reared on marri, jarrah, 

clover and canola. Significant values where p < 0.05 are shown in bold. 

Bee weight Factor df F-value p-value 

Wet weight 

Feed source 3 0.9 0.46 

Location 1 67.4 < .0001 

Feed source: Location 3 1.7 0.18 

Dry weight 

Feed source 3 1.1 0.35 

Location 1 10.6 0.0014 

Feed source: Location 3 0.3 0.82 

Moisture 

Feed source 3 1 0.4 

Location 1 55.1 < .0001 

Feed source: Location 3 1.4 0.24 

 

6.3.1.2 Body composition  

Proximate analysis  

The ash content of bees ranged from 4.3 ± 0.26 % in clover to 5.0 ± 0.50 % in marri, however, 

there was no main effect of Feed source on ash content. Similarly, the fat content of bees, 

which ranged between 8.6 ± 0.46 % in bees fed on jarrah to 9.3 ± 0.42 % in bees fed on 

canola, was not significantly different between feed sources (Table 6.4,Table 6.5). Location 

had a significant effect on ash content and was significantly higher at location 1 (p=0.0026), 

but no differences in fat content between locations was found (Table 6.5). There was no 

interaction between Feed source and Location for the total fat and ash content for bees reared 

on marri, jarrah, clover and canola feed sources (Table 6.5).  

Table 6.4 Summary of proximate analyses (dry weight ± sem) of bees reared on marri, jarrah, 

clover and canola feed sources across locations.  

Parameter type Jarrah Marri Clover Canola 

Ash (%) 4.4 ± 0.63 5.0 ± 0.50 4.3 ± 0.26 4.4 ± 0.60 

Fat (g/100g) 8.6 ± 0.46 9.0 ± 0.37 9.2 ± 0.31 9.3 ± 0.42 
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Table 6.5 Summary of the effects of Feed source and Location from the Linear Mixed Effects 

Model on the fat and ash content of bees reared on marri, jarrah, clover and canola. Significant 

values where p < 0.05 are shown in bold. 

Parameter Factor df F-value p-value 

Ash 

Feed source 3 0.9 0.53 

Location 1 11.4 0.0022 

Feed source: Location 3 1.6 0.21 

Fat 

Feed source 3 0.8 0.54 

Location 1 0.9 0.33 

Feed source: Location 3 0.2 0.93 

 

Minerals 

The concentration of minerals were represented over an extremely large range of 3 to 6516 

mg/kg and are presented in Table (6.6). The most abundant minerals were phosphorus, 

magnesium and calcium, representing between 98.3 % and 98.4 % of all measured minerals 

for bees fed on the different feed sources.  Manganese was the least abundant mineral, 

followed by copper, boron and zinc (Table 6.6). 

Copper was the only mineral that increased significantly (p=0.0046) from Location 1 to 

Location 2 (Table 6.7), with no main effect of Feed source on bees fed on marri, jarrah, clover 

and canola (Table 6.7).There was no interaction between Feed source and Location except 

for phosphorus (p = 0.012) and zinc (p = 0.26). These interactions were driven by one higher 

value in the dataset and when that value was excluded the interaction was non-significant.  

Table 6.6 Mineral profile of emerged bees (dry weight ± sem) reared on four feed sources 

(marri, jarrah, clover and canola) across five weeks. 

Mineral (mg/kg) Marri Jarrah Clover Canola 

Phosphorus 6516 ± 683 6049 ± 300 6286 ± 194 6206 ± 532 

Magnesium 1192 ± 115 1105 ± 53 1142 ± 28 1103 ± 87 

Calcium 828 ± 80 778 ± 39 795 ± 25 738 ± 63 

Zinc 91 ± 10 79 ± 4 88 ± 2 82 ± 6 

Boron 26 ± 3 24 ± 3 27 ± 4.3 25 ± 3 

Copper 23 ± 3 21 ± 1 23 ± 1 21 ± 2 

Manganese 4 ± 0.4 3 ± 0.2 3 ± 0.3 3 ± 0.3 
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Table 6.7 Summary of the effects of Feed source and Location from the Linear Mixed Effects 

Model on the mineral composition of bees reared on marri, jarrah, clover and canola. 

Significant values where p < 0.05 are shown in bold. 

Mineral Factor df F-value p-value 

Boron 

Feed source 3 0.2 0.91 

Location 1 0.2 0.63 

Feed source: Location 3 0.7 0.59 

Calcium 

Feed source 3 0.7 0.62 

Location 1 2.2 0.15 

Feed source: Location 3 2.3 0.1 

Copper 

Feed source 3 0.9 0.52 

Location 1 10.2 0.0036 

Feed source: Location 3 2,0 0.14 

Magnesium 

Feed source 3 0.4 0.78 

Location 1 1.1 0.3 

Feed source: Location 3 2.6 0.072 

Manganese 

Feed source 3 2.2 0.23 

Location 1 0.1 0.75 

Feed source: Location 3 0.3 0.86 

Phosphorus 

Feed source 3 0.2 0.92 

Location 1 0.8 0.38 

Feed source: Location 3 4.4 0.012 

Zinc 

Feed source 3 0.9 0.53 

Location 1 0.8 0.38 

Feed source: Location 3 3.6 0.026 

 

Amino acids 

The amount of individual amino acids measured in bees varied between 0.80 % for 

cysteine/cystine and 13.3 % for glutamic acid of all measured amino acids. Overall, the 

essential amino acids of bees represented on average 43.8 - 44.7 % across feed sources 

(Figure 6.2-A). Non-essential amino acids of bees represented on average 54.8 – 55.5 % 

(Figure 6.2-B).   

There was no interaction between Feed source and Location for any of the amino acids. There 

was an effect of Location on all amino acids except for isoleucine, leucine, methionine, 

threonine, valine, aspartic acid, glutamic acid and glycine but no effect of Feed source (Figure 

6.2, Table 6.8). Amino acids that were detected in increasing amounts from Location 1 to 

Location 2 included arginine (p = 0.015), methionine (p = 0.020), alanine (p = 0.0006) and 
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proline (p = 0.0068). Amino acids that were detected in decreasing amounts from Location 1 

to Location 2 included histidine (p = 0.030), lysine (p < 0.0001), phenylalanine (p = 0.0016), 

cysteine (p < 0.0001), serine (p < 0.0001) and tyrosine (p = 0.024).  

 

Figure 6.2 Amino acid profiles (% ± sem) of emerged bees fed on marri (orange), jarrah (blue), 

clover (grey), and canola (green) patties over five weeks, Left panel: (A) Essential amino 

acids with reference to minimum levels (striped bars) defined by De Groot (1953), (B) Non-

essential amino acids. Right panel: (A) Essential amino acids and (B) Non-essential amino 

acids across locations, with Location 1 in clear bars and Location 2 in solid grey bars. Weeks 

4 - 8 represent Location 1 and weeks 10 - 12 represent Location 2. Arg-arginine, His-histidine, 

Ile-isoleucine, Leu-leucine, Met-methionine, Phe-phenylalanine, Thr-threonine; Val- valine, 

Ala-alanine, Asp-aspartic acid, Cys- cysteine/cystine, Glu-glutamic acid, Gly-glycine, Pro-

proline, Ser-serine,Tyr-tyrosine. * p<0.05, ** p<0.01, *** p<0.001. 
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Table 6.8 Summary of the effects of Feed source and Location from the Linear Mixed Effects 

Model on the amino acid composition of bees reared on marri, jarrah, clover and canola. 

Significant values where p < 0.05 are shown in bold. 

Amino acid Factor df F-value p-value 

Arginine 

Feed source 3 0.6 0.64 

Location 1 6.6 0.016 

Feed source: Location 3 0.8 0.51 

Histidine 

Feed source 3 1.7 0.31 

Location 1 5.3 0.029 

Feed source: Location 3 1.2 0.32 

Isoleucine 

Feed source 3 0.7 0.62 

Location 1 1.5 0.23 

Feed source: Location 3 1.3 0.3 

Leucine 

Feed source 3 0.2 0.89 

Location 1 0.03 0.86 

Feed source: Location 3 0.2 0.92 

Lysine 

Feed source 3 1.2 0.42 

Location 1 34.1 < .0001 

Feed source: Location 3 0.7 0.56 

Methionine 

Feed source 3 1.3 0.39 

Location 1 6,0 0.021 

Feed source: Location 3 1 0.42 

Phenylalanine 

Feed source 3 0.8 0.55 

Location 1 11.8 0.0019 

Feed source: Location 3 0.8 0.53 

Threonine 

Feed source 3 0.7 0.58 

Location 1 0.9 0.35 

Feed source: Location 3 0.9 0.44 

Valine 

Feed source 3 0.3 0.82 

Location 1 0.1 0.72 

Feed source: Location 3 0.5 0.71 

Alanine 

Feed source 3 0.9 0.53 

Location 1 14.1 0.001 

Feed source: Location 3 0.7 0.56 

Aspartic acid 

Feed source 3 0.3 0.85 

Location 1 3.3 0.079 

Feed source: Location 3 0.09 0.96 

Cysteine 

Feed source 3 1.6 0.32 

Location 1 24.8 < .0001 

Feed source: Location 3 0.4 0.73 
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Glutamic acid 

Feed source 3 0.7 0.59 

Location 1 1.3 0.26 

Feed source: Location 3 0.01 1 

Glycine 

Feed source 3 0.3 0.85 

Location 1 4.01 0.055 

Feed source: Location 3 0.4 0.77 

Proline 

Feed source 3 0.5 0.71 

Location 1 8.05 0.0084 

Feed source: Location 3 0.5 0.69 

Serine 

Feed source 3 0.4 0.74 

Location 1 21.5 0.0001 

Feed source: Location 3 0.08 0.97 

Tyrosine 

Feed source 3 1 0.49 

Location 1 5.4 0.027 

Feed source: Location 3 0.5 0.71 

 

Fatty acids 

Nine of the fatty acids in emerging bees represented three groups: polyunsaturated fatty acids 

(linoleic and linolenic), monounsaturated fatty acids (eicosinoic, erucic, oleic and palmitoleic) 

and saturated fatty acids (arachidic, palmitic and stearic acids). They represented 90.2 – 93.2 

% of all fatty acids with a concentration greater than 0.1g/100 g. No significant interaction 

between Feed source and Location was found on any fatty acids (Table 6.9). Location 

however had a significant effect on the monounsaturated fatty acids erucic, and palmitoleic 

and on the saturated arachidic and palmitic acid (Table 6.9). Fatty acids that were detected in 

increasing amounts from Location 1 to Location 2 included erucic (p = 0.0031), palmitoleic (p= 

0.0006) and arachidic (p=0.043). The only fatty acid that was detected in decreasing amounts 

from Location 1 to Location 2 was palmitic (p = 0.0014). There was no effect of Feed source 

on any of the fatty acids (Figure 6.3).   

Nineteen other fatty acids represented the remaining 6.8 – 9.8 % of all fatty acids, of which 10 

fatty acids were below the detection limit for at least one of the feed sources (Table 6.10).  
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Figure 6.3 Fatty acid profiles (g/100 g ± sem) of emerged bees reared on marri (orange), 

jarrah (blue), clover (grey), and canola (green) patties, Left panel: (A) Polyunsaturated fatty 

acids, (B) monounsaturated fatty acids, (C) saturated fatty acids, over five weeks. Right 

panel: (A) Polyunsaturated fatty acids, (B) monounsaturated fatty acids, (C) saturated fatty 

acids across location with Location 1 in clear bars and Location 2 in solid grey bars. Weeks 4 

- 8 represent Location 1 and weeks 10 - 12 represent Location 2. * p<0.05, ** p<0.01, *** 

p<0.001. 
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Table 6.9 Summary of the effects of Feed source and Location from the Linear Mixed Effects 

Model on the fatty acid composition of bees reared on marri, jarrah, clover and canola. 

Significant values where p < 0.05 are shown in bold. 

Fatty acid Factor df F-value p-value 

Linoleic 

Feed source 3 2.9 0.16 

Location 1 3.4 0.077 

Feed source: Location 3 0.7 0.57 

Linolenic 

Feed source 3 4.3 0.098 

Location 1 2.1 0.16 

Feed source: Location 3 1 0.39 

Eicosenoic 

Feed source 3 4 0.11 

Location 1 0.7 0.4 

Feed source: Location 3 0.3 0.81 

Erucic 

Feed source 3 1.5 0.34 

Location 1 10.4 0.0031 

Feed source: Location 3 1.2 0.35 

Oleic 

Feed source 3 1.8 0.28 

Location 1 0.1 0.83 

Feed source: Location 3 0.4 0.72 

Palmitoleic 

Feed source 3 1.2 0.42 

Location 1 14.1 0.0008 

Feed source: Location 3 0.7 0.56 

Arachidic 

Feed source 3 0.8 0.58 

Location 1 4.3 0.048 

Feed source: Location 3 0.5 0.68 

Palmitic 

Feed source 3 0.5 0.68 

Location 1 11.5 0.0021 

Feed source: Location 3 0.3 0.86 

Stearic 

Feed source 3 0.6 0.63 

Location 1 0.09 0.77 

Feed source: Location 3 0.2 0.9 
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Table 6.10 Minor fatty acids (mg/100 g) of emerged bees reared on marri, jarrah, clover and 

canola feed sources. Empty cells represent values below detection limit of 0.05 %. ND: not 

detectable = values below the detection limit.  

Fatty acid (mg/100g) Marri Jarrah Clover Canola 

Elaidic/Petroselinic 21.5 ± 24.2 ND ND ND 

Cerotic 30.4 ±1.3 29.5 ± 1.6 31.7 ± 1.7 32.7 ± 2.1 

Docosadienoic 47.1 ± 21.6 51.8 ± 16.9 29.3 ± 13.1 32.6 ± 9.8 

Octacosanoic 15.3 ± 1.1 15.7 ± 1.1 15 ± 1.2 16.4 ± 1.2 

Docosapentaenoic 11.8 ± 3.0 10.9 ± 2.8 10.6 ± 3.1 9.2 ± 2.8 

Arachidonic 7.1 ± 1.6 5.2 ± 1.2 ND 5.9 ± 1.3 

Behenic 6.8 ± 3.2 6.5 ± 3.0 7.3 ± 3.8 ND 

Capric ND ND 4.6 ± 0.2 5.7 ± 1.4 

Docosahexaenoic 5.3 ± 1.1 5.2 ± 1.2 ND 5.3 ± 1.0 

Eicosadienoic 6.3 ± 1.3 4.9 ± 0.7 6.0 ± 1.4 6.8 ± 1.7 

Eicosatrienoic ND 6 ± 1.2 6.1 ± 1.0 6.2 ± 1.0 

Heneicosanoic 5.9 ± 1.3 5.8 ± 1.5 ND ND 

Heptacosanoic 7.3 ± 2.1 5.4 ± 1.0 ND ND 

Heptadecenoic 6.6 ± 1.5 6.5 ± 1.5 5.1 ± 0.8 7.3 ± 1.5 

Myristic 8.9 ± 6.2 ND ND ND 

Myristoleic 68.9 ± 2.4 76.3 ± 4.4 86.7 ± 4.2 79.0 ± 5.1 

Nervonic 63.4 ± 10.3 63.1 ± 9.4 65.2 ± 6.8 69.3 ± 10.5 

Pentadecenoic 5.7 ± 1.1 5.6 ± 1.1 ND 5.2 ± 0.7 

Triacontanoic 27.3 ± 8.6 23.4 ± 6.1 20.3 ± 5.3 18.7 ± 4.4 
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6.3.2 Patty consumption  

Colonies fed on clover consumed significantly less of the pollen patties, compared to all other 

feed sources across all weeks (dataset 1) of marri (p = 0.001), jarrah (p = 0.002 and canola 

(p = 0.005), and across every consecutive week of marri (p = 0.003), jarrah (p = 0.001) and 

canola (p = 0.02) (dataset 2) (Figures 6.4 A-B, Table 6.11).  However, when patty consumption 

was adjusted by colony size, colonies feeding on clover were different to colonies fed on marri 

(p = 0.043), just not significantly different to jarrah (p=0.05) and not to canola (p = 0.83) (Figure 

6.4-C). None of the other feed sources differed significantly in patty consumption.  

Patty consumption significantly increased across locations (p < 0.001) whether patty 

consumption was considered weekly, every consecutive week or adjusted by the amount of 

brood cells (Figures 6.4 A-C). It must be noted that for the jarrah feed source in week 6, one 

colony had a lower brood count and therefore raised the mean of the overall patty consumption 

with a corresponding larger standard error. Without the patty consumption data of this replicate 

colony, the overall mean for bees feeding on jarrah patties was 0.42 g/100 g ± 0.11of patty 

per 100 brood cells. 

There was an interaction between Feed source and Location on the patty consumption 

(without taking into account the number of brood cells) (Figures 6.4 A-B). No interaction was 

found when the patty consumption was analysed taking into account the number of brood cells 

(Table 6.11).   
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Figure 6.4 Average patty consumption (g/ day ± sem) of emerged bees fed on marri (dashed 

line), jarrah (solid line), clover (dotted line), and canola (dashed and dotted) (10 colonies/feed 

source). Left panel:  The horizontal dashed line indicates the change in location from Location 

1 (left) to Location 2 (right). (A) Average patty consumption across all sampling weeks from 

weeks 4 - 12, (B) Average patty consumption of every consecutive week and (C) Average 

patty consumption per 100 brood cells accounting for colony size. Right panel: (A) Average 

patty consumption across all sampling weeks from weeks 4 - 12 (± sem), (B) average patty 
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consumption of every consecutive week and (C) average patty consumption per 100 brood 

cells accounting for colony size of emerged bees over the two Locations 1 and 2. Weeks 4 - 

6 represent Location 1 and weeks 7 - 12 represent Location 2. * p<0.05, ** p<0.01, *** p<0.001. 

Table 6.11 Summary of the effects of Feed source (marri, jarrah, clover and canola) and 

Location on the dry patty consumed over weeks 4 to 12 (dataset 1), weeks 4, 6, 8, 10,12 

(dataset 2) and taking into account colony size (dataset 3). Significant values where p < 0.05 

are shown in bold. 

Patty Consumption Factor df F-value p-value 

Dataset 1 

Feed source 3 10.8 <.0001 

Location 1 106.6 <.0001 

Feed source: Location 3 5.1 0.0018 

Dataset 2 

Feed source 3 8.5 0.0002 

Location 1 93.8 <.0001 

Feed source: Location 3 5.4 0.0015 

Dataset 3 

Feed source 3 3.8 0.018 

Location 1 38.9 <.0001 

Feed source: Location 3 0.12 0.95 
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6.4 DISCUSSION 

Nurse bees were able to effectively utilise the nutrients from four commercially important 

pollen sources from the forest and woodland species, marri and jarrah, as well as two 

agricultural species, white clover and canola, as all colonies were able to support the 

development of bees until emergence. The differences in food composition of patties, 

presented in Chapter 5, had no influence on the body weight of bees, their mineral, amino acid 

or their fatty acid composition. 

The results for the mineral composition of emerged bees were similar to that previously 

reported for copper, magnesium and zinc but were higher by ~ 40 %, ~ 80 % and ~ 25 % for 

calcium, boron and manganese respectively (Black 2006, calculated from Manning 2002) and 

lower by ~ 30 % in phosphorus (Manning (2002). A previous study by Manning (2002), 

measured the mineral composition of newly-emerged bees from colonies that had access to 

an unknown diversity of natural pollen from the environment. Together, these results suggest 

that the mineral content of pollen could influence the mineral composition of emerging bees. 

However, there was no difference in the mineral composition between the emerged bees 

reared on the four types of patties in this study. It is possible that the mineral requirements 

have been met by all four food sources on offer, even for manganese requirements which 

were low in the patties (Chapter 5) according to published mineral estimates (Black 2006).  

Nurse bees might regulate the nutrients of larval food by adjusting their own food intake. If 

some nutrients are lower in abundance honey bees may be able to consume more of a food 

source to meet their nutritional needs. There was evidence for such a feeding strategy for 

colonies that were fed marri and jarrah patties. Both patties were low in isoleucine compared 

with minimum requirements (Chapter 5) and consumed the greatest amount of patty, which 

was significantly higher than the amount of patty consumed by bees feeding on clover 

although the difference was not significant for canola. Food consumption could therefore help 

to explain why none of the emerging bees were low in isoleucine, despite different isoleucine 

levels in their diets. Why bees consumed significantly less clover patty may be explained by 

differences in the attractiveness of the pollen or its digestibility. While there is no data on the 

digestibility of each of the food sources, pollen digestibility can vary between pollen types 

depending on pollen morphology and the release of nutrients from the grain’s protoplasm, 

either through diffusion, osmotic shock bursting the pollen grain or by enzymatic activity (Kroon 

et al., 1974; Y.-S. Peng et al., 1986; T.H. Roulston et al., 2000; Stanley & Linskens, 1965). If 

clover pollen is more digestible, then bees would have needed to consume less in order to 

meet their dietary requirements. Investigations on the digestibility of marri, jarrah, clover and 

canola pollen, would help to understand the differences in patties consumption between the 
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feed sources. The increase in patty consumption from one location to the next could be due 

to stored food sources becoming exhausted over time, requiring colonies to consume a larger 

amount of the patties also because brood area will generally expand if food sources are 

abundant. Overall, the similarity in body composition of emerged bees strongly suggest that 

nurse bees were able to digest and regulate the nutrients required for the production of larval 

nutrition from all feed sources. 

An effect of Location was observed for body weight, copper, several amino acids and fatty 

acids, independently of the type of patties available. Emerged bees at Location 1 were 

significantly smaller compared to emerged bees at Location 2. Body weight and size is 

affected by nutrient availability (Brodschneider & Crailsheim, 2010; Kunert & Crailsheim, 1988; 

Scofield & Mattila, 2015). As there was no effect of the feed soruces on body size, other factors 

could have influenced the nutritional status of developing bees at the two locations. One such 

factor could be the number of nurse bees to larval ratio which influences the time nurse bees 

spend feeding larvae. Larger colonies in general have been found to rear heavier workers 

(Levin & Haydak, 1951). Worker bees reared at nurse bee to larvae ratios of 0.5:1, 1:1 and 

5:1 are smaller than workers reared at ratios of 100: 1 (Daly et al., 1995). Worker bee weight 

and longevity increases with greater nutritional investment of nurse bees per larva (Eishchen 

et al., 1982). At Location 1, the colonies were still getting established after having been 

assembled after shaking from bee packages and the addition of young queens at week 1. 

Most of the bees provided at the start of the experiment were nurse bees. However, division 

of labour between nestmates of similar age occurs during the first 4 - 13 days after 

establishment of a new colony (Manning, 2006). This would have reduced the number of nurse 

bees tending to eggs that the queen had already started laying. At Location 2, the colonies 

were already established and had increased in population size, and therefore, they were most 

likely to have a greater nurse bee to larval ratio. The larvae reared under these conditions 

were likely to be better fed and cared for, allowing bees to either grow bigger in size or to 

accumulate more nutritional stores.  

The change of body weight between the two locations, over the whole duration of the 

experiment did not influence the micronutrient composition of the bees as expressed per unit 

of body mass. However, emerging bees at Location 1 had a greater ash content than emerging 

bees at Location 2, and copper was significantly greater in emerging bees at Location 2. 

Throughout the experiment, the colonies had free access to nectar. At Location 2, in addition 

to nectar from several common weed species, colonies had access to nectar from a 221.9 ha 

avocado crop, that was in full bloom during the experiment. The higher copper levels in bees 

collected from Location 2 could be explained by the availability of avocado nectar. Avocado 

nectar, and thus honey derived from it, are rich in a wide range of minerals, including 
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potassium, phosphorus, magnesium, sulphur, iron, and copper compared to citrus nectar and 

non-avocado honey (Afik et al.,2006). The higher mineral content available from avocado 

nectar could have contributed to the increased body copper content across all feed sources 

seen at Location 2. Other minerals present in avocado nectar and honey did not increase 

between Locations 1 and 2, possibly because of differences in assimilation between minerals. 

Why the overall ash content was significantly greater at Location 2 is not known. More 

research is needed to study how such differences in mineral nutrition could affect bee health 

and colony performance. 

There was an effect of Location on the concentration of macronutrients of emerged bees, such 

as certain amino acids and fatty acids. The effect however was not consistent, and not all 

acids increased or decreased from one location to the next. These complex variations in body 

composition could be the result of differences in the availability of nutrients due to changes in 

the production of worker jelly produced by the nurse bees. Seasonal variations in weight and 

protein content of emerging bees have been linked to the availability of food sources from the 

environment (Kunert & Crailsheim 1988). Royal jelly, the larval food specifically for queen 

bees, has been found to vary largely in total fat and carbohydrate content between studies 

done in different countries, while total protein was found to be fairly stable (Wright et al., 2018). 

It would be interesting to investigate how much queen and worker jelly composition varies in 

its individual amino and fatty acid composition, and the possible effects on emerging bees with 

the same or similar feed sources. 

Some differences in amino and fatty acid composition of emerged bees may be explained by 

the fact that foraging bees are able to get pollen through the pollen traps, i.e. pollen traps are 

not fully efficient in removing all pollen collected by foragers. The effectiveness of pollen traps 

in trapping pollen can vary not only by the type of pollen trap that is being used, but by the 

size of the bees and the size of pollen baskets, which can depend on the type of pollen being 

collected (Keller et al., 2005). Various studies have illustrated this problem. Imdorf (1983) 

showed that the effectiveness of a pollen trap on a single colony may even change throughout 

the course of a flowering period. The average efficiency of certain traps increased from 33 % 

to 60 % when colonies were moved to a different location of different floral sources (Levin & 

Loper, 1984). Unless the effectiveness of pollen traps is measured continuously, it is not 

possible to evaluate the efficiency of a pollen trap. Efficient trapping of pollen in a commercial 

setting has been rated at 60-80% (Somerville, 2012). In this study, bees were readily trapped 

of their collected pollen in the traps, but bees were occasionally observed to cleverly adjust 

their leg position and carry pollen intact on their legs through the perforated barrier inside the 

traps. This may have contributed to some variation in amino and fatty acid composition of 

emerged bees in this study.   
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6.5 CONCLUSION  

In this chapter, nurse bees were shown to successfully raise young adult workers, from larval 

stage until emergence, when artificially fed on various natural feed sources of different 

nutritional quality, even under pollen restricting conditions. With the type of pollen patties 

having little impact on larval development, it might indicate that the availability of pollen may 

be more important than its composition, as long as bees have access to all essential nutrients. 

The next chapter investigates the impact of marri, jarrah, clover and canola feed sources on 

the amount of brood produced.  
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CHAPTER 7: COLONY SIZE OF HONEY BEES IN 

RESPONSE TO FOUR FEED SOURCES 

7.1 Introduction  

Honey bee colonies require nectar and pollen to meet their nutritional needs. When both 

nectar and pollen are available in sufficient supply (quantity and quality), the colony can grow 

and expand (Brodschneider & Crailsheim, 2010). Under sub-optimal conditions, when nutrition 

is limited, colonies will be more susceptible to disease (DeGrandi-Hoffman et al., 2010; Di 

Pasquale et al., 2013), and pesticides (Mogren et al., 2019; Oscar Wahl & Ulm, 1983), and 

their longevity will be reduced (Alaux et al., 2011; Manning et al., 2007; Wang et al., 2014). 

Ultimately, under poor nutritional conditions colonies will be weaker and smaller in size. Colony 

size is crucial for the production of bee products and for crop pollination. For this reason, 

commercial beekeepers need to carefully manage the nutritional requirements of their 

colonies by assessing the quality and quantity of flora at their apiary sites.  

The quality of nutrition is dependent on available floral sources. Floral sources can vary widely 

in their nutritional makeup for: protein content (amino acids) (T’. H Roulston & Cane, 2000), 

where brood production requires pollen with a minimum 20 - 25 % protein (Kleinschmidt & 

Kondos, 1976); fats (fatty acids) (Manning, 2001a), as well as in some minerals (Black, 2006; 

T’. H Roulston & Cane, 2000). When natural forage is unavailable or limited due to 

environmental conditions, and beekeepers do not have the option to move colonies to more 

productive apiary sites, beekeepers may need to supply their bees with supplementary feeds. 

A variety of those are commercially available.  

How well natural or artificial feed sources can support the nutrition of honey bees will depend 

on the nutritive value of the feed as well as its digestibility and impact on honey bee physiology 

and health. On average, honey bees can utilise about 70 – 83 % of the nutrients of pollen (T’. 

H Roulston & Cane, 2000; J. O. Schmidt & Buchmann, 1985). The digestibility of artificial 

supplements would be expected to be lower than for pollen, as feeds may be based on other 

plant products such as soy flour, which can affect nutrient uptake depending on how it is being 

processed (Black, 2006) and result in reduced bee longevity (DeGrandi-Hoffman et al., 2016; 

Manning et al., 2007). 

Whether beekeepers feed their honey bee colonies on a low producing site or shift bees to a 

more productive location is often an economic decision that ultimately determines the 

availability of forageable plant species and therefore the health of the colony. Beekeepers 
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evaluate flowering events, for their nutritive value. However, other factors such as travel 

distance also play a role in their decision making. However, in many cases the nutritional 

quality of apiary site flora is unknown (other than the amounts of nectar and pollen that may 

be produced).  

In this chapter, a comparison of the size of honey bee colonies was conducted with various 

natural food sources to assess the nutritive quality of specific pollen types on colony growth. 

Coastal and clover floral sources were chosen as these are pollen types that beekeepers in 

Western Australia (WA) have access to during winter/early spring. These were compared with 

marri pollen, which is frequently used as a supplemented pollen source (Rod Pavy (2018) pers 

comm), and with jarrah pollen which is known to produce ample amounts of nectar and pollen 

albeit of lower nutritive value (Manning, 2001b) . All four feed sources were tested under the 

same environmental conditions for direct comparison. Changes in colony size was therefore 

an indication of both the nutritive value and how effectively honey bees could digest and utilise 

the nutrients. In Chapter 6, honey bees were able to effectively raise brood until emergence 

on all four feed sources. In this chapter colony size was compared based on how much capped 

brood colonies produced from having been fed on the various feed sources. It is predicted that 

the composition of the feed will impact on the size of the colony. The four feed sources used 

were Corymbia calophylla (marri), Eucalyptus marginata (jarrah), Trifolium repens (clover) and 

Brassica napus (canola) (see Chapter 4 and 5). The experiment was carried out across two 

locations, a build-up site (Location 1) to establish the colonies from bee packages and at an 

avocado orchard (Location 2) to test how well the different floral feed sources support the 

growth of colonies prior to and during crop pollination.  

7.2 Methodology  

7.2.1 Colony setup  

Colonies were set up as described in the General Methodology section (Chapter 3). In brief, 

10 colonies were fed with one of four different feed sources (patties) made from matching 

pollen and honey of marri, jarrah, clover and canola which had been collected from commercial 

apiary sites. Honey bee colonies were setup in four frame nucleus colonies from bee packages 

with a sister queen. The bees had access to the patties and a frame of stored honey and 

pollen of the same feed source. Pollen traps were used to restrict bees of an external source 

of pollen from the environment. The colonies were placed at each of the two locations (build 

up site and the avocado orchard) for a period of six weeks each.  
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7.2.2 Brood cells/ colony size 

Photographs of each brood frame were taken every two weeks throughout the duration of the 

experiment using a mobile phone (iPhone SE, Apple, Cupertino, CA, USA). The brood frames 

were placed on a flat surface so the photographs could be taken perpendicular to the frame 

(Figure 7.1). The first photographs were taken in week 2, once the first capped brood was 

present, after the colonies became established. The number of capped brood cells were 

counted on four frames (both sides) from each colony using a newly commercialised software 

‘Beestly’ (available from: cyency.com). Counted brood cells included capped worker brood as 

well as capped drone brood, the latter representing less than 1 % of the total brood count.  

Throughout the experiment colonies became infected with a widespread fungal brood disease 

known as Chalkbrood (Ascosphaera apis). The number of chalkbrood mummies (whole 

mummies and pieces) were counted to quantify the intensity of the infection. This was done 

by counting the number of chalkbrood mummies inside each pollen trap. Bees were unable to 

remove chalkbrood past the trap and therefore the number of mummies inside the pollen trap 

provided a good estimate of infection intensity.  

 

Figure 7.1 Brood frame (Hive 5, frame 2, side A) placed across a honey super (box) for 

photographing of individual frames.  
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7.2.3 Queen status 

The vitality of the queen was checked weekly. Any queen that was lost due to uncontrollable 

reasons was replaced with a young mated queen aged < 6 months of similar genetic stock to 

the original sister queens.  

7.2.4 Statistical analysis 

All statistical analyses were performed in R, version 3.6.2 (R Core Team, 2020).  

Data were checked for normality and equal distribution of variance. The effect of Feed source 

on the number of brood cells was analysed by Linear Mixed Effects Models using the package 

“nlme” (Pinheiro et al., 2020). Feed source and Week were included as fixed factors in the 

model. Colony was included as a random factor, and to account for the repeated measures 

from the same colonies, Week was nested within Colony. Two other variables were tested for 

in the model, 1) the number of Chalkbrood mummies reported for each colony expressed as 

a percentage of the total brood cell count, and included as a covariate, and 2) Queen-failure 

as a binary factor. Queen-failure explained most of the variability in the model. To be able to 

test specifically for the effects of Feed source and Week, the dataset was split into whether 

the colonies had a replacement queen or not, and the same model without Queen-failure was 

tested. Removing Queen-failure from the model did not change the model output for any of 

the other factors. The final model was therefore conducted on all colonies regardless of 

whether they experienced queen failure throughout the experiment. The final dataset included 

the brood count of all weeks except for week 2 as the colonies were being established at that 

stage.  

The same model was then used to test for significant differences in relative chalkbrood 

infections, where the response variable (rate of infection) was expressed as a percentage of 

total brood count. The dataset was again analysed separately for colonies with and without 

queen failure. This time the two datasets were analysed separately, as the effect of Treatment 

differed across datasets with and without Queen-failure.  

One colony fed on clover died out towards the end of the experiment and therefore nine 

colonies represent the clover feed source in week 12. 

All data are presented as mean ± sem and only significant interaction terms p < 0.05 are 

reported. A post-hoc using Tukey’s pairwise comparisons were used to test for within factor 

effects from the R package ‘lsmeans’. 
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7.3 Results  

7.3.1 Brood cells 

The total brood count per colony (mean ± sem) was 3759 ± 234 cells, 4358 ± 317, 2619 ± 241 

and 4745 ± 268 for marri, jarrah, clover and canola respectively (Figure 7.2). There was no 

interaction between Week and Feed source and no main effect of Feed source on brood count 

(Figure 7.2, Figure 7.3 A, Table 7.1). There was a main effect of Week on brood count (Figure 

7.3 B, Table 7.1). The highest brood counts were in week 4 (Location 1) and 10 (Location 2), 

which did not differ from each other compared to all other weeks (Figure 7.2, Figure 7.3 B). 

The brood count of week 4 was greater compared to week 6 (p < 0.0001), week 8 (p < 0.0001) 

and week 12 (p < 0.0001). The brood count of week 10 was greater compared to week 6 (p < 

0.0001), week 8 (p = 0.037) and week 12 (p < 0.0001). The lowest brood count was seen in 

week 6 (Location 1) and week 12 (Location 2) (Figure 7.2, Figure 7.3 B).  

There was a significant interaction between Queen-failure and Week and Queen-failure had 

a significant effect on the number of brood counts (Figure 7.4, Table 7.1). Colonies that 

received a replacement queen at any time throughout the experiment had significantly lower 

brood counts than colonies that did not experience queen failure. Queen-failure was observed 

in 22 of 40 colonies (55 %) and was not equally distributed between the feed sources. Queen 

failure occurred most commonly for colonies fed on clover, where 90 % of the colonies 

received a replacement queen at some point throughout the experiment. For marri, 60 % of 

the colonies received replacement queens, 40 % for canola and 30 % for jarrah. It must be 

noted though, that queen failure may not be directly attributed to the nutritional treatment of 

the colony, and there was no difference on the effect of Food source on the brood count 

regardless of whether colonies received a replacement queen or not.  

Chalkbrood as a co-variate had no effect on the number of brood counts. Any differences in 

chalkbrood count between feed sources were tested separately (see section 7.32). 
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Figure 7.2 Number of brood cells (mean ± sem) of colonies fed marri (dashed line, n = 10), 

jarrah (solid line, n = 10), clover (dotted line, n = 10), and canola (dashed and dotted, n = 10) 

across two locations. Location 1 corresponds with weeks 2, 4 and 6 and Location 2 

corresponds with weeks 8, 10 and 12. The vertical dotted line delimits the two locations.  
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Figure 7.3 Average number of brood cells (mean ± sem), A: of colonies fed on marri (n = 10), 

jarrah (n = 10), clover (n = 10), and canola (n =10 ) from weeks 4 - 12 after establishment of 

the new colonies; B: Number of brood cells (mean ± sem) across all sampling weeks with 

week 4 - 6 representing Location 1 and weeks 8-12 representing Location 2. Different letters 

show a significant difference at p < 0.05.  

Table 7.1 Summary effects from Linear Mixed Effects Model on the number of brood counts 

of colonies fed on marri, jarrah, clover and canola. Significant values where p < 0.05 are shown 

in bold.  

Factor df F-value p-value 

Queen-failure 1 20.6 0.001 

Week 4 27.2 < .0001 

Feed source 3 1.8 0.17 

Queen-failure: Week 4 3.6 0.0075 

Co-variate   

Chalkbrood count 1 1.1 0.3 
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Figure 7.4 Average number of brood cells (mean ± sem) of colonies that experienced no 

queen failure (No) and colonies that received replacement queens (Yes), throughout the 

experiment. Different letters show a significant difference at p < 0.05. 

7.3.2 Intensity of chalkbrood infection 

From the 40 colonies used for the experiment, 38 colonies became infected with chalkbrood 

(95 %). Exceptions were one colony fed on marri and one colony fed on jarrah. The rate of 

infection (the percentage of chalkbrood infection compared to the total number of brood cells) 

ranged between 0 % and 23.1 % and increased throughout the experiment (Figure 7.5). There 

was no interaction between Week and Feed source, but Chalkbrood infections differed 

significantly between weeks (Figure 7.6 B, Table 7.2). Chalkbrood infections continuously 

increased from weeks 4 to week 8 (p= 0.05), week 10 (p= 0.0023) and week 12 (p < 0.0001). 

Infection rates were greater in week 10 compared to week 6 (p= 0.031). In week 12, the 

infection rates were greatest compared to all other weeks (week 4: p < 0.0001, week 6: p < 

0.0001, week 8: p= 0.001 and week 10: p= 0.027). Even though there was no main effect of 

Feed source (Figure 7.5, Table 7.2), the post-hoc test showed that colonies fed on clover had 

greater rates of infection than any other colonies fed on marri (p= 0.0001), jarrah (p= 0.0052) 

or canola (p= 0.0006), which did not differ from each other (Figure 7.6 A). There was also a 

significant interaction between Feed source and Queen-failure (Table 7.2), although the effect 

of queen failure needs to be interpreted with caution as the number of colonies that received 

replacement queens varied between Feed sources (see section 7.31).  
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Figure 7.5 Chalkbrood infection (mean ± sem) expressed as a percentage of the total brood 

cell count of colonies fed marri (dashed line, n = 10), jarrah (solid line, n = 10), clover (dotted 

line, n = 10), and canola (dashed and dotted, n = 10) across two locations. Location 1 

corresponds with weeks 2, 4 and 6 and location 2 corresponds with weeks 8, 10 and 12. The 

vertical dotted line delimits the two locations. 

Figure 7.6 Rate of infection (%; mean ± sem) expressed as a percentage of the total brood 

cell count, A: of colonies fed on marri ( n = 10), jarrah ( n = 10), clover (n = 10), and canola (n 

=10 ) from weeks 4 - 12 after establishment of the new colonies; B: Number of brood cells 

(mean ± sem) across all sampling weeks with weeks 4 - 6 representing Location 1 and weeks 

8 - 12 representing Location 2. Different letters show a significant difference at p < 0.05. 
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Table 7.2 Summary effects from Linear Mixed Effects Model on the rate of chalkbrood 

infection of colonies fed on marri, jarrah, clover and canola. Significant values at 0.05 % are 

shown in bold. 

Factor df F-value p-value 

Week 4 14 0.001 

Feed source 3 2.1 0.13 

Queen-failure 1 2.4 0.13 

Feed source: Queen-failure 3 8.5 0.0003 

 

7.4 Discussion  

Honey bee colonies fed with marri, jarrah, clover and canola patties showed no significant 

differences in the number of brood cells they raised over a period of 12 weeks. The similar 

colony strength suggests that honey bees were able to meet their nutritional needs from all 

feed sources provided. However, the brood count for clover was lower compared to all other 

feed treatments, especially at Location 2, the avocado orchard. It is unlikely that the 

digestibility of clover pollen was a problem for honey bees, as all colonies reared larvae to 

adulthood with no significant differences in body composition (see in Chapter 6). It is therefore 

more likely that the brood count of colonies fed with clover was influenced by other factors 

such as chalkbrood infection, and queen failure. 

Chalkbrood disease had a negative effect on the brood count of all colonies. The chalkbrood 

infection spread similarly throughout all colonies, however the colonies fed clover displayed 

greater initial infection rates. Chalkbrood, a common brood disease is most prevalent during 

cold and wet weather conditions affecting young larvae from day 1 - 4 (Aronstein & Murray, 

2010). Chalkbrood spores can be transmitted  through contaminated feed sources, where 

adult bees spread the disease by feeding spores to developing larvae (Aronstein & Murray, 

2010; Gilliam et al., 1988). In this study the pollen that was fed to honey bees was collected 

during cooler months (early spring) and was obviously contaminated with chalkbrood spores. 

Chalkbrood spores are very easily spread by the beekeeper through contaminated equipment 

(Aronstein & Murray, 2010). This is likely how other colonies became infected even if they 

were not feeding on contaminated feed sources. Eventually, 38 out of 40 colonies in the 

experiment became infected, clearly illustrating the infectivity of chalkbrood between colonies 

either by spore or by bee drift.  
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Another factor that influenced the amount of brood reared by the colonies was queen failure. 

Colonies that needed replacement queens throughout the experiment due to queen failure 

showed reduced brood counts. On one hand this may not seem surprising as colonies would 

experience a gap in the brood cycle from the time that the queen was superseded and the 

time she was replaced with another mated queen. While all queens were replaced by the 

experimenter within a week, there were measurable differences in the number of brood cells 

from that short gap in the brood cycle during the 12 week experiment. A queen can lay up to 

2000 eggs a day (Bodenheimer, 1937) and a gap in the brood cycle of even a few days can 

result in not only less brood being reared but also fewer nurse bees to look after future 

developing brood. Therefore, there could be a flow-on effect over the following weeks after 

queen replacement. The egg laying rate of replacement queens can be influenced by the egg 

laying rate of the previous queen (Free & Williams, 1972). Therefore, even highly productive 

queens may adjust their egg laying rate to laying fewer eggs if the previous queen was 

performing poorly (Free & Williams, 1972), which could have influenced the reduced brood 

count of affected colonies observed in the present study.  

In addition to the effect of queen failure, there was evidence that the brood count of colonies 

was influenced by environmental factors. Differences in the number of brood cells were 

observed across weeks independently of the type of feed source or queen failure. One 

explanation for the strong effect of Week on the number of brood cells could be the variation 

of temperature and weather patterns (not recorded for this experiment), known to affect the 

foraging behaviour of bees (Thomas Schmickl & Crailsheim, 2007). Bees tend to forage less 

or not at all during cool, windy or rainy weather. The variation in weeks may be a reflection of 

the availability of pollen in the environment and/ or the foraging activity due to weather patterns 

throughout the experiment,  as pollen traps are never 100 % efficient (Imdorf, 1983; Keller et 

al., 2005; Levin & Loper, 1984).   

7.5 Conclusion 

In summary, honey bees can effectively utilise a variety of pollen sources, which honey bees 

have evolved with such as clover and canola with their higher lipid content but also others that 

are native (endemic) to Australia such as marri and jarrah. The nutritional value of these pollen 

types for honey bees was reflected in the amount of brood that colonies were able to rear, 

regardless of the type of feed. Beside nutritional quality and the digestibility and utilisation of 

those nutrients, it was apparent that other factors including disease and queen failure need to 

be considered. These factors can have a significant effect on the number of brood cells that 

colonies will be able to rear, and thus their future yields of honey and pollen. For this reason, 
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fresh pollen and honeys should be irradiated to negate the effect of any microbial source of 

infection for honey bees. 
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CHAPTER 8: FORAGING BEHAVIOUR OF HONEY BEES AT 

AN AVOCADO ORCHARD IN RESPONSE TO FOUR FEED 

SOURCES 

8.1 Introduction 

In Western Australia (WA) the production of avocados is increasing in response to the rise in 

local and international demands (Plant Health Australia, 2020). Avocado growers in WA hire 

large numbers (hundreds) of honey bee colonies at a value of up to $ 220 per colony, to 

maximise their production from mid-October for four to six weeks during flowering. Honey bee 

pollination is considered a limiting factor for avocado pollination because honey bees may 

prefer other floral sources over avocado flowers, and therefore cross-pollination can be 

inadequate (Ish-Am & Eisikowitch, 1998). Each avocado flower has functional male (stamen) 

and female (ovary) parts but only exhibit one or the other on an individual tree at a given time, 

known as synchronous dichogamy (Davenport, 1986; Kubitzki & Kurz, 1984). Each flower 

opens twice, first as a functional female and the second time as a functional male, separated 

by one oevernight period (Davenport, 1986). To maximise pollination of avocado flowers, 

cultivars often describes as type A and B are incooperated in crop plantings, as these exhibit 

alternate male and female flowers either in the morning or afternoon (Davenport, 1986). For 

successful cross-pollination to occur, honey bees need to visit both types of flowers during a 

small overlap of 1 - 3 hrs a day, either in the morning or afternoon (Ish-Am, 2005). Nectar 

collectors are crucial for avocado pollination as they visit both male and female flowers. 

To maximise avocado pollination, commercial beekeepers prepare their hives to stimulate 

colonies to collect nectar. During the winter months, beekeepers use apiary sites along the 

coastal heathlands north of Perth, or nearby canola crops to build up their colonies’ strength. 

Colonies prepared for pollination typically have nectar and pollen stores from the previous site 

they have been kept at, which may therefore vary in floral origin and nutritional quality. If pollen 

is in short supply to grow colonies to full strength, beekeepers may need to supplementary 

feed colonies prior to pollination events. Supplementary feed may be provided by feeding 

irradiated bee-collected pollen such as that from marri (Corymbia calophylla) as practiced in 

WA (Rod Pavy (2018) pers comm), or artificial feeds. Excess amounts of honey may be 

extracted prior to providing hives for avocado pollination services in order to stimulate bees to 

preferentially collect nectar. 

Aside from the impact of other factors such as climatic events and farm practices, the success 

of pollination of avocados relies on the preparation of strong honey bee colonies, and the 
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attractiveness of the crop flower relative to that of floral sources present in and around the 

orchard. In addition, as the colonies are managed and prepared before being moved into the 

avocado orchards, the type of floral source that colonies have stored inside their colonies 

could further influence the foraging behaviour of honey bees during managed crop pollination 

events. 

Honey bees regulate their foraging behaviour according to their nutritional needs and choose 

flowers based on several cues. For example, low pollen stores inside colonies stimulates bees 

to collect more pollen (Fewell & Winston, 1992). The type of flower that bees will choose to 

collect pollen and/ or nectar from depends on various floral cues such as visual stimuli 

(morphology and colour) (Backhaus, 1993; Free, 1970) and odour (Butler, 1951; Dobson & 

Bergström, 2000), as well as on floral source abundance (Seeley, 1986) and the distance from 

the hive (Couvillon et al., 2015; Harano & Nakamura, 2016). More recent studies indicate that 

honey bees can also detect nutritional quality of food sources and may be able to selectively 

forage for missing nutrients (Arenas & Kohlmaier, 2019; Hendriksma & Shafir, 2016; Zarchin 

et al., 2017). To what degree honey bees can make floral choices based on nutritional quality 

remains largely unknown. However, it poses the question whether the quality of stored 

resources could influence the foraging behaviour of bees when they are being shifted to a new 

environment. Honey bees may target specific resources to compensate for nutritional 

deficiencies that they may experience, in addition to making floral choices based on other 

floral cues. 

Here, the hypothesis tested was that honey bees display different foraging behaviour 

depending on the quality and floral diversity of the food stores they obtained from previous 

sites after they were shifted to an agricultural setting for pollination services. Four feed sources 

consisting of both honey and pollen were compared. Two of the feed sources are naturally 

available to honey bees prior to avocado pollination during the winter months viz: Brassica 

napus (canola) and a mix of coastal heathland vegetation. Two additional floral sources 

flowering earlier in the year (early to late summer), obtained from colonies kept on Corymbia 

calophylla (marri) and Eucalyptus marginata (jarrah), are used as supplementary feeds by 

commercial beekeepers. However, as shown in Chapter 1, honey bees on the coastal 

heathland site collected mainly nectar and pollen from Trifolium repens (clover). The feed 

source (pollen and honey) obtained from the heathland site will therefore be referred to as 

“clover”. The foraging behaviour of bees collecting pollen and bees collecting nectar was 

studied because nectar collectors directly influence the pollination of the avocado crop, and 

pollen collection by honey bees may be crucial in supporting the nutritional needs of colonies 

whilst in the orchard. A floral database of the orchard was built and used to assess the 

preference of honey bees for different floral sources. 
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8.2 Methodology 

In this chapter, ‘Pollen types’ refers to any pollen of a known plant family even if the plant 

species is not known. 

The floral diversity of corbicular pollen (pollen baskets) collected by pollen collectors and the 

pollen on bodies of nectar foragers was examined in an avocado orchard (Location 2) which 

correspond with weeks 7 - 12 of the experimental design, as described in the General 

Methodology section (Table 8.1, Figure 8.1). Briefly, 40 colonies representing 10 replicate 

colonies of four feed sources (marri, jarrah, clover and canola) were established from bee 

packages (800 g of bees) six weeks prior to being moved to the avocado orchard. Therefore, 

the first cycle of brood was reared on the assigned feed source. A pollen trap was mounted to 

each colony to restrict bees from using pollen they collected from their environment.  

The foraging behaviour of individual colonies at the orchard was then studied by measuring 

the amount of pollen collected in the pollen traps. The amount of pollen collected was adjusted 

by colony size using brood count as an estimate, to account for differences in colony size 

when comparing the amount of pollen collected between feed sources. The floral diversity of 

corbicular pollen was determined microscopically by comparison with the pollen reference 

collection from plants in the areas. In addition, in-coming nectar foraging bees were collected 

as they are the main pollinators of avocado flowers (Ish-Am & Eisikowitch, 1993). The total 

pollen count of the body of nectar forager as well as the pollen diversity were determined 

through light microscopy. See sections below for more details on the methodology specific to 

the foraging behaviour (nectar or pollen collectors) of honey bees. 
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Table 8.1 Timeframe of collected samples and measurements, indicated by “x’s”.  

Sampling 
time 

(week) 

Number of 
days 

between 
consecutive 

sampling 

Measurements 

Patty 
weight 

Weight of 
corbicular pollen 

Brood 
count 

Pollen 
diversity 

of 
corbicular 

pollen 

Diversity 
of pollen 
on bodies 
of nectar 
collectors 

7 7 x x - - - 

8 6 x x x x x 

9 7 x x - x x 

10 7 x x x x x 

11 7 x x - - - 

12 7 x x x - - 

Figure 8.1 Map of the 221.9 ha avocado orchard (Latitude: -33.7, Longitude: 115.5) 

highlighted in orange (Map data © 2020 Google). The yellow bar indicates the location of the 

40 colonies aligned in a row where each colony was about 1.5 m apart. 

500 m 
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8.2.1 Collection of pollen from traps 

Corbicular pollen was collected weekly from pollen traps mounted at the colony entrances 

(see General Methodology), stored at – 20 °C and processed at a later date in the laboratory 

(Figure 8.2). The pollen samples were cleaned by sieving out any small debris using a fine 

kitchen sieve and by gently blowing out dead bees and other debris by carefully using a hair 

drier. Debris that could not be removed via this method was removed with tweezers, such as 

for example chalkbrood mummies from chalkbrood infected colonies. The wet weight of all 

cleaned pollen samples was recorded and the pollen later dried. Weekly subsamples of 1.2 - 

1.6 g were taken from five colonies per feed source and dried at 60 °C for 24 hrs to obtain an 

average moisture content of bee-collected pollen. There was no significant difference between 

the moisture of pollen from different colonies and no weight change when the pollen was dried 

for longer than 24 hrs.  

 

 

Figure 8.2 Collection of corbicular pollen via a plastic ANEL pollen trap.  

The weight of dry pollen collected for each colony was expressed as a daily average (g/day), 

as the number of days between sampling times varied between weeks. 

To take into account the influence of colony size on the amount of pollen collected by bees, 

brood count of individual colonies was used as an estimate of colony size. The number of 

brood cells per colony were counted on digital photographs of brood frames taken with a 

mobile phone (iPhone 5SE). Photographs were taken every second sampling week (Table 

8.1) and uploaded into the desktop software ”Beestly” (available from www.cyency.com). See 

Chapter 7 for results of brood counts. The amount of dry pollen (g/day) was then expressed 

as per 100 brood cells (g/day/100 brood cells). 

  



100 
 

8.2.2 Collection of nectar foragers  

Five nectar foraging bees were collected at the entrance of each colony in both the morning 

(10 am - 12 pm) and the afternoon (2 - 5 pm). Individual colonies were sampled randomly 

each week to minimise any bias in the order of sampling by generating a random list of colony 

numbers. Each bee was placed into a 5 mL tube containing 3 mL of 70 % ethanol using 

tweezers (washed between sample collection). Foraging honey bees returning to hives that 

carried any corbicular pollen pellets were not collected. A total of 400 bees were collected 

each week (five bees in the morning and five bees in the afternoon from each of the 40 

colonies). 

8.2.3 Pollen identification 

8.2.3.1 Database for reference pollen  

Flower samples of potential target plants of foraging honey bees were collected throughout 

the pollination period to build a reference database for identifying corbicular pollen and pollen 

collected from the bodies of nectar collectors. Flower samples were collected from the 

immediate proximity of the colonies and from surrounding plants within the orchard by walking 

along rows of avocado trees, and by driving around the border of the property. A total of 25 

flower specimens were collected and dried by pressing the plants between sheets of paper. 

Plant specimens represented 16 families and were identified at the Western Australian 

Herbarium. If there was not enough pollen from a plant specimen, additional pollen of flower 

specimens from the Western Australian Herbarium were collected. The pollen of all plants was 

collected and acetolysed and permanent slides were prepared (see Chapter 4 for methodology 

of pollen processing). Pollen from all species was photographed and morphologically 

differentiated by Dr L. Milne to form a pollen reference database (Plate 8.1, see Appendix for 

all pollen plates). 
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Plate 8.1 Photomicrographs of prominent pollen types (> 5 %) of reference flowers identified 

to the species level. A-D. Persea americana (avocado) not acetolysed. A,B. same grain, high 

and median focus, C. median focus, D. larger hydrated grain. E, F. Hypochaeris radicata, high 

and median focus respectively. G,H. Arctotheca calendula, median and high focus 

respectively. I, J. Eucalyptus marginata (jarrah) showing range of morphology. K-M. Trifolium 

repens (clover). K,L. median and high focus of equatorial view, M. high focus of polar view. 

Scale bars 10 µm (=magnification x 100). 
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8.2.3.2 Methods for pollen identification 

Two methods were used for the identification of pollen. Corbicular pollen was acetolysed 

following Erdtman (1960) for ease of pollen identification to the species level. Avocado pollen, 

unlike pollen of other plant families, has an exine consisting only of a thin coherent layer 

ornamented with spinules and is destroyed by acetolysis (Serra Bonvehi et al., 2019; Van Der 

Merwe et al., 1990). This was not of concern for two reasons: 1) only minimal (< 2 %) avocado 

pollen was found in fresh pollen samples, 2) bees that only collect pollen usually do not 

contribute to the pollination of avocado flowers (Ish-Am & Eisikowitch, 1993). 

Pollen of nectar collectors was identified from fresh pollen samples to keep avocado pollen 

intact, as nectar collectors perform the pollination of avocado flowers and it was of interest to 

quantify the amount of avocado pollen these bees carried on their bodies. 

Any pollen that could not be identified to species level was instead identified to the family or 

genus level (e.g. ‘Myrtaceae spp. and Eucalyptus spp.), or placed in a morphological type (e.g. 

tricolporate). 

Identification of corbicular pollen  

A subsample of 2 g of fresh pollen was used for the palynology of corbicular pollen collected 

from traps. The samples were prepared as described in Chapter 1 and identified from the 

reference flower samples collected from the orchard. Pollen that did not match any of the 

reference flower samples were identified from the database of Dr L. Milne. Very few pollen 

grains (< 0.5 %) that could not be identified were classified as ‘Not formally identified’ (NFI) 

and were not included in the dataset. 

Identification of pollen from nectar foragers 

One drop of Triton X - detergent was added to each of the 1200 tubes containing nectar 

collectors in ethanol and were vortexed for 90 s to wash the pollen of individual bees (Lach et 

al., 2015). The liquid content of the tubes was poured into 15 mL centrifuge tubes. The empty 

tube and the bee were then rinsed twice with 1 mL of 70 % ethanol to remove any remaining 

pollen in the tube and added to the centrifuge tube. 

The 15 mL centrifuge tubes were then centrifuged at 3000 rpm for 10 min. The supernatant 

was aspirated. The remaining ethanol was removed without any pollen loss using a stream of 

air gently blown over the samples for approximately 30 min until the samples were dry. 

The pollen pellet was resuspended in 30 µL of distilled water and vortexed for 30 s. A 10 µL 

subsample was immediately placed into a Kova glasstic slide haemocytometer (Hycor 

Biomedical Inc., California, USA). The number of pollen grains was counted in all grids 

representing a volume of 0.9 µL (Manning et al., 2010) under 400x magnification using a light 
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microscope (Olympus BH-2, Japan). The total number of grains per bee were determined by 

multiplying the number of pollen grains counted on the haemocytometer by a dilution factor of 

33.3.  

Pollen types representing more than 5 % of the total pollen across the feed sources were 

identified to the family and/ or genus/species level and compared to fresh pollen samples 

collected from other plants in the avocado orchard. Avocado pollen was collected from flowers 

in the orchard.  

No pollen grains were detected in three samples from foraging bees, two from week 8 of the 

jarrah feed source in the pm and the canola feed source in the am, and one bee from week 9 

of the clover feed. Those samples were removed from the dataset as the bees may have been 

water-collecting bees. One sample from week 10 of the clover feed source in the am was lost 

during sample preparation.  
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8.2.4 Data visualisation and classification  

Pollen types that represented more than 5 % of the total pollen collected were considered to 

contribute to the nutrition of honey bees and were statistically analysed.  

The “Dominance Candidate Index (DCi)” (Avolio et al., 2019) was calculated for each sample 

to take into account the relative abundance (%) as well as the frequency (count) at which a 

specific pollen type was collected by bees, providing a DCi value between 0-1. For foragers 

collecting corbicular pollen the DCi was calculated at the colony level for each feed source, 

with the relative abundance of individual species being obtained from a collective pollen 

sample of the whole colony (obtained from pollen traps). The frequency of a pollen type was 

defined by the number of times this pollen type was collected by a replicate colony (10 per 

feed source). The frequency of pollen on nectar foragers was calculate for each individual bee, 

from five replicate bees collected for each of the time periods (morning and afternoon).  

DCi = (average relative abundance + relative frequency)/2 

8.2.5 Statistical analysis 

All statistical analyses were performed in R, version 3.6.2 (R Core Team 2020).  

8.2.5.1 Corbicular pollen quantity  

The effect of Feed source on weight of bee-collected pollen was analysed using Linear Mixed 

Effects Models in the package “nlme” (Pinheiro et al., 2020). Feed source and Week were 

included as fixed factors in the model. Colony was included as a random factor. To account 

for the repeated sampling of bee-collected pollen from the same colonies, Week was nested 

within Colony and included as a random factor. Because the amount of pollen collected by 

bees may have been influenced by the patties (provided as a food source to the colonies), we 

included Patty Consumption (see Chapter 6) as a covariate in the model. Patty Consumption 

was adjusted by colony size using brood cell count (see Chapter 7). 

The model was applied to the whole dataset gathered in the avocado orchard (weeks 7 - 12), 

and then to every consecutive week after adjustments for colony size were made (weeks 8, 

10 and 12). A square root transformation was used to normalise data. Only significant 

interaction terms were included in the model. One of the replicate colonies of the clover feed 

source was lost towards the end of the experiment, and therefore nine instead of 10 colonies 

represented the clover feed source for weeks 11 and 12.  
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8.2.5.2 Corbicular pollen diversity 

The effect of Feed source on the DCi was analysed by Linear Mixed Effects Models using the 

package “nlme” (Pinheiro et al., 2020). Feed source and Week were included as fixed factors 

in the model. Colony was included as a random factor. To account for repeated sampling of 

corbicular pollen from the same colonies, Week was nested within Colony and included as a 

random factor. One pollen sample of the clover feed source in week 10 was insufficient in 

quantity to analyse for its diversity and was not included in the results. Only significant 

interaction terms p< 0.05 % are reported. 

8.2.5.3 Pollen diversity of nectar foragers and total pollen count  

The effect of Feed source on the DCi was analysed by Linear Mixed Effects Models using the 

package “nlme” (Pinheiro et al., 2020). Feed source, Week and Time of day (morning or 

afternoon) were included as fixed factors in the model. Colony was included as a random 

factor. To account for repeated sampling of pollen from individual nectar foragers from the 

same colonies, Week was nested within Colony and included as a random factor. The same 

model was used to analyse the dataset of the total pollen count on nectar foragers, which was 

log transformed to achieve a normal distribution.  

All data are presented as mean ± sem and only significant interaction terms p < 0.05 % are 

reported. A post-hoc using Tukey’s pairwise comparisons were used to test for within factor 

effects from the R package ‘lsmeans’. 

8.3 Results 

The pollen types that never represented more than 5 % of the total corbicular pollen totalled 

less than 10 % for all colonies. Avocado pollen was amongst one of the least represented 

pollen types at less than 0.5 % of the total pollen collected across feed sources, with no 

avocado pollen detected in week 8. Unknown pollen types on average represented 1.15 % to 

2.12 % across feed sources and weeks. 

8.3.1 Pollen types identified in corbicular pollen   

During the peak flowering period of the avocado trees, honey bees collected corbicular pollen 

from 12 of the reference species representing seven plant families (Table 8.2). Plant species 

from the reference flowers that bees did not collect pollen from included 13 species (Table 

8.2). Pollen types not in the reference collection that bees collected corbicular pollen from 

included Babingtonia sp., Leptospermum sp. and Melaleuca sp.  – all of which belong to the 

Myrtaceae family. Also present was another Myrtaceae species that could not be identified to 
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genus, an unknown grass species belonging to the family Poaceae, Solanum nigrum 

belonging to the Solanaceae family and other Brassicaceae and Fabaceae species that could 

not be identified. Overall, honey bees collected pollen from 23 different plant types from nine 

families (Table 8.2). 

Table 8.2 List of reference flowers collected at the avocado orchard, showing which plants 

were visited by honey bees as a pollen resource. 

Plant family Plant species Common name 
Collected 
by bees 

Arecaeae 
Zantedeschia 
aethiopica 

Arum lily N 

Asteraceae 

Arctotheca 
calendula 

Capeweed, daisy Y 

Cotula 
coronopifolia 

Brass buttons, golden buttons, 
buttonweed 

Y 

Hypochaeris 
radicata 

Flatweed, daisy Y 

Ursinia 
anthemoides 

Parachute daisy, marigold Y 

Brassicaceae 
Raphanus 
raphanistrum 

Radish Y 

Fabaceae 

Acacia sp. Acacia Y 

Chamaecytisus 
palmensis 

Tree lucerne N 

Lotus 
subbiflorus 

Hairy birds-foot trefoil Y 

Iridaceae 
Watsonia 
borbonica 

Bugle lily N 

 Romulea rosea 
Guildford grass, onion grass and rosy 
sandcrocus 

N 

Lauraceae 
Persea 
americana 

Avocado Y 

Loranthaceae 
Nuytsia 
floribunda 

Christmas tree N 

Lythraceae 
Lythrum 
hyssopifolia 

Hyssop loosestrife and grass-poly N 

Malvaceae Malva parviflora Cheeseweed, mallow N 

Myrtaceae 
Darwinia 
citriodora 

Lemon scented myrtle, lemon scented 
darwinia 

N 

 Eucalyptus 
marginata 

Jarrah Y 

 Taxandria 
linearifolia 

Swamp peppermint, coarse teatree Y 

Onagraceae 
Epilobium 
hirtigerum 

Hairy willow herb N 

Papaveraceae 
Fumaria 
capreolata 

Fumitory N 

Plumbaginaceae 
Echium 
plantagineum 

Paterson’s curse, salvation Jane Y 
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Primulaceae 
Lysimachia 
arvensis 

Pimpernel, shepherd's weather glass or 
shepherd's clock 

N 

Ranunculaceae 
Ranunculus 
muricatus 

Buttercup N 

Xanthorrhoeaceae 
Xanthorrhoea 
gracilis 

Grasstree N 

 Xanthorrhoea 
preissii 

Grasstree, Black boy Y 

 

8.3.2 Pollen quantity 

There was a significant effect of Week, Feed source, and Patty consumption as well as an 

interaction between Week and Feed source and Feed source and Patty consumption, included 

as a co-variate, on the amount of pollen collected by colonies (Figure 8.3, Table 8.3). Colonies 

collected more corbicular pollen in week 8 compared to any of the other weeks (p < 0.0001). 

The amount of corbicular pollen collected in weeks 7, 9 and 10 did not differ from each other, 

but was greater than the amount of pollen collected in week 11 (p < 0.0001) and week 12 (p 

< 0.0001), which did not differ from each other. Colonies fed on canola collected significantly 

more pollen compared to colonies fed either marri (p = 0.024) or clover (p = 0.0278).  
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Figure 8.3 Weight (mean ± sem) of corbicular pollen (g/day) trapped throughout the avocado 

pollination period of colonies on marri (dashed line), jarrah (solid line), clover (dotted line) and 

canola (dashed and dotted line) feed sources.  

Table 8.3 Summary of the effects of Feed source, Week and Patty consumption on the pollen 

collected throughout the pollination period of colonies fed on marri, jarrah, clover and canola 

feed sources. Significant values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Week 5 138.8 <0.0001 

Feed source 3 6.3 0.0015 

Patty consumption 1 17.2 0.0001 

Week: Feed source 15 3.4 0.0001 

Feed source: Patty consumption 3 3.6 0.0157 
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8.3.2.1 Pollen quantity adjusted for colony size 

There was a main effect of Week and Patty consumption and an interaction between Feed 

source and Patty consumption as well as for Week and Feed source. No main effect of Feed 

source on the amount of corbicular pollen adjusted for colony size was found (Figure 8.4, 

Table 8.4). The amount of corbicular pollen collected by all colonies was greatest in week 8 

and the least amount of corbicular pollen was collected in week 12 (Figure 8.4). 

Figure 8.4 Weight (mean ± sem) of corbicular pollen (g/day) trapped and adjusted by colony 

size (no. of brood cells) collected every second week from colonies on marri (dashed line), 

jarrah (solid line), clover (dotted line) and canola (dashed and dotted line) feed sources.  

Table 8.4 Summary of the effects of Feed source, Week and Patty consumption on the 

corbicular pollen, taking into account every consecutive week that was adjusted by brood 

count during the avocado pollination period, of colonies fed on marri, jarrah, clover and canola 

feed sources. Interactions are indicated by the colon and significant values (p < 0.05 %) are 

shown in bold. 

Factor df F-value p-value 

Week 2 151.8 < 0.0001 

Feed source 3 1.8 0.17 

Patty consumption 1 27.3 < 0.0001 

Week: Feed source 6 4.2 0.0011 

Feed source: Patty consumption 2 4.1 0.02 
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8.3.3 Diversity of corbicular pollen 

Pollen types (N = 5) present at more than 5 % comprised 90.2 % to 97.6 % of the total pollen 

count found on pollen foraging bees across the different feed sources. Three plant families, 

Asteraceae (species: Arctotheca calendula and Hypochaeris radicata), Fabaceae (species: 

Trifolium repens) and Myrtaceae (species: Eucalyptus marginata and Myrtaceae spp.), were 

dominant across all feed sources (marri, jarrah, clover and canola) but there was a main effect 

of Species. The DCi of T. repens (clover) was significantly greater compared to all other 

species (p < 0.0001), which also differed between each other (p < 0.0001) except for A. 

calendula and ‘Myrtaceae spp.’ (Figure 8.5, Table 8.5). Arctotheca. calendula and Myrtaceae 

spp. had the second highest DCis, and were about half the DCi of T. repens, followed by E. 

marginata and H. radicata (Figure 8.5), which were about 55 % and 65 % smaller respectively 

than the DCi of T. repens.  

 

Figure 8.5 The Dominance Candidate Index (DCi) of pollen species of corbicular pollen, Ac: 

Artotheca calendula, Hr: Hypochaeris radicata, Em: Eucalyptus marginata, Mspp: Myrtaceae 

spp, Tr: Trifolium repens. Crosses indicate the mean, bars indicate the median and the 

whiskers show the minimum and maximum values. Different letters show a significant 

difference at p < 0.05. 
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Table 8.5 Summary of the effects of Species, Feed source and Week on the Dominance 

Candidate Index (DCi) of all corbicular pollen Species collected by bees reared on marri, 

jarrah, clover and canola feed sources. Interactions are indicated by the colon and significant 

values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Species 4 1513.8 <0.0001 

Feed source 3 14 <0.0001 

Week 2 13.7 <0.0001 

Species: Feed source 12 16.6 <0.0001 

Species: Week 8 161.3 <0.0001 

Feed source: Week 6 5.4 <0.0001 

 

8.33.1 Trifolium repens (clover) 

There was no effect of Feed source on the DCi of T. repens, but there was an effect of Week 

and a significant interaction between Feed source and Week (Figure 8.6, Table 8.6).  The DCi 

was lowest in week 8 compared to week 9 (p=0.023) and week 10 (p= 0.034) (Table 8.6).  

Figure 8.6 Dominance Candidate Index (DCi) of Trifolium repens of A: pollen foragers from 

colonies fed on marri, jarrah, clover and canola, B: DCi across weeks 8 - 10. Crosses indicate 

the mean, bars indicate the median and the whiskers show the minimum and maximum 

values. Different letters show a significant difference at p < 0.05. 
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Table 8.6 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of Trifolium repens of corbicular pollen collected by bees reared on marri, jarrah, 

clover and canola feed sources. Significant values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 1.45 0.24 

Week 2 4.6 0.013 

 

Myrtaceae was the second most represented plant family in corbicular pollen, with bees 

commonly collecting from Eucalyptus marginata (jarrah) and unidentified Myrtaceae species 

(Myrtaceae spp.). 

8.33.2 Eucalyptus marginata (jarrah) 

There was a main effect of Feed source and Week on the DCi of E. marginat, and an 

interaction between Feed source and Week (Figure 8.7, Table 8.7). The DCi of E. marginata 

was lower in colonies that were fed on jarrah (E. marginata) compared to marri (0.0002), clover 

(p < 0.0001) and canola (p < 0.0001). The DCi decreased from weeks 8 - 10 (p < 0.0001).  

 

Figure 8.7 Dominance Candidate Index (DCi) of Eucalyptus marginata of A: pollen foragers 

from colonies fed on marri, jarrah, clover and canola, B: DCi across weeks 8 - 10. Crosses 

indicate the mean, bars indicate the median and the whiskers show the minimum and 

maximum values.   
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Table 8.7 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of Eucalyptus marginata in corbicular pollen collected by bees reared on marri, 

jarrah, clover and canola. Interactions are indicated by the colon and significant values (p < 

0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 16.04 < 0.0001 

Week 2 689.83 < 0.0001 

Feed source: Week 6 14.03 < 0.0001 

 

8.33.3 Myrtaceae spp. 

There was a main effect of Feed source and Week on the DCi of ‘Myrtaceae spp.’ and an 

interaction between Feed source and Week on the DCi of ‘Myrtaceae spp.’ (Figure 8.8, Table 

8.8). Colonies fed on marri and canola showed a similar DCi which was greater than for jarrah 

and marri (p = 0.0005), clover and marri (p = 0.0111) and clover and canola (p < 0.0001). The 

DCi significantly decreased from weeks 8 - 9 (p= <0.0001) and week 10 (p < 0.0001).  

 

Figure 8.8 Dominance Candidate Index (DCi) of Myrtaceae spp. of A: pollen foragers from 

colonies fed on marri, jarrah, clover and canola, B: DCi across week 8 - 10. Crosses indicate 

the mean, bars indicate the median and the whiskers show the minimum and maximum 

values. Different letters show a significant difference at p < 0.05. 

  

Marri Jarrah Clover Canola

0.0

0.5

1.0

D
C

i

Feed source

8 9 10

0.0

0.5

1.0

D
C

i

Week

A B

a
a

b

b
a

b c



114 
 

Table 8.8 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of Myrtaceae species in corbicular pollen collected by bees reared on marri, jarrah, 

clover and canola feed sources. Interactions are indicated by the colon and significant values 

(p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 15.5 < 0.0001 

Week 2 265.8 < 0.0001 

Feed source: Week 6 23.6 < 0.0001 

 

8.33.4 Arctotheca calendula (capeweed) 

There was a main effect of Feed source and Week on the DCi of A. calendula and an 

interaction between Feed source and Week (Figure 8.9, Table 8.9). The DCi of colonies fed 

on canola and jarrah were greater compared to those fed on marri (p< 0.001) and clover (p< 

0.0001), with the DCi of colonies fed on clover being significantly smaller to marri (p< 0.0001). 

The DCi of A. calendula increased significantly in Week 10 (p<0.0001) compared to weeks 8 

and 9.  

 

Figure 8.9 Dominance Candidate Index (DCi) of Arctotheca calendula of A: pollen foragers 

from colonies fed on marri, jarrah, clover and canola, B: DCi across week 8 - 10. Crosses 

indicate the mean, bars indicate the median and the whiskers show the minimum and 

maximum values. Different letters show a significant difference at p < 0.05. 
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Table 8.9 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of Arctotheca calendula in corbicular pollen collected by bees reared on marri, 

jarrah, clover and canola feed sources. Interactions are indicated by the colon and significant 

values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 88.7 < 0.0001 

Week 2 134.3 < 0.0001 

Feed source: Week 6 146.6 < 0.0001 

 

8.33.5 Hypochaeris radicata (flatweed) 

There was a main effect of Feed source and Week on the DCi of H. radicata as well as an 

interaction between Feed source and Week (Figure 8.10, Table 8.10). The DCi of H. radicata 

was highest for canola and jarrah feeds followed by clover (p< 0.0001), and the lowest for 

marri (p<0.0001), which differed between each other (p< 0.0001). The DCi of H. radicata 

significantly increased across the weeks (p< 0.0001).  

 

Figure 8.10 Dominance Candidate Index (DCi) of Hypochaeris radicata of A: pollen foragers 

from colonies fed on marri, jarrah, clover and canola, B: DCi across weeks 8 - 10. Crosses 

indicate the mean, bars indicate the median and the whiskers show the minimum and 

maximum values. Different letters show a significant difference at p < 0.05. 
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Table 8.10 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of Hypochaeris radicata in corbicular pollen collected by bees reared on marri, 

jarrah, clover and canola feed sources. Interactions are indicated by the colon and significant 

values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 67.9 < 0.0001 

Week 2 3119.6 < 0.0001 

Feed source: Week 6 24.2 < 0.0001 

 

  



117 
 

8.3.4 Pollen on nectar foragers 

Pollen types present at more than 5 % comprised 80.0 % to 96.4 % of the total pollen count 

found on nectar foraging bees. The pollen grains represented four plant families: Asteraceae 

(species: Arctotheca calendula and Hypochaeris radicata), Fabaceae (species:Trifolium. 

repens and Trifolium spp.), Lauraceae (species: Persea. americana) and Myrtaceae (species: 

Eucalyptus marginata and Myrtaceae spp.). There was a main effect of Species (Figure 8.11, 

Table 8.11). The DCis of A. calendula, Myrtaceae spp. and P. americana were greater 

compared to T. repens (p < 0.0001), Trifolium spp. (p < 0.001) and H. radicata (p < 0.001) in 

descending order (Figure 8.11), which differed significantly from each other (p < 0.0001).  

Figure 8.11 The Dominance Candidate Index (DCi) of pollen species found on nectar 

collecting honey bees, Ac: Arctotheca calendula, Hr: Hypochaeris radicata, Mspp: Myrtaceae 

spp., Tr: T. repens, Tspp: Trifolium spp. and Pa: P. americana. Crosses indicate the mean, 

bars indicate the median and the whiskers show the minimum and maximum values. Different 

letters show a significant difference at p < 0.05. 
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Table 8.11 Summary of the effects of Feed source and Week on the Dominance Candidate 

Index (DCi) of corbicular pollen species of bees reared on marri, jarrah, clover and canola 

feeds. Interactions are indicated by the colon and significant values (p < 0.05 %) are shown in 

bold. 

Factor df F-value p-value 

Species 5 1448.8 < 0.0001 

Feed source 3 1.1 0.37 

Time of day 1 0.02 0.88 

Week 2 18.6 < 0.0001 

Species: Week 10 210.3 < 0.0001 

Species: Feed source 15 6 < 0.0001 

Species: Time of day 5 91.3 < 0.0001 

Time of day: Week 2 10.3 < 0.0001 
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8.34.1 Trifolium repens (clover) 

There was a main effect of Feed source and Week on the DCi of T. repens, as well as an 

interaction between Feed source and Week, and between Time of the day and Week (Figure 

8.12, Table 8.12). Bees fed on the clover feed source collected significantly less T. repens 

pollen compared to bees fed on jarrah (p= 0.034), and marginally less compared to bees fed 

on marri (p = 0.087), but not compared to canola (Figure 8.12 A). The DCi in week 10 was 

lower compared to week 8 (p < 0.0001) and week 9 (p < 0.0001) (Figure 8.12 B). Time of day 

had no effect on the DCi (Figure 8.12 C,Table 8.12). 

Figure 8.12 The Dominance Candidate Index (DCi) of A: Trifolium repens from colonies 

(N=40) fed on marri, jarrah, clover and canola feed sources. B: DCi across weeks 8 - 10; C: 

DCi in the morning and afternoon. Crosses indicate the mean, bars indicate the median and 

the whiskers show the minimum and maximum values. Different letters show a significant 

difference at p < 0.05.  
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Table 8.12 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Trifolium repens pollen from the bodies of nectar foragers reared on 

marri, jarrah, clover and canola feed sources. Interactions are indicated by the colon and 

significant values are shown (p < 0.05 %) in bold. 

Factor df F-value p-value 

Feed source 3 3.2 0.036 

Time of the day 1 3.1 0.081 

Week 2 34.7 < 0.0001 

Feed source: Time of the day 3 11.3 < 0.0001 

Time of the day: Week 2 3.7 0.026 
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8.34.2 Trifolium spp. 

There was a main effect of Week and Time of day on the DCi for Trifolium spp., as well as an 

interaction between Feed source and Time of the day and Time of the day and Week (Figure 

8.13, Table 8.13). There was no effect of Feed source on the DCi (Figure 8.13 A). The DCi 

increased from week 8 to week 9 (p < 0.0001) and from weeks 9 - 10 (p < 0.0001) (Figure 8.13 

B). The DCi of pollen on nectar foragers was greater in the afternoon (p < 0.0001) (Figure 8.13 

C).  

 

Figure 8.13 The Dominance Candidate Index (DCi) of A:Trifolium spp. from colonies (N=40) 

fed on marri, jarrah, clover and canola feed sources; B: DCi across weeks 8 -10; C: DCi in the 

morning and afternoon. Crosses indicate the mean, bars indicate the median and the whiskers 

show the minimum and maximum values. Different letters show a significant difference at p < 

0.05. 
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Table 8.13 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Trifolium spp. pollen from the bodies of nectar foragers reared on 

marri, jarrah, clover and canola feeds. Interactions are indicated by the colon and significant 

values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 0.5 0.71 

Time of the day 1 353 < 0.0001 

Week 2 234.8 < 0.0001 

Feed source: Time of the day 3 5.6 0.0008 

Time of the day: Week 2 75.4 < 0.0001 
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8.34.3 Arctotheca. calendula (capeweed) 

There was no effect of Feed source and Week on the DCi for A. calendula (Figure 8.14 A-B, 

Table 8.14). The DCi was significantly greater in the mornings for bees collecting nectar (p< 

0.0001) (Figure 8.14 C) and there was a significant interaction between Feed source and Time 

of day as well as Time of day and Week (Table 8.14).  

 

Figure 8.14 The Dominance Candidate Index (DCi) of A: Arctotheca calendula from colonies 

(N=40) fed on marri, jarrah, clover and canola; B: DCi across week 8 - 10; C: DCi in the 

morning and afternoon. Crosses indicate the mean, bars indicate the median and the whiskers 

show the minimum and maximum values. Different letters show a significant difference at p < 

0.05. 
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Table 8.14 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Arctotheca calendula pollen from the bodies of nectar foragers reared 

on marri, jarrah, clover and canola feeds. Interactions are indicated by the colon and significant 

values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 1.3 0.3 

Time of the day 1 259.9 < 0.0001 

Week 2 0.3 0.73 

Feed source: Time of the day 3 17.5 < 0.0001 

Time of the day: Week 2 14.3 < 0.0001 
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8.34.4 Hypochaeris radicata (flatweed) 

There was no effect of Feed source and Week on the DCi of H. radicata (Figure 8.15 A-B, 

Table 8.15). The DCi was significantly greater in the mornings for bees collecting nectar (p < 

0.0001) (Figure 8.15 C) and there was a significant interaction between Feed source and Time 

of day as well as Time of day and Week (Table 8.15).  

 

Figure 8.15 The Dominance Candidate Index (DCi) of A: Hypochaeris radicata from colonies 

(N=40) fed on marri, jarrah, clover and canola feed sources; B: DCi across weeks 8 - 10; C: 

DCi in the morning and afternoon. Crosses indicate the mean, bars indicate the median and 

the whiskers show the minimum and maximum values. Different letters show a significant 

difference at p < 0.05.  
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Table 8.15 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Hypochaeris radicata pollen from the bodies of nectar foragers reared 

on marri, jarrah, clover and canola feed sources. Interactions are indicated by the colon and 

significant values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 1 0.4 

Time of the day 1 195.9 < 0.0001 

Week 2 1.3 0.29 

Feed source: Time of the day 3 13.1 < 0.0001 

Time of the day: Week 2 18.4 < 0.0001 
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8.34.5 Myrtaceae spp. 

There was no effect of Feed source on the DCi of unidentifiable Myrtaceae species grouped 

into ‘Myrtaceae spp.’ (Figure 8.16 A, Table 8.16). There was a slightly significant Time of day 

and Week effect (Figure 8.16 B-C, Table 8.16) as well as an interaction between Feed source 

and Time of day and Time of day and Week (Table 8.16). The DCi of Myrtaceae spp. was 

greater in the afternoon (p = 0.0452) compared to the morning. The DCi of Week 8 was greater 

compared to Week 9 (p < 0.0001) and 10 (p < 0.0001).  

 

Figure 8.16 The Dominance Candidate Index (DCi) of A: Myrtaceae spp. from colonies (N=40) 

fed on marri, jarrah, clover and canola; B: DCi across week 8 - 10; C: DCi in the morning and 

afternoon. Crosses indicate the mean, bars indicate the median and the whiskers show the 

minimum and maximum values. Different letters show a significant difference at p < 0.05.  
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Table 8.16 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Myrtaceae spp. from the bodies of nectar foragers reared on marri, 

jarrah, clover and canola feed sources. Interactions are indicated by the colon and significant 

values are shown with values at 0.05 % in bold. 

Factor df F-value p-value 

Feed source 3 0.2 0.87 

Time of day 1 4 0.046 

Week 2 23.9 < 0.0001 

Feed source: Time of day 3 11.6 < 0.0001 

Time of day: Week 2 14.6 < 0.0002 
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8.34.6 Persea americana (avocado) 

There was no effect of Feed source or Week on the DCi of P. americana (Figure 8.17 A-B, 

Table 8.17). There was an effect of Time of day (Figure 8.17 C) and an interaction between 

Feed source and Time of Day as well as Time of day and Week (Table 8.17). The DCi was 

greater in the afternoons compared to mornings (p < 0.0001).  

 

Figure 8.17 The Dominance Candidate Index (DCi) of A: Persea americana from colonies 

(N=40) fed on marri, jarrah, clover and canola; B: DCi across weeks 8 - 10; C: DCi in the 

morning and afternoon. Crosses indicate the mean, bars indicate the median and the whiskers 

show the minimum and maximum values. Different letters show a significant difference at p < 

0.05. 
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Table 8.17 Summary of the effects of Feed source, Week and Time of day on the Dominance 

Candidate Index (DCi) of Persea americana pollen from the bodies of nectar foragers reared 

on marri, jarrah, clover and canola feed sources. Interactions are indicated by the colon and 

significant values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 0.5 0.66 

Time of day 1 64.3 < 0.0001 

Week 2 0.8 0.47 

Feed source: Time of day 3 2.9 0.033 

Time: Week 2 169.8 < 0.0001 
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8.3.5 Total pollen count of nectar foragers 

The total amount of pollen that nectar foragers carried on their bodies did not differ between 

Feed source, Week and the Time of day (Table 8.18), but there was an interaction between 

Time of day and Week (Figure 8.18 A-C, Table 8.18). 

 

Figure 8.18 Total number of pollen grains (mean ± sem) on bodies of nectar foragers across 

all detected pollen types (including pollen <5 %), A: across colonies fed on marri, jarrah, clover 

and canola, B: Across week 8 - 10; C: time of day (morning and afternoon).  
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Table 8.18 Summary of the effects of Feed source, Week and Time of day on the total pollen 

count on the bodies of nectar foragers reared on marri, jarrah, clover and canola feed sources. 

Interactions are indicated by the colon and significant values (p < 0.05 %) are shown in bold. 

Factor df F-value p-value 

Feed source 3 1.4 0.25 

Time of day 1 0.7 0.4 

Week 2 0.6 0.53 

Time of day: Week 2 19.7 < 0.0001 
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8.4 Discussion  

In the experiment, pollen collectors and nectar foragers showed different foraging behaviour 

as indicated by their Dominance Candidate Index. The foraging choices made by bees were 

partially affected by the type within-hive supplemental food sources, this could suggest that 

honey bees respond to nutritional cues from their food sources, as has been shown in other 

more recent studies (Arenas & Kohlmaier, 2019; Hendriksma & Shafir, 2016; Zarchin et al., 

2017). The type of supplemented food had some influence on the foraging behaviour of pollen 

collectors but not on that of nectar foragers. Therefore, there was most likely no effect on the 

pollination of the avocado crop. Aside from nutritional cues, floral source abundance and 

attractiveness played a role in influencing the foraging behaviour of both pollen and nectar 

foragers. Both pollen and nectar foragers chose only a few floral species out of an abundance 

of flowering plants present at the avocado orchard.  

8.4.1 Pollen collectors 

Pollen collectors would be expected to select pollen sources according to their nutritional 

needs, as pollen provides bees with the bulk of their nutritional requirements (Wright et al., 

2018). Previous studies have demonstrated that honey bees regulate their food intake to 

balance protein to carbohydrate ratios in their diet (Altaye et al., 2010), and are able to 

discriminate between complementary nutrients such as amino acids (Hendriksma & Shafir 

2016). Specific amino acids added to sucrose solution have either an attracting or deterrent 

effect on honey bees (Carter et al., 2006; Hendriksma et al., 2014; Y. S. Kim & Smith, 2000). 

Honey bees may also be able to recruit nestmates to forage for diets that complement essential 

fatty acid deficiencies (Zarchin et al., 2017), and may be able to regulate their protein to lipid 

(P:L) intake similarly to bumblebees (Kraus et al., 2019; Vaudo et al., 2020; Vaudo, Patch, et 

al., 2016; Vaudo, Stabler, et al., 2016), as recently reported in nurse-aged adult worker honey 

bees (Stabler et al., 2021). In the present study, there was some evidence that pollen collectors 

changed their foraging behaviour according to the food sources that were provided in the study. 

In particular, colonies that were fed on jarrah showed a lower DCi for jarrah pollen from the 

environment. Jarrah pollen is known to be of low-medium protein value (~ 19%), low in 

isoleucine (an essential amino acid of honey bees) (Manning, 2001b) and of low total fat 

content 0.59 ± 0.17 % (Manning, 2001b). Interestingly, pollen collectors from colonies fed on 

jarrah showed an increased DCi for pollen sources of greater fat content; Arctotheca calendula 

with 3.4 % fat content  (Somerville, 2005b) and Hypochaeris radicata with a total fat content of 

10 to 11 % (Somerville, 2005b; Stace, 1996). Colonies supplemented with clover pollen, which 

is more than four times greater in fat content (2.7 to 3.8 % Roulston & Cane, 2000) than jarrah 

pollen, foraged for less A. calendula and H. radicata pollen. The preference for pollen of greater 

or lower fat content suggests that honey bees regulate their fat intake at the colony level. 
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However, this trend was not observed in the colonies fed on marri and canola. Marri pollen is 

known to be lower in fat content 0.85 - 0.93 % (similar to jarrah) (Manning, 2001b) compared 

to canola with 10.7 % (T’. H Roulston & Cane, 2000) to 20 % (Singh et al. 1999) total fat 

content. The results therefore suggest that factors other than the composition of provided food 

sources were influencing the foraging behaviour of bees within the avocado orchard.  

Aside from an effect of food storage and its nutritive quality, foraging choices of pollen 

collectors seemed to be influenced by a combination of floral source abundance and 

attractiveness. While avocado flowers were the most abundant floral source at the orchard, it 

has been shown that avocado flowers are less attractive as a pollen source compared to that 

from the families Brassicaceae (canola) and Fabaceae (eg. clover) (Ish-Am & Eisikowitch, 

1998a). Indeed, pollen collectors, regardless of the type of food supplemented to the colony, 

collected large amounts of pollen from Trifolium repens (clover), which is highly attractive to 

bees and a good source of both pollen and nectar (Lepage & Boch, 1968; Somerville, 2019). 

Pollen collectors must have extended their foraging range beyond the orchard to at least 0.5 

to 1.5 km (Figure 8.1) to collect clover, because no clover was present within the orchard. It is 

not surprising that pollen collectors chose to collect from attractive and abundant pollen 

sources because the colonies were restricted by pollen traps throughout the experiment, and 

low pollen storage stimulates honey bees to collect more pollen (Fewell & Winston, 1992; 

Keller et al., 2005). Other floral cues that may have influenced foraging choices such as flower 

morphology and ease of pollen collection cannot be excluded and would need further 

investigation.  

8.4.2 Nectar foragers 

The foraging behaviour of nectar foragers was almost entirely driven by factors other than the 

type of supplemented feed source. In only one instance the type of supplementary feed 

influenced the foraging behaviour of nectar foragers. Foragers from colonies fed on clover 

collected less clover nectar compared to all other feed sources. Generally, nectar foragers are 

less stimulated by the amount of stores inside the hive (Fewell & Winston, 1996), and 

trophallaxis, the transfer of food between colony members, is likely what signals the need for 

nectar (Crailsheim, 1998; Seeley, 1989a). Because nectar is the main source of 

carbohydrates, it is likely that other trace elements and compounds such as minerals and plant 

secondary metabolites contribute less to the nutritional needs of honey bees, and play a larger 

role in floral choice by attracting or deterring bees (Afik et al., 2006; Stevenson et al., 2017). 

For instance, avocado nectar contains high concentrations of potassium and phosphorus, 

which have been found to deter bees during controlled experiments, whereas phenolic 

compounds extracted from avocado honey was attractive to honey bees (Afik et al., 2006). 
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Further studies are required to disentangle the importance of other components of nectar, 

other than its sugar content, that may contribute to nutritional cues.  

Nectar foragers may have a more opportunistic approach to foraging than pollen collectors. 

Where pollen collectors foraged substantially outside of the orchard, the Dominance Candidate 

Index (DCi) for nectar foragers showed that they predominantly visited plant species that were 

present within the orchard. The main three plant species visited by nectar foragers were P. 

americana (avocado), A. calendula and Myrtaceae spp., showing no difference in their DCi 

values. Yet, avocado trees were the dominant floral source in the orchard with about 1 million 

flowers per mature tree (Davenport, 1986). The similar DCi, despite the difference in flower 

abundance, suggests that the attractiveness of A. calendula and Myrtaceae spp. may have 

played a greater role than flower abundance in flower choices by nectar collectors. It was 

surprising though that clover was not one of the commonly visited species for nectar collection, 

as honey bees have been found to preferentially collect pollen and nectar from species that 

produce both (Aronne et al., 2012).  

Pollen and nectar collectors have previously been observed to exhibit different foraging 

behaviours in agricultural settings. Honey bees placed in a commercial crop of canola and 

sunflowers collected nectar predominantly from the crops, but also collected pollen from a 

wider diversity of surrounding plants including weeds in the crops (Requier et al., 2015). This 

may suggest that honey bees invest more energy in collecting pollen than collecting nectar. 

However, the type of forage (nectar or pollen collection) is largely driven by other factors such 

as its availability, which determines the foraging distance, as honey bees tightly regulate their 

energy investment according to pollen and nectar availability in meeting their nutritional needs 

(Couvillon et al., 2015; Pernal & Currie, 2002). Unless resources are not available close by or 

scarce, then honey bees will forage more broadly (Seeley, 1986). Therefore in the current 

study, the proximity of nectar resources including avocado nectar may have outweighed the 

reduced attractiveness of avocado flowers (Afik et al., 2006), instead of flying further to collect 

nectar from clover. However, the possibility that clover may have not produced much nectar, 

and therefore honey bees collected less of it, cannot be excluded. In fact, nectar production in 

clover has been linked to environmental conditions such as soil moisture and temperature (L. 

H. Johnson, 1946). It would be interesting to compare honey samples from colonies and nectar 

samples collected from flowers at the orchard over multiple years, to determine how seasonal 

variations in the availability of nectar sources affect the foraging behaviour of honey bees 

during the pollination period. Nevertheless, when nectar foragers carry out the majority of the 

pollination service, the presence of other pollen sources can be beneficial to the overall colony 

health.  
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8.4.3 Overall foraging choices 

Both pollen and nectar collectors chose only relatively few floral species for collecting nectar 

and pollen, displaying a selective foraging behaviour that has been observed in other diverse 

landscapes (Aronne et al., 2012; de Vere et al., 2017; Requier et al., 2015). Floral species that 

pollen collectors visited were also visited by nectar foragers, and nectar foragers in addition 

collected nectar from other Trifolium species and avocado. Honey bees have previously been 

found to collect very little pollen (0.1 to 7 %) from avocado flowers during the peak flowering 

period in the presence of an abundance of other flowering plant species (Ish-Am & Eisikowitch, 

1998a). The Dominance Candidate index (DCi) represented by individual plant species differed 

between pollen collectors and nectar foragers. This may be linked to the nutritional value of 

the collected resource, but also to the energy investment to collect the resource. Overall, the 

nutritional quality and diversity did not seem to influence the pollination of the crop, which may 

largely depend on the pollination mechanism of a crop (pollination by pollen or nectar foragers) 

and the abundance of floral sources at an orchard.  

8.4.4 Avocado pollination  

The type of supplementary feed source did not seem to affect the pollination of avocado 

flowers. The efficiency of pollination of an avocado crop by honey bees is likely to depend on 

two other factors; the availability of competing nectar sources and the overall number of nectar 

foragers. The availability of competing nectar sources changed throughout the three week 

period, which was evident from visual observations of flowering periods at the orchard. Honey 

bees will preferentially forage on competing nectar sources over the avocado crop due to its 

lower attractiveness (Ish-Am & Eisikowitch 1998a). It is likely that nectar foragers consistently 

collected nectar from avocado flowers because the overall abundance of competing floral 

sources did not seem to change dramatically over the course of the study. For example, floral 

sources such as from the Myrtaceae family became less abundant, while Asteraceae species 

increased in abundance over the weeks. It was evident though that nectar foragers responded 

to flowering cycles of male and female avocado flowers as previously described by Ish-Am 

(2005). Differences in the DCi between mornings and afternoons were also observed for most 

of the other species that nectar collectors visited, which is likely linked to the quantity of nectar 

that specific flowers produced throughout the day (Southwick et al., 1981). The colonies of this 

study were placed in the middle of the orchard. It would be interesting to test if the competition 

for nectar sources from other sources than avocado would increase when colonies are located 

closer to the border of the orchard. 

The number of foragers per colony, which depends on colony size, could have affected the 

pollination of the crop. Larger colonies will have a greater number of foragers in comparison 
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to smaller colonies (Fewell & Winston, 1992; M. Goodwin, 2012). Colony size differed between 

bees fed on the various feed sources (see Chapter 7). Differences in colony size was illustrated 

by the amount of corbicular pollen (in pollen traps) that colonies collected prior to adjusting for 

the number of brood cells (proxy for colony size). Ultimately, larger colonies would be expected 

to be more efficient at pollinating the crop. However, the efficiency of larger colonies to pollinate 

a crop may not only depend on the colony size. The amount of pollen that colonies have stored 

(Fewell & Page, 1993; Fewell & Winston, 1992; Free & Williams, 1971), and brood pheromone 

(Thomas Schmickl & Crailsheim, 2004), can also influence the number of foragers that will 

collect pollen, or instead forage for nectar. Future experiments could test the impact of the 

amount of pollen stored and colony size on the pollination efficiency of an avocado crop. In 

addition, the relationship between stocking rate (no. of hives/ ha) and pollination efficiency in 

relation to available food sources could be explored.  

8.5 Conclusion 

This is the first study comparing the effects of supplemented feed sources on the foraging 

behaviour of honey bees, taking into account both pollen quantity and the frequency of a pollen 

species. Both the quantity and the number of bees carrying a pollen type can assist in 

determining the pollination efficiency of a crop. The pollination of avocado flowers is unique. 

There is a need to study the effects of stored resources on bees’ foraging behaviour and the 

potential effects on pollination efficiency on other crops. Nevertheless, from this study it 

became clear that pollen and nectar foragers respond more strongly to different environmental 

cues that potentially underlie energetic investment and food reward principals. Being able to 

respond to various environmental cues allows pollen and nectar foragers to optimise their 

foraging strategy to maximise feed reward, all of which ultimately underlies nutritional needs 

of honey bees. 
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CHAPTER 9: GENERAL DISCUSSION 

9.1 Introduction  

The honey bee industry relies on a variety of floral species throughout the year for the 

management of commercial hives. Floral species vary in the quantity of nectar and pollen they 

produce as well as in the quality (nutritive value) of their pollen sources. It is crucial to consider 

the type of floral source (near apiary sites) because the quality and quantity of pollen is vital 

for brood rearing, and therefore can impact on the strength of honey bee colonies (Black, 2006; 

Free, 1967; Herbert, 1992; Herbert & Shimanuki, 1978). Strong colonies are required for the 

commercial production of honey and other hive products, but also to support effective 

pollination services. A common practice amongst Western Australian (WA) beekeepers is to 

move colonies to warmer overwintering areas to be able to maintain and build colonies so as 

to prepare hives for pollination in spring. Beekeepers have access to coastal heathland 

vegetation and the crop species canola to feed their colonies during winter and spring.  

The aim of this thesis was to investigate the impact of different floral feed sources on the 

establishment of colonies, as per industry practices, prior to crop pollination. Four floral species 

were selected for their high relevance to the WA bee industry. They include Trifolium repens 

(white clover) which in this case was mostly collected by bees in proximity to the coastal 

heathland, Brassica napus (canola) which is cropped on adjacent farmlands and is relatively 

chemical-free (Manning, 2018), Corymbia calophylla (marri) which is revered by beekeepers 

as a pre-winter pollen store and is commonly used as a supplementary feed to colonies during 

dearth periods (Rod Pavy (2018) pers comm) and Eucalyptus marginata (jarrah), a high value 

endemic eucalypt species which produces nectar of unique features: being highly antimicrobial 

and high in antioxidants, minerals and fructose (Manning, 2011). In the experimental chapters 

I have reported on the floral diversity of marri, jarrah, clover and canola honey and pollen 

(Chapter 4), and the nutritional composition of each pollen type (Chapter 5). In the succeeding 

chapters, honey bee colonies were established from packages and assigned to one of the four 

feed sources outlined above. Assessed are the effect of the different feed sources on the body 

composition of newly-emerged bees reared on the assigned feed sources (Chapter 6), the 

impact of the four feed sources on brood production (Chapter 7), the foraging behaviour of 

honey bees and consequently, the effects on pollination efficiency, (Chapter 8).  

In the following discussion the main results obtained in the different chapters are briefly 

summarised. The findings are discussed in relation to the current literature, along with the 

implications of the thesis work for the beekeeping industry. Finally, knowledge gaps are 

highlighted and directions for future research on honey bee nutrition and colony health are 

proposed. 
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9.2 Key findings 

Honey bees collected nectar and pollen from all species targeted by beekeepers when the 

hives were located near marri, jarrah and canola sites (Chapter 4). At the coastal heathland 

site, honey bees foraged for nectar and pollen from a different floral source, namely clover. 

Both the availability of coastal heathland pollen sources and/or clover’s attractiveness may 

have played a key role in determining the foraging choices of honey bees. All pollen sources 

collected at jarrah, coastal heathland and canola sites had a greater abundance of its target 

pollen source than the respective honey sources collected of the same sites. An exception was 

the pollen collected from the marri site, which represented less marri pollen than its respective 

honey in percentage (Chapter 4). The supplementary pollen patties made from the pollen and 

honey obtained from the four commercial apiary sites varied in their nutritional values (Chapter 

5). The largest differences were observed in their total fat and mineral content, where the forest 

species marri and jarrah were most similar in their makeup, and so were clover and canola 

patties. Isoleucine, an essential amino acid was found to be slightly lower in jarrah and marri 

patties (Chapter 5). Nevertheless, nurse bees successfully raised young adult workers from 

the larval stage until emergence when experimental colonies were fed on marri, jarrah, clover 

and canola patties. No differences were observed in the body composition of newly-emerged 

workers (Chapter 6). Honey bees also reared a similar quantity of brood regardless of the type 

of feed source (Chapter 7). Besides the nutrition that bees had access to, disease and queen 

failure played a significant effect on the number of brood cells that colonies were able to rear 

(Chapter 7). The foraging behaviour of adult bees was strongly influenced by resource 

abundance and attractiveness, while the nutritional status of the colony had little effect on 

pollen collectors, and there was no effect on nectar foragers (Chapter 8). The pollination 

efficiency of the crop was not influenced by the type of food sources that colonies were 

experimentally fed. Nevertheless, floral diversity during crop pollination is likely to play a crucial 

role in the health and strength of honey bees as well as the pollination efficiency of the crop 

(Chapter 8).  

9.3 Bee ecology – scientific discussion and the implications for the beekeeping 

industry  

The nutritional requirements of honey bees is the limiting factor for brood production and 

overall colony health (Black, 2006). In the current study, it was evident that honey bees reach 

their nutritional requirements using a number of strategies when gaining access to a variety of 

floral resources. For example, when bees are foraging food for the colony the nutritional quality 

of a food resource may be more important than its floral diversity. Ultimately, the quality, 

abundance and attractiveness of available floral resources will determine the foraging 
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behaviour of honey bees and thus, the efficiency of crop pollination, which is potentially more 

specific to the crop itself than previously acknowledged. This project also raised questions 

about the relevance of body weight and body composition as measures of colony health. From 

the results it also became evident that there is a need for the standardisation of methods for 

nutritional analyses enabling comparisons to be made across studies.  

9.3.1 Meeting nutrient requirements  

The amount of protein and its amino acids may be the limiting factor in jelly production, and 

larvae may be more affected by the amount of jelly for survival than its quality. Regardless of 

the type of feed source, honey bees reared larvae just as efficiently for all feed sources 

(Chapters 6 and 7). The successful rearing of emerging bees suggests that nurse bees were 

able to obtain enough nutrients to first develop their hypopharyngeal and mandibular glands 

required for larval food production (Wright et al., 2018), and then regulate the nutritional 

requirements to adequately feed larvae. As all feed sources were similar in the amount of 

protein they contained and in their amino acid composition (Chapter 5), this allowed honey 

bees to successfully rear brood despite the variation in other nutrients. Protein content, and 

more specifically its amino acid composition, might indeed be the limiting factor for nurse bees 

when it comes to brood rearing as proposed by De Groot (1953) and Kleinschmidt & Kondos 

(1976). The protein content of royal jelly, fed to queens, has been found to be reasonably 

constant even across various countries (Pattamayutanon et al., 2018; Wright et al., 2018). 

Similar trends would be expected for worker jelly, which has not been studied greatly. Some 

evidence from a study by Kunert & Crailsheim (1987) suggested that the amount of protein 

and sugar content fall into a certain range, and correspond with larval age. Similarly, adult 

honey bees and bumblebees balance their protein to carbohydrate intake (Paoli, Donley, et 

al., 2014; Stabler et al., 2015). One could hypothesize that while nurse bees tightly regulate 

larval nutrition, the amount of protein and its amino acid composition is the limiting factor in 

how much jelly nurse bees can produce. Indeed, there is a greater cost to over- or under- 

ingesting protein than for example fats (Stabler et al., 2021). Therefore, there must be a 

nutritional threshold (a nutritional minimum) for both nurse bees and larvae under which both 

can function, and impact on fitness is minimised. The concept of a nutritional threshold is 

illustrated by the fact that under poor nutritional conditions honey bees sacrifice younger larvae 

to ensure they can adequately feed older larvae (T. Schmickl & Crailsheim, 2001, 2002), and 

nurses may utilise some of their own body stores to be able to feed developing larvae 

(Maurizio, 1950). Because colony fitness and meeting nutritional thresholds for survival 

depend on supplying the maximum amount of food to developing larvae, it would not be 

surprising that the quality of jelly was constantly tightly regulated. Therefore, the amount of 
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available jelly is likely a limiting factor for brood rearing, controlled by the amount of protein 

and its amino acid concentrations available to nurse bees in their diet (Chapters 5 and 8).   

Honey bees may be able to regulate their lipid intake. Honey bees were able to rear brood 

sufficiently until emergence regardless of the large differences in fat content of the pollen, with 

that of canola and clover much higher than that of the native marri and jarrah (Chapters 4 - 7). 

Honey bees may be able to tolerate a large range of lipid content in pollen as long as bees 

have access to essential lipids and sterols that are required in their diet (Arien et al., 2015, 

2018; Black, 2006; Stabler et al., 2021; Wright et al., 2018). Fats are a major source of energy 

for honey bees and are required for larval growth and development, and adult health and 

reproduction (Vaudo et al., 2020). Like other insects, honey bees are likely to be able to 

synthesise carbohydrates from amino acids and from lipids (Nation, 2002). Likewise, 

carbohydrates can be converted into lipids and stored in fat body tissue (Nation, 2002). Lipid 

intake may therefore be less controlled if honey bees can potentially use several metabolic 

precursors in meeting their energy requirements. Nevertheless, in the current study, there was 

some evidence that honey bees will forage on pollen of higher fat content if restricted to a lower 

fat diet (Chapter 5). Generally, the regulation of nutrients is important as excess amounts of 

lipids can be detrimental to the health of bees, as has been shown in bumblebees and in some 

instances for honey bees (Manning, 2006; Vaudo, Patch, et al., 2016). While honey bees were 

able to tolerate a large range of lipid contents in the current study, lipid content is likely to guide 

host-plant interactions and floral choice in bees in general (Ruedenauer et al., 2020, 2021; 

Vaudo et al., 2020; Vaudo, Stabler, et al., 2016).  

Mineral requirements of honey bees are still relatively unknown beside some estimates being 

based on body measurement of honey bees (Black, 2006). In the current study, emerging bees 

fed on the different feed sources had the same body mineral composition (Chapter 6). As there 

was a variation in individual minerals of 20 – 60 % in all food sources, honey bees must also 

regulate their mineral requirements at the colony level. It has been discussed that compared 

to mammals and birds, honey bees seem to require much less calcium and sodium and greater 

quantities of potassium (Black, 2006). Excessive mineral contents however, can be toxic to 

bees (Black, 2006; Manning, 2006). While honey bees may be able to tolerate a certain range 

of minerals from various plant species, further investigations into the optimal and toxic levels 

of minerals in honey bees are needed. An understanding of mineral requirements of honey 

bees would further inform the mineral composition of artificial diets as well as the management 

of nutrients in agricultural systems and their potential impact on honey bees. For example, a 

high mineral content of nectar may be linked to fertilisers applied to plants grown under 

agricultural settings. It is unknown whether the mineral content available to plants at the 

avocado orchard, from the use of fertilisers, influenced the foraging choices of honey bees for 
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weed species. Further research in minerals and the foraging behaviour of honey bees is 

required.  

9.3.2 Nutritional limitations 

Honey bees need to meet all their nutritional requirements for optimal health. Some evidence 

from the current study indicates that honey bees can potentially target floral resources for 

specific nutrients (Chapter 8). This is supported by more recent studies where honey bees 

discriminated between complementary amino acids in supplementary protein feeds 

(Hendriksma & Shafir 2016), responded to amino acid concentrations in sugar syrup (Carter 

et al., 2006; Hendriksma et al., 2014; Y. S. Kim & Smith, 2000; Nicholls & Hempel de Ibarra, 

2017) and detected essential fatty acids of complementary diets (Zarchin et al., 2017). The 

tighter an organism can regulate nutrient intake, the higher the level of fitness and survival will 

be because the limiting factor for any nutrient, whether an amino acid, fatty acid or mineral, 

becomes the limiting factor for growth. This concept of nutrient scarcity is described by Liebig’s 

law of the minimum. It states that growth is dictated not by total resources available, but by the 

amount of the scarcest of its essential nutrients (limiting factor) (Allaby, 2006). While total 

protein content is often used in assessing pollen sources for their nutritional quality, a pollen’s 

amino acid composition needs to be considered in evaluating a pollen source for its suitability 

for honey bees. For example, honey bees only reared brood successfully on dandelion pollen 

once L-arginine was added (Herbert et al., 1970). For other macronutrients, such as fats and 

carbohydrates, greater emphasis is being placed on the balance of protein to carbohydrate 

and protein to lipid ratios (Kraus et al., 2019; Vaudo, Stabler, et al., 2016). The concentration 

of sterols in artificial diets has been identified to limit brood production in honey bees (Herbert, 

Svoboda, et al., 1980). Certain minerals are essential, however it’s the optimal requirements 

that still need further investigation (Black, 2006; Somerville, 2004).   

9.3.3 Pollen quality verses pollen diversity 

Food quality at the colony level may have a greater impact on colony size than food diversity. 

The percentage of each nominated species in the feeds was 70 %, 71 %, 88 % and 93 % of 

jarrah, marri, canola and clover pollen respectively (Chapter 4). Honey bees successfully 

reared brood on all four feed sources (Chapters 6 and 7) despite their low diversity, with the 

majority (> 5 %) of the remaining pollen being represented by one other plant species (Chapter 

4). A study on bumblebees showed that some single pollen diets were just as good as mixed 

pollen diets in supporting colony development, as long as bumblebees had access to the 

nutrients they required, specifically sterols (Moerman et al., 2017). Similarly for honey bees, 

mono-floral pollen could be sufficient as long as dietary requirements are being met. Marri 

pollen, for example, has been identified by Manning (2001) as a nutritionally complete diet for 
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honey bees. It contains all essential amino acids and the addition of lipids did not improve bee 

longevity (Manning et al., 2007). Research from the current study confirms that honey bees 

can effectively rear brood on some low diversity feed types, as was the case for marri, jarrah, 

clover and canola pollen (Chapters 6 and 7). However, further studies would be required to 

test for the effects on the immune system and tolerance to parasites (Alaux et al., 2010; Di 

Pasquale et al., 2016), and to toxic chemicals which can be mitigated by mixed pollen diets 

(Eckhardt et al., 2014). Whether a single pollen source is nutritionally complete or not, the 

amount of pollen that honey bees are able to collect will be an additional limiting factor. Honey 

bees may fly further to collect large quantities of a single pollen type if close by resources are 

limited, depleted or less profitable (Chapter 5 and 8). If a single pollen type is abundant but 

low in certain nutrients, honey bees can in some cases (depending on nutrients levels) mitigate 

for lower abundant nutrients by collecting larger quantities of the targeted pollen source 

(Chapter 6).  

9.3.4 Quantity of pollen     

The quantity of pollen that honey bees can collect in an environment depends on both the 

abundance of a plant species and the amount of pollen it produces. Marri, jarrah, clover and 

canola plants, used as feed sources in the current study, are all known to be able to produce 

large quantities of pollen (Coleman, 1962; Kotowski, 2001). However, pollen production is 

influenced by environmental conditions such as soil moisture and nutrients as well as the 

species variety, which is particularly the case for agricultural crops (L. H. Johnson, 1946; 

Somerville, 2010). For example, different cultivars of canola, also known as rapeseed or 

oilseed rape, are a commonly grown crop worldwide (Adamidis et al., 2019). While the trapping 

of pollen from canola has been suggested as a viable revenue for beekeepers (Hoover & 

Ovinge, 2018), one would expect that because of the intensive breeding of canola varieties 

that some varieties will produce more or less food reward for insect pollinators (Szabo, 1984). 

In fact, some varieties of canola classified as open-pollinated, or hybrid varieties, have been 

shown to benefit to a greater or lesser extent from honey bee pollination (Adamidis et al., 2019; 

Manning & Wallis, 2005), and consequently may produce more or less food reward for 

pollinators. Therefore, both environmental factors and the amount of pollen that can be trapped 

from specific cultivars should be considered. When beekeepers choose to trap pollen for 

supplementary feeding, other factors need to be considered, which include: 1) chemical use 

on farmland, 2) pollen preparation for feed (irradiation) and, 3) the cost of trapping pollen.  

1) Trapping pollen - Chemical use on farmland  

The canola pollen obtained from commercial hives for the current study was from a non-organic 

farm (Chapter 3- general methodology). According to a study on the chemical contaminations 
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of hive products from canola farms in WA (Manning, 2018), which included pollen from the 

location used in the present study, it is likely that a few chemicals (from agricultural practices) 

at trace levels were present in the pollen.  

The use of pesticides for agricultural crops has been discussed and debated widely. In 

laboratory studies, lethal and adverse sub-lethal effects from neonicotinoid insecticides on 

honey bees and bumblebees are reported (Blacquière et al., 2012; Carreck & Ratnieks, 2014). 

In the field, the concentrations of pesticides can vary widely and effects on bees can be less 

significant due to various environmental conditions (Carreck & Ratnieks, 2014). Concerns of 

pesticide use under field conditions arise when regulations and management practices are not 

adhered to. Therefore, concerns from beekeepers about the placement of hives near 

agricultural crops is justified. Beekeepers have reported poisoning events killing entire colonies 

(Connelly, 2012). The literature states effects from pesticide on bee navigation (Decourtye et 

al., 2004; Y. Y. Wu et al., 2015), disease susceptibility (Grassl et al., 2018; O’Neal et al., 2018; 

Pettis et al., 2013; Sánchez-Bayo et al., 2016), larval development (J. Y. Wu et al., 2011) and 

queen performance (Williams et al., 2015). Specifically, additive effects such as disease and 

pesticides acting in synergy can have major adverse effects on colonies (Dussaubat et al., 

2016; Goulson et al., 2015; Grassl et al., 2018; Pettis et al., 2012). However, some field studies 

have reported no effects of pesticide use on bee colonies placed in or near canola crops, and 

minimal levels of pesticides were detected in hive products (Thompson et al., 2013 referenced 

in Carreck & Ratnieks, 2014; Cutler et al., 2014; Manning, 2018). Nevertheless, the chemical 

contamination of trapped pollen intended to be fed to honey bees may need to be investigated, 

as farm practices are likely to dictate the concentrations and types of chemical contaminants. 

Under strict management and safe practices small traces of chemicals found in bee products 

could be of low risk. Manning (2018) also found that GM canola crops (the source of canola 

pollen used in this project) delivered far less chemicals into the beehives than conventional 

cultivars. 

2) Trapping pollen - preparation for supplementary feeding 

Pollen needs to be irradiated to be free of any pathogenic microbial contamination that can 

spread disease within the colony, such as the spores of American foulbrood, nosema and 

chalkbrood. In the current study, feed sources were not irradiated and Chalkbrood disease 

must have been present in at least one of the provided feed sources (clover). Chalkbrood is 

detrimental to brood development (Aronstein & Murray, 2010; Hornitzky, 2010). The infection 

gradually spread throughout the experimental colonies (Chapter 7). Chalkbrood spores are 

very easily spread through contaminated equipment used by the beekeeper, and can also be 

spread by worker bees and queens (Aronstein & Murray, 2010; Herbert, Shimanuki, & Knox, 

1977). Viable spores can infect colonies within two weeks as reported by Herbert et al., (1977), 
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and as seen in the current study (Chapter 7). Beekeepers therefore must irradiate pollen that 

will be fed back to colonies to prevent the spread of any microbial infections. Microbial 

infections can also add additional stress on colonies from additive effects, such as poor 

nutrition and disease, and can greatly affect colony health.  

3) Trapping pollen - cost 

Trapping pollen requires additional equipment (pollen traps). It is time-consuming in collection, 

drying and grading, as well as requiring storage facilities. There is also the expense of getting 

pollen irradiated if it is intended to be used as a supplementary feed. Jarrah and marri pollen 

are highly regarded for human consumption and the cosmetic industry. Trapping pollen could 

therefore provide an additional income source for beekeepers, in addition to feeding pollen to 

honey bees during a dearth of source pollen. Canola pollen on the other hand is less valuable 

for human consumption due to its bitter taste and oral grittiness. Therefore, canola pollen could 

be of value as a supplementary feed for honey bees under strict farm management practices 

as demonstrated in the current study.  

9.3.5 Foraging behaviour and crop pollination  

The foraging behaviour of honey bees is complex and crop specific, which ultimately influences 

the pollination efficiency. In the current study, several factors contributed to the foraging 

choices by bees. Flower choices were likely influenced by the attractiveness of avocado 

flowers (Afik et al., 2006), the abundance of other floral species and the mechanism of 

pollination (Chapter 8), but was only marginally influenced by the supplemented feed sources. 

Avocado flowers were mostly visited by nectar collectors, which are the primary pollinators of 

avocado flowers (Ish-Am, 2005). However, their visitation rate was adversely influenced by the 

presence of other plant species producing nectar, likely due to the lesser attractiveness of 

avocado nectar (Afik et al., 2006). Therefore, for avocados, the degree to which honey bees 

visit other nectar-producing plants may largely depend on their abundance. Contrary to 

avocado flowers, if other agricultural crop flowers are attractive and abundant, bees may 

largely forage from the crop itself and to a lesser extent on other lower abundant flowering 

species in the environment. If honey bees cannot obtain enough resources from the crop itself, 

they will rely more heavily on their colony stores instead and may need to be provided with 

supplementary feed sources. For this reason, beekeepers and growers will benefit from an 

understanding of flower source abundance and attractiveness of a particular orchard, which 

will dictate colony health and pollination efficiency. The nutritional management of honey bees 

at an orchard may therefore involve the manipulation of floral resources around the orchard to 

a point where the nutritional requirements of bees are met. At the avocado orchard for 

example, other pollen producing plant species can be crucial in meeting the nutritional 
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requirements of young larvae to raise the next generation, and to maintain strong colonies. 

The abundance of floral resources, including those of the crop and the environment, should 

also guide the stocking rate (the number of colonies that an agricultural landscape can 

support). Balancing the stocking rate with the flower abundance of the crop and that of the 

environment is crucial, as healthy honey bee colonies will be more efficient at pollinating a 

crop, or indeed in maximising honey yield.  

9.3.6 Nutritional manipulation 

Under the current experimental conditions, increased avocado pollination is more likely 

achieved by the manipulation of the amount of colony stores by the beekeeper rather than the 

type of stored food sources inside the colony. Nectar collectors of all colonies showed a similar 

Dominance Candidate Index for avocado pollen collected at the orchard (Chapter 8), indicating 

that the type of supplemented feed did not influence the foraging behaviour for avocado pollen. 

This foraging behaviour may be unique to the environment at the avocado orchard. Further 

research is required to explore the foraging behaviour under more nutritionally deprived 

environments as some evidence indicated a preference for less abundant pollen in meeting 

nutritional requirements. However, the amount of nectar or pollen that a colony collects is also 

influenced by the quantity of bee-bread (stored pollen) and honey (stored nectar) already in 

the hive (Fewell & Winston, 1992). Therefore, colonies could be stimulated for nectar 

production by providing bees with enough room for nectar storage prior to being placed at an 

orchard such as avocados, where nectar collection is crucial for the pollination of the crop. 

Pollen is tightly regulated by the colony, and an actively laying queen will stimulate the colony 

to collect large quantities of pollen to be able to support the development of young larvae (Free, 

1967). Artificial feeding of supplements can be used as a strategy to stimulate bees for crop 

pollination. For example, sugar feeding for kiwi fruit pollination increased pollen collection by 

honey bees (R. M. Goodwin, 1986). Access to adequate nutrition will result in strong colonies, 

and strong colonies are likely to benefit the pollination of an avocado crop due to their wider 

foraging range, whereas smaller colonies are more likely to visit flowers that are profitable 

(Fewell & Winston, 1992). 

Additionally, as documented in the literature but not discussed as part of the current research, 

hive placement can be important in terms of the foraging behaviour of honey bees along rows 

of trees, and the bees’ access to other floral resources. For example, honey bees at an 

avocado orchard tend to mostly forage on the crop within a limited area of one to three nearby 

trees and cross-pollinate at a distance of one or two rows (Ish-Am, 2005).  



148 
 

9.3.7 Measures of colony health  

Because honey bees tightly regulate their nutritional requirements, the body weight of 

individual bees can be an important indicator of colony status, more so than body composition 

alone. Honey bees on all feed sources reared individuals with no measurable differences in 

body composition (Chapter 6). However, lighter body weights were observed at the start of the 

experiment when presumably a lower nurse bee to larvae ratio was present because the 

colonies were established from packages. While in the current research, the lower body weight 

seemed to be influenced by the nurse bee to larvae ratio, the differences in body weight 

suggest that honey bees can still rear young of smaller weight when nutrition is limiting 

(Chapter 6). The link between nutritional status and the body weight of honey bees has been 

reported widely (Black, 2006; Daly et al., 1995; Eishchen et al., 1982; Scofield & Mattila, 2015). 

Because honey bees tightly regulate their nutritional needs, it is more likely that emerging bees 

will vary in their body size rather than in their relative body composition. However, body weight 

and absolute measures of, for example, total protein content, might be just as valuable for 

comparing the health status at a given point in time. Even though the total protein content was 

not reported in the current study, the similarity in body weights suggests that the total protein 

content of bees might have been similar between colonies. However, comparing specifically 

total protein content between studies can be more difficult depending on the age of bees or 

the methods that have been used as discussed by Black (2006). Because the health status of 

bees is ultimately determined by the availability of nutrients, and potentially influences both 

body weight and body composition (Black, 2006), it seems safe to propose that body weight 

should be considered as a valuable measure together with the nutritional analyses of honey 

bees in assessing the nutritional status of a colony. 

9.3.8 Methods for nutritional analyses  

When comparing the nutritional value of pollen for crude protein and amino acids, but 

potentially even more so for lipids, the analytical methods and collection methods need to be 

considered. Discrepancies in crude protein analyses, including from two different laboratories, 

were discussed by Somerville & Nicol (2006). Even larger differences seem to exist for the 

analysis of lipids, as discussed in Chapter 4. While values are comparable between samples 

using the same methods, it may not be the case between samples where different methods 

have been used to determine the lipid content. There is a need for standardised nutritional 

analysis with a fully described methodology, as published methods are often kept very brief. 

One good example of detailed methodology is by Vaudo et al., (2020) who provided detailed 

protocols for total protein and fat analyses used for the assessment of more than 80 pollen 

types. Future studies also need to consider the advantages and disadvantages of analysing 

the nutritional composition of bee-collected pollen compared to hand-collected pollen. Bee-
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collected pollen can contain up to 50 % carbohydrates added by bees upon collection (Wright 

et al., 2018), reducing the absolute concentration of protein and lipid nutrients per weight.  

However, there is little difference in the relative protein to lipid ratios between bee-collected 

pollen to hand-collected pollen (Vaudo et al., (2020), and similarly when comparing dry and 

wet pollen for analysis of protein to lipid ratios (Vaudo et al., 2020).  

9.4 Future research in bee nutrition  

Through conducting the research in this thesis, and the associated literature review, several 

future research areas have become apparent.  

9.4.1 Essential nutrient requirements  

Several essential nutrients in the honey bee diet have been identified, such as some amino 

acids and lipids (polyunsaturated fatty acids and sterols). Other required nutrients still mostly 

unknown include minerals, vitamins and their quantities, including those of lipids. Some 

estimates have been made based on body composition measurements of bees (Black, 2006), 

however more research is needed to identify optimal nutrient levels of minerals, vitamins and 

specific fatty acids.  

9.4.2 Essential nutrient requirements under field conditions 

Currently, the minimum requirements for essential amino acids for honey bees are based on 

controlled laboratory studies carried out by De Groot (1953). While the requirements of 

essential amino acids have been studied in detail, there is a need for verifying those 

concentrations of amino acids in pollen under field conditions (De Groot, 1953). Similarly, any 

other essential nutrients should be studied under field environments as well as controlled 

laboratory studies. One way nutritional requirements could be studied in the field could be 

through controlled artificial diets, under environmental conditions that are lacking specific 

nutrients such as amino acids.  

9.4.3 Digestibility of feeds 

For access to nutrients from any feed source an animal needs to be able to digest it. For honey 

bees, the digestibility of pollen ranges from 70.2 % to 83.0 % (T’. H Roulston & Cane, 2000; J. 

O. Schmidt & Buchmann, 1985). The nutrients from artificial diets can be less accessible to 

bees and some substances can even be toxic to honey bees (Black, 2006). However, artificial 

feeds for the maintenance of nutritional requirements of honey bees is becoming a foreseeable 

necessity because severe weather events, such as drought and bushfires, limit the availability 

of natural resources for the honey bee industry. Consequently, there is a need to assess the 

composition of artificial supplements, and importantly, to test various supplements for their 
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digestibility and nutrient acquisition. It also raises the question whether current optimal nutrient 

requirements of honey bees in feed sources are being underestimated because of differences 

in digestibility. Digestibility may be related to the type of food and/or the gut microbiota (gut 

health), which is being widely discussed in more recent literature (Engel et al., 2012; Jones et 

al., 2018; T’. H Roulston & Cane, 2000; H. Zheng et al., 2018). 

9.4.4 Nutritional threshold of worker jelly and its effects on adult fitness and nurse bees 

As discussed in the previous section, honey bees would be expected to function around a 

nutritional threshold, where to some extent limited access to larval food can compromise the 

development of workers (i.e. in lower body weights). Adult worker bees with lower body weight 

have shorter lifespans (Eishchen et al., 1982; Li et al., 2014; Scofield & Mattila, 2015; B. Zheng 

et al., 2014). In fact, some studies have reported reduction in adult fitness, such as 

underdeveloped ovaries, from a restricted larval diet, (Hoover et al., 2006), increased 

susceptibility to pesticides (Mogren et al., 2019), less precise waggle dance communications, 

earlier onset of foraging (Scofield & Mattila, 2015) and increased susceptibility of the larvae to 

fungal parasites such as Aspergillus flavus (Foley et al., 2012). What is not known is whether 

certain diets, natural or artificial, can alter micronutrient composition of jelly, and to what extent 

diets can cause changes in gene expression that could either affect the development of larvae 

or their adult fitness (Cardoso-Júnior et al., 2018; Wang et al., 2014). For this reason, adult 

longevity could be investigated in response to various diets. In addition, it is unknown if food 

consumption after emergence can mitigate any possible effects on adult health and longevity 

that have resulted from diets received during development. Because larval nutrition is 

controlled by nurse bees, any effects of nutrition on nurse bee fitness could be investigated, 

as well as any effects on their ability to carry out foraging tasks later in life.   

9.4.5 Availability of food resources and crop pollination  

The current research gives an insight into how natural resources (honey/ nectar and pollen) 

support the health of the colony and affect the foraging and pollination of a commercial 

avocado crop. The study site was unique in a way that honey bees had access to a variety of 

floral sources in addition to the avocado crop itself. Honey bees may be more restricted for 

resources when they are being used for pollination of other crops, or an avocado crop, in 

different locations or seasons. The impact of food source availability (i.e., quality and quantity 

of food sources) will need to be assessed under various environmental conditions and for 

various crops. Optimising crop pollination in future is likely to involve a farm assessment to 

establish best management practices.  
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9.4.6 Effects of tannins (poly-phenolics) on honey bees 

While more recent studies have provided details on the effects of secondary metabolites on 

plant-pollinator interactions (Mustard et al., 2012; Stabler et al., 2018; Stevenson et al., 2017; 

Vannette & Fukami, 2016; Wright et al., 2010), further studies are required to understand 

phenolics/ tannins and its effect on pollinators. Australian native flora consists of a wide variety 

of eucalypt species. Eucalypts are high in tannins. The nectar and pollen analyses in the 

current research show evidence for increased phenolic/ tannin levels in jarrah and marri 

(closely related species) compared to agricultural crops like clover and canola honeys (Chapter 

4). Very limited information is available on the concentration of tannins in nectar and pollen 

and their effects on honey bees. It has been suggested that high concentrations of tannins 

could have a toxic effect in insects (Barbehenn & Peter Constabel, 2011; Ibanez et al., 2012; 

Salminen & Karonen, 2011), rather than affect digestibility as is the case for other herbivores 

(Barbehenn & Peter Constabel, 2011; Zucker, 1983). Only very limited evidence suggests that 

tannins might also have some beneficial effects for honey bees in reducing Nosema infections 

(Gajger et al., 2011).  

9.4.7 Honey bee nutrition and immunity/ disease management  

An area that was not explored in the thesis is the relationship between feed source in the 

support of honey bee immunity and disease management. It is known that a balanced diet will 

support the health of honey bees. However, in Australia where nectar and pollen of some plant 

species have antimicrobial properties, such as Eucalyptus marginata, Corymbia calophylla and 

Leptospermum spp. (Irish et al., 2011; Manning, 2001a, 2011), future research could address: 

a) the relationship of honey bee nutrition and disease management  

b) how antimicrobial properties of nectar and pollen may assist in disease management  

9.5 Conclusion  

Meeting the nutritional requirements of honey bees is important for health and colony strength, 

whereby honey bees will alter their foraging behaviour to meet their needs at the colony level. 

In fact, an opportunity for beekeepers exists to use a variety of pollen sources in the 

management of the nutritional requirements of honey bees as long as honey bees can obtain 

all required nutrients. Future studies can help to identify how supplementary feeding can be 

used in agricultural settings to assist with the management of honey bee nutrition to maintain 

colony strength and optimise pollination efficiency when floral resources are limiting.  
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APPENDIX  

Morphological and photographic pollen database 

Described and photographed by Dr. Lynne Milne 

Table 1. List of reference pollen identified to the species level.  

FAMILY Species Page, Plate 

ARECAEAE Zantedeschia aethiopica 172, 4 

ASTERACEAE  

Arctotheca calendula 169, 1 

Cotula coronopifolia 

Cotula turbinata 

Hypochaeris radicata 

Urospermum picroides 

Ursinia anthemoides 

BRASSICACEAE  
Brassica cultivar 171, 3 

Raphanus raphanistrum 

FABACEAE 

Acacia sp. 1 170, 2 

Chamaecytisus palmensis 

Lotus subbiflorus 

Lupinus cosentinii 171, 3 

Trifoliium sp. 170, 2 

Trifolium campestre 

Trifolium repens 

IRIDACEAE 
Gladiolus angustus 173, 5 

Watsonia borbonica 174, 6 

LAURACEAE Persea americana 169, 1 

LORANTHACEAE Nuytsia floribunda 171, 3 

LYTHRACEAE Lythrum hyssopifolia 171, 3 

MALVACEAE Malva parviflora 174, 6 

MYRTACEAE 

Darwinia citriodora 173, 5 

Eucalpytus marginata 169, 1 

Taxandria linearifolia 173, 5 

ONAGRACEAE Epilobium hirtigerum 174, 6 

PAPAVERACEAE Fumaria capreolata 173, 5 

PLUMBAGINACEAE Echium plantagineum 172, 4 

PRIMULACEAE Lysimachia arvensis 171, 3 

RANUNCULACEAE Ranunculus muricatus 174, 5 

SOLANACEAE Solanum nigrum 172, 4 

XANTHORRHOEACEAE 
Xanthorrhoea gracilis 172, 4 

Xanthorrhoea preissii 
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Plate 1. Photomicrographs of pollen of Asteraceae (A-V), Myrtaceae (W,X), Lauraceae (Y,Z). 

A-D. Hypochaeris radicata. A,B. polar view same grain, median and high focus. C,D. Polar 

view same grains,  median and high focus.  E-H. Urospermum picroides. E,F. Polar view same 

grains, median and high focus. G,H. Oblique views, median focus. I-K. Cotula coronopifolia. 

Equatorial views same grain, median, mid-high and high focus.  L-N. Cotula turbinata. L. Polar 

view, median focus. M,N. Equatorial view same grain, median and high focus.  O-R. Arctotheca 

calendula. O,P. Same grains, median and high focus. Q. Oblique view, median focus. R. 

Equatorial view, mid-high focus.  S-V. Ursinia anthemoides.  S. Polar view, median focus. T,U. 

Equatorial view, same grain, median and high focus. V. Oblique view, mid-high focus. W,X. 

Eucalyptus marginata. W. Polar view, high focus. X. Polar view, median focus. Y,Z. Persea 

americana. High and median focus respectively, both unacetolysed. Scale bars = 10 µm. 
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Plate 2. Photomicrographs of pollen of Fabaceae (A-W). A-E. Chamaecytisus palmensis. A,B. 

Equatorial view same grain, high and low focus. C. Equatorial view, high focus. D,E. Polar view 

same grains, low and median focus.  F-J. Trifolium campestre. F,G. Equatorial view same 

grain, median and high focus. H,I Oblique view same grain, high and low focus. J. Oblique 

view, low focus.  K-O. Trifolium repens. K,L. Equatorial view same grain, high and median 

focus. M,N. Polar view same grain, median and high focus. O. Equatorial view, median focus.  

P,Q. Lotus subbiflorus. Multiple grains and foci.  R-T. Trifolium sp. Equatorial view, median, 

low and high focus.  U-W. Acacia sp. 1 (maybe Acacia pulchella). U. Median focus. V,W. Same 

grain, median and low focus. Scale bars = 10 µm. 



177 
 

Plate 3. Photomicrographs of pollen of Fabaceae (A-D), Loranthaceae (E-I), Lythraceae (J-L), 

Primulaceae (M-N), Brassicaceae (P-W).  A-D. Lupinus cosentinii. A,B. Polar view same grain, 

high and median focus. C,D. Equatorial view, median and high focus.  E,F. Nuytsia floribunda. 

E,F. Equatorial view same grain, low and high focus. G. Equatorial view, high focus. H-I. 

Equatorial view same grain, low and high focus. J-L. Lythrum hyssopifolia.J. Polar view, 

median focus. L. Oblique view, high and median focus. M-O. Lysimachia arvensis. M,N. 

Equatorial view same grain, median and low focus. O. Oblique view, median focus. P-T. 

Brassica cultivar (Canola). P,Q. Polar view same grain, median and high focus. R,S. Equatorial 

view same grain, median and high focus. T. Oblique view, median focus. U-W. Raphanus 

raphanistrum. U,V. Polar views, same grains, high and median focus. W. Polar views, median 

and high foci. Scale bars = 10 µm. 
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Plate 4. Photomicrographs of pollen of Solanaceae (A-C), Plumbaginaceae (D), 

Xanthorrhoeaceae (E-I), Araceae (J,K). A-C. Solanum nigrum. A. Polar view, mid-high focus. 

B,C. Oblique view, high and median focus.  D. Echium plantagineum. Equatorial view, various 

foci. E-G. Xanthorrhoea preissii. E,F. Equatorial view same grain, high and median focus. G. 

Oblique view, high focus.  H,I. Xanthorrhoea gracilis. Various orientations and foci. J,K. 

Zantedeschia aethiopica. Various orientations and foci. Scale bars = 10 µm. 
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Plate 5. Photomicrographs of pollen of Iridaceae (A,B), Papaveraceae (C-F), Ranunculaceae 

(G-J), Myrtaceae (K-O). A,B. Gladiolus angustus. A. Equatorial view, median and high focus. 

B. Equatorial view, high focus.  C-F.  Fumaria capreolata. C,D. Same grain, median and high 

focus. E,F. Same grain, median and high focus. G-J. Ranunculus muricatus. G,H. Polar view 

same grain, high and median focus. I. Equatorial view, median focus. J. Equatorial view of 

hydrated grain, high focus.  K-M. Darwinia citriodora. K. Polar view, high and median focus. 

L,M. Equatorial view, same grain, high and median focus. N,O. Taxandria linearifolia. 

Equatorial views, high and median foci. Scale bars = 10 µm. 
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Plate 6. Photomicrographs of pollen of Onagraceae (A-E), Malvaceae (F-G), Iridaceae (H) A-

E. Epilobium cf. hirtigerum. A,B. Equatorial view, same grain high and median focus. C. 

Equatorial view, median focus left of grain, high mid-high right of grain. D,E. Polyad, high and 

median focus, x500. F,G. Malva parviflora. Same grain, median and high focus, x500. H. 

Watsonia borbonica. Equatorial view, mid-high focus, x 500. Scale bars = 10 µm. 
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Table 2. Pollen present in slides but not collected in the study area.  

 

 

 

 

 

 

 

 

 

 

 

 

Pollen type Page, Plate 

Acacia sp.  176, 7 

Tricol-porate/-pate sp. 8 176, 7 

Casuarinaceae sp. 176, 7 

Monocolpate sp 1 176, 7 

Plantago lanceolata 176, 7 

Chenopodiaceae sp.  176, 7 

Tricolporate sp. 1 176, 7 

Tricolporate sp. 5 176, 7 

Myrtaceae sp. cf. Agonis sp.  176, 7 

Tricolporate sp. 2.  176, 7 

Tricolporate sp. 4.  176, 7 

Tricolporate sp. 6.  176, 7 

Tricolpate sp 177, 8 

Tricolporate sp. 7 177, 8 

Monocolpate sp. 2 177, 8 
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Plate 7. Photomicrographs of pollen in slides, but not collected in the study area (A-U). A. 

Acacia sp. B. Banksia sp. C,D. Tricol-porate/-pate sp. 8, polar view same grain, high and 

median focus. E. Casuarinaceae sp. Polar view, median focus. F,G. Monocolpate sp 1. Median 

and high focus. H. Plantago lanceolata. High focus left of grain, median focus right of grain. I. 

Chenopodiaceae sp. Mid-high focus. J-L. Tricolporate sp. 1. J. Equatorial view, high focus. 

K,L. Equatorial view, high and low focus. M,N. Tricolporate sp. 5. Same grain, high and low 

focus. O. Myrtaceae sp. cf. Agonis sp. Polar view, median focus. P,Q. Tricolporate sp. 2. 

Equatorial view same grain, median and high focus. R,S. Tricolporate sp. 4. Equatorial view 

same grain, median and high focus. T,U. Tricolporate sp. 6. Equatorial view same grain, 

median and high focus. Scale bars = 10 µm. 
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Plate 8. Photomicrographs of pollen in slides, but not collected in the study area (A-G). A. 

Tricolpate sp. Oblique-polar view, high focus. B,E. Tricolporate sp. 7. B,C. Equatorial view 

same grain, median and high focus. D,E. Oblique-polar view same grain, median and high 

focus. F,G. Monocolpate sp. 2. Equatorial view same grain, median and high focus.  Scale 

bars = 10 µm. 

 




