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Foreword  

In 2008, a parliamentary inquiry identified resource security as one of the most critical issues facing 

the Australian honeybee industry, and recommended actions towards conserving and revegetating 

Australia’s important honey and pollen plants (Leech, 2012). Since then, an exponential increase in 

amateur beekeepers has further restricted access to apiary sites, many resorting to their own 

properties, with an interest in creating “bee farms” or habitat plantings.  

This project has delivered an approach for the Australian beekeeping industry to address resource 

shortages and align beekeeper resource demands with those of their colonies. The approach is 

beneficial to anyone involved in the revegetation of land for the honey industry, including beekeepers, 

agronomists, seed producers, nurseries, policymakers and researchers. It was initially developed for 

stationery hives, but can also be applied to migratory hives, where multiple properties are owned or 

utilised. Although the focus is on increasing resources and improving production for the honey 

industry, with further development the model could also be applied to habitat plantings for the 

pollination industry, to improve pollination outcomes.  

Other honey bee models developed internationally were created for different purposes, and do not 

adequately meet the requirements of this approach and the demands of the Australian honey bee 

industry. 

 

Dr Liz Barbour 

CEO  
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Executive Summary 

What is this report about? 

This report brings together and summarises the key findings of our research project, in which we 

create a new approach to inform planting designs for apiculture, including plant species selections, 

hive stocking rates and hive movements. The findings of our research project are presented in three 

papers and a student internship report. As the papers and report are available online, published, or in 

preparation for submission, we provide an overview of our findings in a series of abstracts. Important 

background information and useful resources for designing apicultural sites is also provided, including 

information on honey bee foraging and nutritional requirements and site design considerations (i.e. 

site, flora and social).  

Who is this report targeted at? 

The report is targeted at anyone involved in the revegetation of land for the apicultural industry, 

including beekeepers, agronomists, seed producers, nurseries, policymakers and researchers.  

Background information 

Apiculture is a significant industry in Australia. Commercial and semi-commercial beekeepers move 

their hives from one flowering event to another, to pollinate crops, produce honey, or build up hive 

numbers. However, resource scarcity is rapidly becoming a significant challenge for the industry. In 

Australia, resource scarcity is the result of fire, controlled burning, logging, mining, industrial and 

urban development. Others factors include drought, salinity, flooding, dieback, weed removal, 

biosecurity threats and poor vehicle access. These factors reduce both the amount and productivity 

of the land available to beekeepers. Declining hive yields, declining colony health, cancellations of 

registered hive sites, and shortages of managed honey bee colonies (e.g. for pollination services), 

indicate the capacity of our resources has already been exceeded.   

Habitat conservation, together with targeted revegetation can increase resources available to the 

industry. However, there is currently a lack of science-based methods to test and guide new plantings. 

In particular, tools are needed to help make decisions about plant selections and placements, and hive 

stocking rates and movements, before significant financial investment is made on revegetating sites.  

Objectives 

The objectives of our research were to: (1) identify the requirements for, and propose a new approach 

to help guide planting designs and hive decisions for apiculture, (2) develop and test the approach 

using a farm revegetation scenario, (3) describe how the approach can be extended, through the 

addition of optimization routines, and (4) investigate methods for determining sugar concentrations 

in nectar, and estimate the potential nectar-sugar production of a native plant species (Eucalyptus 

caesia) of significance to the Australian apicultural industry. 
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Methods 

Existing approaches (models for predicting honey production) were reviewed. In the absence of a 

suitable approach, we developed, applied and tested a new approach to inform planting designs and 

hive decisions. Data input requirements were established (including data on important bee forage), 

and data was collated. The model was validated through sensitivity analysis and empirical testing.  

Results and key findings 

In our first paper, we propose a new approach (centred on a model of honey production) for designing 

sites for apiculture. The approach is centred on a model of honey production and predicts how 

changes to the plant (e.g. plant species mix) and hive decisions (e.g. number of hives) affect the 

temporal pattern of resource supply, demand, collection, consumption and storage, at an apiary site. 

We discuss data input requirements for the approach, with reference to an Australian case study 

area. We conclude that no existing model exactly meets the requirements of our proposed approach, 

but components of several existing models could be combined to achieve our needs. 

In our second paper, we develop and test the approach using a farm revegetation scenario. We show 

the approach is a useful tool, allowing the user to match (synchronise) the amount of resources 

supplied at an apiary site, with the seasonally changing amount of resources able to be foraged by 

honey bee colonies. When resources were synchronised with colony foraging, significantly more 

honey was produced. We also show the importance of selecting for high-producers, to increase the 

magnitude of the resource supply and amount of honey produced.   

In our third paper, we describe how our modelling framework can be extended through the addition 

of optimisation methods. Using these methods plant species selections, hive movements (within, or 

between sites) and site selections can be optimised, to further increase honey production. 

In our fourth paper, we compare different methods (High Performance Liquid Chromotography, 

anthrone, analog handheld refractometer and digital handheld refractometer), for determining sugar 

concentrations in nectar. The digital handheld refractometer suited our requirements best because it 

was rapid (less labour intensive than the other methods) and produced an accurate result. Using a 

digital handheld refractometer and microcapillary tubes, we determined the potential nectar-sugar 

production of E. caesia (Figure 1). We estimate that one E. caesia tree may produce between 0.8 to 

73.7 mL of nectar per day, containing 0.1 to 5.9 g of sugar. Further research of this species is 

suggested, as the study was exploratory in nature, and conducted over a short timeframe, with a small 

number of trees.  

Recommendations 

 Training and adoption of the model by rehabilitation experts will enhance the benefit of new 

plantings to the honey bee industry. 
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 Continue the incorporation of further research of nectar and pollen production by Australian 

plant species (timing, quantity, inter-annual variation, pollen-quality and time taken to reach 

flowering maturity) into the database supporting the model. 

 

 Better understand honey bee population reproductive cycle and development (egg laying rate 

and longevity) under Australian conditions. 

 

 Improve the model by adding a spatial component (to inform the spatial arrangement, or 

placement of plants and hives). 

 

 As data becomes available, account for the inter-annual variation in nectar and pollen 

production. 

 

 Improve the model by accounting for pollen production (quantity and quality) by plant species. 

This would enable the pollen supply to be synchronised with colony resource demands (and to 

be nutritionally balanced). This would support pollination services.  

 

 Improve the model by adding an economic component (e.g. that incorporates the market 

value of different floral honeys and cost of planting and maintenance of each plant species) 

 

Academic outputs  

Three papers are planned for publication, or have been published (as indicated). 

PAPER 1 

Picknoll JL, Poot P, Renton M. A New Approach to Inform Restoration and Management Decisions for 

Sustainable Apiculture. Sustainability. 2021; 13(11):6109. https://doi.org/10.3390/su13116109 

Abstract 

Habitat loss has reduced the available resources for apiarists and is a key driver of poor colony health, 

colony loss, and reduced honey yields. The biggest challenge for apiarists in the future will be meeting 

increasing demands for pollination services, honey, and other bee products with limited resources. 

Targeted landscape restoration focusing on high-value or high-yielding forage could ensure adequate 

floral resources are available to sustain the growing industry. Tools are currently needed to evaluate 

the likely productivity of potential sites for restoration and inform decisions about plant selections 

and arrangements and hive stocking rates, movements, and placements. We propose a new approach 

for designing sites for apiculture, centred on a model of honey production that predicts how changes 

to plant and hive decisions affect the resource supply, potential for bees to collect resources, 

consumption of resources by the colonies, and subsequently, amount of honey that may be produced. 

The proposed model is discussed with reference to existing models, and data input requirements are 

https://doi.org/10.3390/su13116109
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discussed with reference to an Australian case study area. We conclude that no existing model exactly 

meets the requirements of our proposed approach, but components of several existing models could 

be combined to achieve these needs. 

PAPER 2 

Picknoll JL, Poot P, Renton M. Synchronising plant nectar supply with bee nectar collection maximises 

honey production in a farm revegetation scenario. In preparation.  

Abstract 

Habitat loss and fragmentation has reduced available resources (nectar and pollen) for apiarists. The 

targeted revegetation of landscapes can increase available resources, fill annual resource gaps and 

create new commercial opportunities for apiarists, whilst improving colony health and honey 

production. To date, there has been insufficient research effort towards the revegetation of 

landscapes for honey production. Here, we develop a new approach, centred on a model of honey 

production, to inform the revegetation of sites for apiculture. Our approach predicts how changes to 

the planting mix and number of hives may affect the temporal pattern of resource supply, collection, 

consumption and storage, at an apiary site. We applied our approach to a semi-hypothetical farm 

revegetation scenario, testing four different planting mixes (synchronised, high-producers, even-mix, 

long-flowering), against the original (unplanted) site. We ran simulations for all combinations of hive 

number, original site and planting scenario. We also conducted extensive sensitivity analysis and 

validation against empirical data. Our synchronised planting scenario produced 2 (high-producers) to 

7 times (long-flowering) more honey than the other planting scenarios, and 120 times more than the 

original site. Under this planting scenario, the timing and magnitude of the nectar supply more closely 

matched the bees’ potential to collect nectar. This meant that the planting-space was well utilized and 

the planting mix had a greater capacity to provide nectar during late spring-summer (when nectar was 

typically limiting). Consequently, this planting mix carried more colonies and colonies collected and 

stored more nectar. Under the other planting mixes, the timing and magnitude of the nectar supply 

did not match the bees’ potential to collect nectar. There was a large oversupply of nectar during the 

autumn-early spring period, and a large undersupply of nectar during the late spring-summer period. 

We suggest that synchronising the plants nectar supply (existing and new plantings) with the bees 

seasonally changing potential for collection, is an important revegetation strategy to improve honey 

production. However, selecting for high-producers is also important as it increases the magnitude of 

the resource supply (nectar production per unit area). The proposed approach is a useful tool for 

informing plant and hive decisions before significant financial investment is made on purchasing hives 

and revegetating a site. Our approach can improve revegetation outcomes in the future, particularly 

as the availability and quality of input data increases. 

PAPER 3 

Picknoll JL, Poot P, Renton M. Optimizing timing of movement of hives among apiary sites. In 

preparation  
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Proposed scope 

In this paper, we will describe how our modelling framework can be extended through the addition of 

optimisation routines to enable further analyses to be conducted, addressing questions such as: 

1) What kind of melliferous plant species should be targeted for additional plantings to optimally 

improve honey production? 

2) What is the optimal time to move our hives between or within existing sites with different 

melliferous flora? 

3) Which of two new potential sites with different existing flora should be added to existing sites 

to maximise honey production?  

 

STUDENT PROJECT 

Iris Sietsma   

Comparing nectar sugar quantification methods and monitoring nectar sugar secretion in Eucalyptus 

caesia 

Supervisors - Michael Renton, Hans de Kroon, Pieter Poot, and Joanne Picknoll 

June 2019 

 

Abstract 

To maximize honey production in Western Australia, it is necessary to provide bees with a habitat 

containing lots of melliferous plants. The daily secreted nectar volume and amount of sugar of many 

plants is currently unknown. The objective of this study is to contribute to the development methods 

for estimating the nectar production in a landscape over time. The first aim is to compare the analog 

and digital handheld refractometers, the anthrone method and HPLC to establish which method is 

most appropriate to determine the nectar sugar concentration. The second aim is to quantify the 

nectar volume and the amount of secreted sugar by E. caesia along the day and identify sources of 

variation among trees and flowers. It was concluded that the digital refractometer is the best method 

to determine the sugar concentration, because it is the cheapest, quickest, and most precise method. 

The precision is the highest because the nectar does not have to be mixed or diluted. The anthrone 

method and the analog refractometer are the least precise analysis methods, and the anthrone 

method is the least accurate. HPLC is the best method if the concentration of different types of 

sugars is required. The nectar secretion of E. caesia peaked in age class 2, resulting in the largest 

volume and the largest amount of secreted sugar. Temperature and relative humidity affected the 

nectar volume and sugar concentration through a change in the evaporation rate. Wet soil has a 

positive effect on the nectar volume, and a negative effect on the sugar concentration. The cardinal 

direction of the flower has a significant effect on the nectar volume and the sugar concentration 

through the amount and intensity of sunlight each tree side receives. When determining the nectar 

production of a species, it is advised to look at the total amount of secreted sugar, since this is not 

affected by the soil condition and the direction. Height did not have a significant effect on any of the 
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melliferous properties of a flower. An E. caesia tree produces 0.8 - 73.7 mL of nectar per day, 

containing 0.1 – 5.9 g of sugar. Further research is needed to determine these values with more 

precision and to determine whether these values apply throughout the whole flowering season.  

Introduction 

Challenges and opportunities for the Australian beekeeping industry  

In Australia the honey industry is estimated to be worth A$101 million per year (van Dijk, 2016), with 

an annual production of 20 to 30 kilotons of honey (RIRDC, 2015). Semi-commercial and commercial 

beekeepers are predominantly migratory (Goodman, 2001; Benecke, 2007; Somerville, 2005; Leech, 

2009). This means that they move their hives from one flowering event to another to pollinate crops, 

produce honey or to build up hive numbers. They may also produce other products including beeswax, 

propolis, royal jelly, bee venom and pollen.  Migratory beekeeping is successful in countries such as 

Australia, Japan, Sweden, Pakistan and Turkey, where flora grows at a range of altitudes or latitudes, 

creating a succession in flowering seasons (Crane, 1990).   

The average number of hives owned by an Australian beekeeping business is 390, but large 

businesses may operate over 1000 hives (Goodman, 2001; Somerville, 2005; van Dijk, 2016). Hives 

are moved a number of times, with reports documenting moves of up to six or seven times a year 

(Goodman, 2001), or up to 12 times a year (Somerville, 2005). The number of times a beekeeper 

moves and the pattern of movement they follow (regular or variable) is governed by the type of 

vegetation, the flowering pattern of the vegetation, the economics of moving and the number of hives 

they own (Crane, 1990). In Australia moves of up to 1000 km are not uncommon (Somerville, 2005). 

Logistically, moving large numbers of hives over long distances is difficult and involves higher risks 

than stationary beekeeping (the non-migratory alternative) and a great deal of lifting and trucking 

(Morse 1975). Beekeepers are also required to work longer hours, both at night and during the day 

and have higher capital costs from vehicles, loading equipment and consumable costs from petrol 

(Gulliford, 1989).   

Available floral resources for beekeepers are diminishing and the biggest challenges for Australian 

beekeepers today are land clearing, drought and the use of agricultural chemicals (Blyth, 1987; 

Manning, 1992; van Dijk, 2016). Other challenges include bushfire, controlled burning, climate 

change, hive theft and biosecurity threats from pest and disease transfer. Manning (1992) also lists 

dieback, salinity and general pollution as contributing to reduced floral resources and Benecke (2007) 

and van Dijk (2016) include weed removal, flooding and reduced access to state forests and public 

lands as problems. In 1992, Manning reported that over 2, 900 apiary sites registered with the 

Department of Conservation and Land Management (CALM) had been cancelled by beekeepers 

because they were no longer economically viable. The causes listed included fire, logging, land 

development, poor production, poor access and withdrawal from the industry. When we look at the 

last ten years alone, it is evident that Australia has seen a reduction in honey production and the 

number of commercial beekeepers (operating 50 or more hives) has fallen by 25 per cent (van Dijk, 

2016). Over the last fifteen years average production rates for beekeepers operating 50 or more 

hives have dropped 27 per cent, from 82 kg per hive to 60 kg per hive. This is evident by comparing 
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earlier economic records by Benecke (2007) and Leech (2012) to current records by van Dijk (2016). 

Drought is likely to be a major contributor and recent surveys show drought affected 70 per cent of 

beekeepers over a five-year period (van Dijk, 2016). As floral resources diminish, due to 

environmental and human induced changes, reduced production is expected. This is because existing 

sites become overstocked with hives, at rates above the carrying capacity of the flora (Al-Ghamdi et 

al., 2016). The ultimate result is low production rates and financial returns for the beekeeper 

(Gulliford, 1989; Khanbash, cited in Al-Ghamdi et al., 2016).   

Habitat conservation, together with targeted revegetation can increase the resources available to the 

industry and assist it to meet growing demands for honey-bee products and pollination services in the 

future (Picknoll et al., 2021). Fore thinking beekeepers in Australia and globally are beginning to 

revegetate properties with a variety of melliferous (honey producing) flora to create new beekeeping 

sites (Kigatiira et al., 1988; Crane, 1990; Hiemstra, 1999; Kaesar and Shmida, 2009; Leech, 2012; D. 

Leyland, pers. comm., 2018; R. Stoch, pers. comm., 2018; T. Turner, pers. comm., 2018; S. McLindern, 

pers comm., 2019).  Examples of successful plantations include drought tolerant “mega-producing” 

eucalypt forests planted in Israel (Leech, 2012) and drought tolerant highly productive Prosopis 

forests planted in Chile, Kenya and Hawaii (Crane, 1990; Leech, 2012).  Sites will be more productive 

when high-value or high-yielding flora are included (Crane, 1990).  The economic gains will also be 

greater if the site earns carbon credits (Ferreira, 2018), or the flora has other economic uses and the 

property is run as an agroforestry system, with a combination of apiculture with forestry, or 

apiculture with crops, forestry or grazing (Crane, 1990; Hill and Webster, 1995; Abrol, 2010; de-

Miguel et al., 2014; Ferreira, 2018). 

High value flora in Australia includes Leptospermum, Eucalyptus and Corymbia species, that are known to 

produce honey with high antibacterial properties (Irish et al., 2011; Sultanbawa et al., 2015; Cokcetin et al., 

2016; Roshan et al., 2017; Green et al., 2022; Figure 2).  Research and development of Australian bioactive 

honeys has already led to improved profitability for some beekeepers (van Dijk, 2016).  Bioactive honeys, 

such as those from Australian Leptospermum species may make more than $50 per kilogram (S. McLinden, 

pers. comm., 2018).  Similar market values are currently achieved for jarrah and redgum.  These species, 

along with some other Australian flora, have great potential in the medical market (Irish et al., 2011; Sindi et 

al., 2019 ) and may increase the value of newly planted sites.  Non-bioactive flora can also attain 

considerable market prices and are marketed on taste and desired qualities.  The quality of the honey, or 

how true the honey is to its botanical origin, will be greater if the product is free from foreign matter 

(Gulliford, 1989). Nonetheless, Guilford (1989) cautions that in economic terms total yields are often more 

important than quality.  However, when high value or high-quality flora are high yielding, the economic gains 

of the apiary will be greater.  Ultimately the productivity of a site will depend on where the site is located, the 

climate (Winston, 1987; Delaplane, 1997); available resources for bees (Winston, 1987) and how these 

resources are distributed across the site in time and space (Osborne et al., 1999).  Other important factors 

include the size, health, dynamics, behaviour and genetic make-up of the colony (Farrar, 1937; Beauchamp, 

1992; Delaplane, 1997), predation on the colony (Janssens et al., 2006), the number of hives (Gulliford, 

1989), hive management practices (Winston, 1987; Gulliford, 1989; Delaplane, 1997) and land 

management practices (Porrini et al., 2003).  Gulliford (1989) identifies floral resources, colony size, 

beekeeper experience and hive management practices as the most important factors limiting production.  

Farrar (1937) and Harbo (1986) show that production increases linearly with increasing colony size, but 

colony size is affected by many factors.    
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Figure 2: Leptospermum scoparium is sometimes planted for its high-value honey with antibacterial properties   

 

Honey bees as social insects in a colony  

A honey bee colony consists of a queen, the workers (sterile females) and a small proportion of drones 

(males).  Workers in the colony show different behaviours with age, called age polytheism.  Behaviours 

include cell-cleaning, foraging, food-storage, feeding and caring for the brood, building new comb, repairing 

existing comb, guarding, ventilating and regulating the temperature of the hive (Free, 1982; Seeley, 1985).  

A colony may have from 10, 000 bees in late winter to 60, 000 bees in late spring (Somerville and Annand, 

2014).  Numbers naturally go up and down in response to climatic conditions, including day length and 

temperature (Kefuss, 1978; Crane, 1990).  When floral resources are available and climatic conditions are 

favourable, the colony responds by rearing brood and storing pollen and honey.  During this time bees only 

live for a few weeks and have greater food requirements.  In cooler weather, the metabolic activity and life 

cycle of bees slows down and brood rearing and foraging is inhibited or may cease.  Despite the cold, bees 

maintain a relatively constant and high temperature in the nest (through thermoregulation) and rely on their 

reserves of honey and pollen to survive but consume less.  Eskov et al., (2012) reported that food 

consumption by a colony may be 20 times less in winter than it is during spring and summer.  The authors 

attributed this to a number of adaptive strategies including reduced metabolic activity in some bees, 

efficient mechanisms for heat loss regulation and the interruption of brood rearing.  The duration and timing 

of colony expansion varies with latitude (Seeley, 1985).  In cooler temperate zones, the period of colony 

growth and honey production is shorter.  In subtropical regions of Australia and other countries, higher 

temperatures during much of the year mean an extended season for brood rearing, foraging and honey 

production (Crane, 1990).  These regions may be the most productive for beekeeping.  In tropical regions of 

Australia, high temperatures, humidity and drought, together with heavy and unpredictable rain, limit 

beekeeping (Crane, 1990).   

Honey bee flight, forage and foraging 

The foraging behavior of bees, including timing of foraging, distance travelled by foragers and floral 

preferences was reviewed by Abou-Shaara (2014).  In summary, bees collect water, nectar, pollen, tree resin 
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and sometimes honeydew.  Water is required for temperature regulation (Free, 1982; Figure 3).  Tree resin 

(or propolis) is used for the construction and adaptation of their nest or hive (Crane, 1990) and for hive 

hygiene (Wright et al., 2018).  Nectar is the main source of carbohydrates for honey bees and is regurgitated 

and evaporated to make honey.  Pollen is collected and stored as bee bread, which is consumed by young 

bees called nurse bees.  Nurse bees refine bee bread into royal jelly, which is secreted from the 

hypopharyngeal and mandibular glands and fed to developing larvae and also to the queen, other workers 

and drones (Crailsheim, 1991; Brodschneider and Crailsheim, 2010).  They also feed adult colony members 

directly with honey and bee bread (Wright et al., 2018).   

Most flights made by foragers are for the purpose of collecting nectar (Crane, 1990). Winston (1987), cites 

studies by Parker (1926) and Free (1960), which showed that nectar flights in spring and summer made up 

58 per cent of total flights, pollen flights made up 25 per cent of total flights and when nectar and pollen are 

collected together, made up 17 per cent of flights. Pollen and nectar is located by bees called scouts and 

scouts search for the best forage available at the time (Moritz and Southwick, 1992).  The attractiveness of 

the forage directly depends on the gain in nutrients and energy that can be obtained from the forage relative 

to the expense of collecting the resource (Waddington, 1987; Seeley et al., 1991).  The energy spent relates 

to the physiological limits of the bee, within the ecological constraints of its environment (Tomlinson et al, 

2014).  The energy gained relates to the quality and quantity of the food, and its distance or location from 

the hive (Seeley et al., 1991).  

The quantity, quality and location of the forage is communicated back to the hive by the scout through dance 

language, pheromones and food exchange (Crailsheim, 1998).  If the food source meets the requirements of 

the hive a recruit will locate the forage using the direction and distance provided during dancing, along with 

olfactory cues given at the hive.  During repeated trips bees learn to recognize the flower by odor, shape, 

color and morphology (Waddington, 1987; Kilani, 1999; Abramson et al., 2012) and will use learnt 

landmarks and terrestrial or celestial references to find it (Waddington., 1987; Dryer, 2002). 

 
Figure 3: On a hot day these honey bees are foraging for water, which is required for temperature regulation 
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 In a single foraging trip, a bee usually remains constant (shows fidelity) to a particular species of flora, but 

collectively the colony will forage from a range of flora (Little, 2011; Wright et al., 2018).  A bee will remain 

constant to a flora until it is no longer providing sufficient pollen or nectar to be profitable.  If forage has 

large daily fluctuations in nectar and pollen production, bees will respond by foraging on different plants at 

different times of the day (Free, 1982; Moritz and Southwick, 1992; Seeley, 1995).  Daily and seasonal 

changes in nectar and pollen production are influenced by the location, altitude, aspect, soil characteristics 

and climatic conditions (temperature, humidity, wind and rainfall) of the site and the type and age of the 

plant (Free, 1982).   

How far a bee will fly is determined by the colony’s nutritional needs, forage availability, the value of the 

forage and weather (Seeley 1986; Seeley 1989).  In summer, bees prefer to forage when temperatures 

reach 16oC or more (Crane, 1990).  In winter bees take short flights above 8 or 10oC (Crane, 1990).  Above 

19oC is considered the optimum temperature for foraging (Somerville and Annand, 2014).  However, on 

very hot or cold days or during rainy or windy periods, bees retreat to the hive, or travel shorter distances 

(Moritz and Southwick, 1992; Seeley, 1995; Angel, 2016).  Typically, bees utilize resources within an area up 

to 113 km2, which denotes a foraging range of 1 to 6 km (Buchmann and Shipmnan, 1991; Waddington et al., 

1994), although most of the foraging occurs within a radius of 2km (Buchmann and Shipman, 1991).  Bees 

may forage further if food is scarce, but finding forage becomes increasingly difficult with distance, 

especially if floral patches are small (Waddington et al., 1994).  During limited resource availability, forage 

distances of up to 13 km have been reported (Eckert, 1933).  However, Eckert (1933) found that when bees 

travel more than 8km, hives were unproductive, and colonies lost weight.  In long trips the cost of foraging 

exceeds energetic availability and bees may reduce foraging and depend on honey and pollen stores in the 

hive (Moritz and Southwick, 1992; Tomlinson et al., 2017).  

Meeting the nutritional needs of a colony 

At the colony level, foraging choices are biased toward foods that complement nutritional deficiencies 

(Hendriksma and Shafir, 2016).  Bees balance the intake of essential fatty acids, essential amino acids, 

carbohydrates, proteins, lipids and other nutrients in their diet (Paoli et al., 2014; Hendriksma and Shafir, 

2016; Zarchin et al., 2017).  The importance of macronutrients and micronutrients to honey bees was 

reviewed by Haydak (1970), Brodschneider and Crailsheim (2010) and Wright et al., (2018).  It is known 

that nectar is the main source of carbohydrate for bees and fuels thermoregulation, flight and wax 

production (Wright et al., 2018).  Nectar consists of sucrose, glucose and fructose and low concentrations of 

amino acids together with other metabolites and micronutrients (Gardener and Gillman, 2001; Petanidou et 

al., 2006; Wright et al., 2018).  Flora with higher levels of sucrose is typically preferred by honey bees 

because sucrose offers a higher metabolic value than glucose or fructose (Wright et al., 2018).  Usually bees 

prefer sugar concentrations in the range of 30 to 50 per cent (Waller, 1972).  Most flora have a nectar sugar 

concentration of about 40 per cent, but concentrations range from 0 to 80 per cent (Southwick et al., 1981; 

Moritz and Southwick 1992).  Metabolites and micronutrients in nectar are also known to affect the 

attractiveness of bees to flora, but their importance to nutrition is not well understood (Wright et al., 2018).     

Pollen contains protein, sterols, lipids, amino acids, starch, fiber, vitamins, sterols, minerals and other 

micronutrients (Brodschneider and Crailsheim, 2010; Wright et al., 2018).  Bees prefer plants with higher 

pollen concentrations, or higher pollen-to-cellulose ratios (Beekman et al., 2016).  Pollen is very important 

for the growth and repair of body tissue (Little, 2011), brood production (Brodschneider and Crailsheim, 
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2010), cognitive function (Ariena et al., 2015), and the development of the hypopharyngeal glands (Little, 

2011), ovaries (Hoover et al., 2006) and flight muscles (Hersch, et al., 1978).  Pollen also increases the 

longevity of a colony, is important for the onset of foraging in workers (Amdam and Omholt, 2003) and helps 

build fat cells, which are needed for overwintering bees (Little, 2011).  Together the nutrients and 

antimicrobial properties of pollen, nectar, honey, bee bread and royal jelly are important for hive hygiene 

(Somerville, 2005), immunity (Randolt et al., 2008), learning and memory (Chalisova et al., 2011 ), navigation 

(Wang et al., 2013), caste differentiation (Wright et al., 2018), the production of hormones and pheromones 

(Huffaker and Rabb, 1984) and tolerance to environmental pollutants, parasites and diseases (Mayack and 

Naug, 2009), but these latter roles are less understood.   

Pollen storage is limited in the hive and less than 1kg of pollen is stored at any given time (Jeffree and Allen, 

1957; Fewell and Winston, 1992; Wright et al., 2018).  This storage weight is comparatively low compared 

to consumption rates by the colony and is explained by Seeley (1995).  Seeley (1995) hypothesized that bees 

may use a limited number of comb cells to store pollen, in order to maximize the number of cells available for 

brood production and honey storage or both.  However, the nutritional value of pollen deteriorates with 

storage and the requirement of honey bees for fresh pollen is likely to be another explanation (Somerville, 

2005; Anderson et al., 2014).  Normally bees consume pollen within three to five days of storage (Anderson 

et al., 2014).  Unfortunately, storing less pollen puts colonies at risk and stores are rapidly depleted when 

pollen is in short supply (Seeley, 1995), during non-foraging periods and when climatic conditions are 

unfavourable (Schmickl and Crailsheim, 2001; Schmickl and Crailsheim, 2002).  In order to maintain brood 

and honey production, beekeepers need to provide a continual supply of high-quality pollen.  To meet colony 

needs, one study showed that a single ten-frame hive will require between 13 and 18kg of pollen per year 

(Crailsheim et al., 1992).  Other studies stipulate colony needs to be between 10–26 kg of pollen per year 

(Brodschneider and Crailsheim, 2010) and between 25 to 55 kg per year (Somerville, 2005).  These 

estimates are likely to be an underestimate because many authors fail to take into account the consumption 

of pollen by adult bees (Somerville, 2005).  Somerville (2005) suggests that requirements for Australian 

bees are also likely to be larger, due to poorer quality pollens and longer production periods.  Unlike pollen, 

bees continue to store nectar as long as a source is available and empty cells remain in the hive (Seeley, 

1995).  Nectar requirements may be as much 120kg per year, of which most is consumed during the warmer 

months (Somerville 2005; Little, 2011).   

One of the challenges faced by beekeepers is to provide a diverse supply of forage, particularly pollen to 

meet the nutritional needs of a colony.  The provision of three or more pollen sources at any given time may 

be enough to meet the requirements of a colony (Somerville, 2005).  However, this will depend on the type 

of flora, as the nutritive value of forage is widely variable (Manning and Harvey, 2002; Somerville, 2005; 

Carter et al., 2006; Zarchin et al., 2017).  In Australia, 70 to 80 per cent of flora utilized by beekeepers are 

eucalypt or corymbia species (RIRDC, 2015).  Unfortunately, eucalypts tend to have pollen with negligible or 

very low levels of the essential amino acid isoleucine as well as low levels of lipids (Somerville, 2005).  

Somerville (2005) documents the chemical composition of many Australian pollens collected by bees and 

provides a list of eucalypts with low quality pollen.  In particular, beekeepers have reported that colonies left 

on E. sideroxylon are unable to produce brood and will completely perish, leaving hives full of honey 

(Somerville, 2005).  Antunez et al. (2012) warned that beekeepers operating hives on E. grandis may risk 

depopulation or death of colonies. Furthermore, controlled experiments show that hives kept on E. grandis 

are more susceptible to infection with Nosema (Antunez et al., 2012).       
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Many authors have also raised concerns over monofloral diets, for example when hives are moved to 

provide a pollination service.  In general, monofloral diets do not meet the nutritional needs of a colony and 

may result in starvation, population decline (Wright et al., 2019), mortality (Naug, 2009; Mayack and 

Dhuruba, 2013), termination in brood rearing, impaired development (Jay 1964), reduced wing, weight and 

body size (Daly et al., 1995), cannibalism (Brodschneider and Crailsheim, 2010), reduced drone populations 

or ejection of drones from the hive (Somerville, 2005), reduced lifespan (Schmidt et al., 1987; 

Somerville,2005), reduced fertility (Somerville, 2005), changes in colony demography (Manning et al., 2007) 

and greater susceptibility to diseases, viruses and pests (Antunez et al., 2012).  When beekeepers are unable 

to provide a polyfloral diet or when colonies are stressed, dietary supplements may be necessary.  However, 

most authors caution that supplements are expensive (Somerville, 2005), have poorer nutritive value 

(Somerville, 2005; Brodschneider and Crailsheim, 2010), can contain toxic substitutes (Barker, 1977), are 

poorly digested by bees and are associated with greater queen losses and increased levels of infection with 

Nosema (DeGrandi-Hoffman et al., 2016).  Supplements can also contaminate or affect the quality of the 

honey and have been detected during quality control analyses (Somerville, 2005). 

Designing productive apiary sites that meet colony requirements 

Cultivating plants for honey production is relatively uncommon and apiarists may be unsure about what to 

plant, how to arrange the plantings and over what area to plant them. They may also not know how many 

hives the plants may support, when to move their hives (on the site or between sites) and where to place 

them.  Providing tools and guidelines for this purpose will be important.  Tools and guidelines need to 

account for the most important factors that affect the value and productivity of an apiary.  They also need to 

account for changing colony dynamics, foraging requirements and foraging behavior with season and 

location.  The most successful plantings will be those that account for the colonies seasonally changing 

resource demands.  This means providing sufficient amounts of suitable quality forage to meet colony needs 

for brood production and overwintering.  It may also mean providing forage in optimal arrangements that 

minimize the energetic cost of foraging.  A list of site, flora and social considerations when revegetating or 

designing hive sites, together with important design questions are provided (Table 1).  Data on flowering, 

pollen and nectar productivity and visitation by bees will be important for choosing the right mix of flora.  An 

aerial photograph and map of the site that includes the location of existing land uses, vegetation, roads, 

watercourses and soil will also assist with site designs.  Ferreira (2018) provides useful information on 

mapping and developing property plans for agricultural sites.  
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Table 1:   Design questions and considerations (site, flora and social) when designing hive sites for 
apiculture   

SITE 

CONSIDERATIONS:  

Selecting sites and 

locations for hives and 

plantings 

 

 

 Location (latitude) of the site. 

 Climate and microclimate of the site, including prevailing winds. 

 Geography of the site including altitude, drainage, hydrology, soil and topography. 

 Aspect of the site, particularly areas experiencing morning or afternoon sun and 

shade. 

 Size of the site. 

 Location, area, density and condition of existing honey plants (nectar and pollen 

sources). 

 Nectar and pollen production of existing plants (quantity, quality, timing, duration 

and frequency). 

 Periods of seasonal dearth (food gaps) at the site. 

 Carrying capacity of the site (number of hives supported by flora). 

 Existing land uses and zoning restrictions (including future plans for development of 

the area). Are land uses on the property and surrounding properties complimentary 

or conflicting? 

 Area available for planting (note: marginal and non-productive lands, such as 

hillslopes and areas prone to erosion, may also be suitable). 

 Existing water supplies for bees. 

 Site access and available utilities (e.g. access to irrigation).   

 Site limitations.   

 Foraging behaviour of bees (e.g. are honey and pollen plants within foraging range?) 

FLORA 

CONSIDERATIONS:  

Selecting flora  

 

 

 Suitability of native, exotic, perennial and annual choices.   

 Size of the plant (tree, shrub, herb, vine). 

 Planting density (consider best density for crown development and flowering 

capacity). 

 Attractiveness and nutritional value of plant to honey bees. 

 Nectar and pollen production of plant (quantity, quality, timing, duration and 

frequency). 

 Plants timing to begin flowering and reach flowering maturity. 

 Ability to meet needs for year-round flowering (if required) and fill food gap.   

 Flora compliments other important honey plants (e.g. high-value or high-yielding 

flora) and supports and shares pollinators. 

 Availability of seeds and seedlings.   

 Plants growing requirements: habitat, propagation and restoration (e.g. damp soils, 

shelter from wind, functions as a windbreak). 

 Tolerance of fire, salinity, drought and climate change. 

 Risks (e.g. invasive potential, flammability, honey market trends). 

 Susceptibility to pests and diseases.   

 Properties and attributes of the honey produced. 

 Additional economic uses. 

 Conservation value.  

 Market value and consumer demand for honey. 

 Ease of establishment and maintenance requirements (e.g. nutrients, pruning).  

 Costs of establishment and maintenance (including labor). 

 Available subsidies: grants, tax deductions, rate rebates and carbon credits available 

for planting special conservation flora.  
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SOCIAL 

CONSIDERATIONS:  

Social, environmental 

and economic factors 

 

 

 

 

 Whole-farm or business plan. 

 Economic, environmental, cultural and spiritual objectives of site. 

 Capacity of business (size, budget and available time). 

 Landowner preferences (e.g. plant species and location for plantings). 

 Economic or environmental benefits (e.g. plantings facilitate pollination of crops) and 

trade-offs (land/income loss for other services) of plantings. 

 Industry standards (e.g. B-QUAL). 

DESIGN 

QUESTIONS:  

Decision variables 

 

 

 

1. Plant species? 

2. Plant species area? 

3. Plant density? 

4. Spatial arrangement of plantings and hives? 

5. Hive stocking number? 

6. When to move hives (on or between sites - if multiple sites are utilized)? 

          Decisions account for site, flora and social considerations (see rows above).  

Currently, there is lack of tools or guidelines for revegetating lands (including residential, agricultural, 

forestry or industrial lands) for honey production (Leech, 2012; McKenzie, 2018).  Even guidelines for 

establishing pollination reserves are limited (Williams et al., 2015; Isaacs et al., 2017; Venturini et al., 2017), 

despite the development of policies by governments in Europe and North America, to improve the 

pollination services of crops (Williams et al., 2015).  In particular, tools are needed to help make decisions 

about plant selection and spatial aspects, including planting placements, densities and sizes (Leech, 2012; 

Williams et al., 2015; Isaacs et al., 2017; Venturini et al., 2017).  Currently the most useful references 

available to assist with plant selection for Australian species include documents by Crane et al. (1984), 

Crane (1990), Manning (1992), Somerville (1999), Paton (2008), Keasar and Shmida (2009), Leech (2009) 

and Leech (2012).  These references provide information on the potential value and yield of nectar and 

pollen flora.  Crane et al. (1984) and Leech (2012) also include information on propagation, habitat 

requirements, product attributes and additional economic uses of bee flora.  Mott (1966), Smith (1969), van 

der Moezel et al. (1987), Wills (1989), Powell (1990), Rhodes and Truman (1999), Goodman (2001), Paton 

et al. (2004), Somerville (2005), Benecke (2007), Birtchnell and Gibson (2008), Eisikowitch and Masad 

(2015), Purdie (2016), Organic Gardener Magazine (2018), Sniderman et al. (2018) and Boruff (CRCHBP 

Program 1) also provide useful information on bee flora.  Although these authors do not provide information 

on nectar, pollen or honey yields, some of them include information about the timing, frequency or intensity 

of flowering and van der Moezel et al. (1987), Crane (1990) and Somerville (2005) also include information 

on the value or chemical composition of various pollen.  

Computer models are a useful tool to better understand how changes in flora and site design might affect 

the production of an apiary.  An extensive literature search of existing models produced only three models 

(Janssens et al., 2006; Becher et al., 2016; Albayrak et al., 2018) that predict the production of an apiary 

Photo: Shane McLinden 
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using flora and landscape variables.  The strengths and limitations of these and other models were discussed 

by Picknoll et al. (2021).  In particular, Janssens et al. (2006) calculated the potential honey production of 

hives (in kg/hive/year) in the south of Belgium using data for melliferous flora growing within 2km from the 

hive.   Variables used in the model were nectar production, distance from the hive and the density and area 

of the flora.  Although a useful tool, the authors noted that the model overestimated hive production by 

more than 100 times the actual values.  This was attributed to the variability of nectar production rates and 

the difficulty in predicting production at sites with diverse flora.  In addition, models did not take into 

account temporal variation in flowering, nectar or pollen production and predicted honey production over 

part of the year only.  The authors did not account for in-hive colony dynamics, seasonal or climatic effects, 

or for the consumption, or storage, of nectar or pollen, by the colony.  Although the model accounted for 

spatial variations in plant distribution, the assumptions of the model require further investigation.  

Mathematical distribution models by Buchmann and Shipmnan (1991), Dukas and Edelstein-Keshet (1998), 

Ricketts (2008), Lonsdorf et al. (2009), Adeva (2012), Couvillon et al. (2014), Baveco et al. (2016) and 

Becher et al. (2016) may better account for spatial variations in forage and foraging.  These models are 

based on more recent mathematical theories, than the 1987 models (Menzel and Mercer, 1987) used by 

Janssens et al. (2006), that account for the relationship between bee recruitment and the distance of forage 

from a hive.   

Although colony and foraging models do not predict hive production, they are still useful tools for 

understanding population dynamics and bee foraging behaviors.  Becher et al. (2013) reviewed colony and 

foraging models and noted that Schmickl and Crailshem (2007) produced the most detailed colony model, 

consisting of 67 individual equations and accounting for seasonal and climatic effects, as well as food 

availability (pollen, nectar and honey stores).  Other colony models that account for food availability include 

those by Khoury et al. (2011), Khoury et al. (2013) and Torres et al. (2015), and models that account for 

climatic or seasonal conditions include those by DeGrandi-Hoffman et al. (1989) and Russell et al. (2013).  

Foraging models typically account for food collection and worker allocation to one or more food sources and 

employ energy efficiency as the currency dictating foraging decisions (Becher et al., 2013).  Foraging models 

reviewed included those by Schmid-Hempel et al. (1985), Dukas and Edelstein-Keshet (1998), Higginson 

and Gilbert (2004), Schmickl and Crailsheim (2004), Dornhaus et al. (2006), Johnson and Nieh (2010) and 

Schmickl et al. (2012).  In his review of foraging models, Becher et al. (2013) stressed that existing models 

are limited because they do not account for the foraging of pollen, and they do not consider foraging in 

realistic and heterogeneous landscapes.  Since the review there have been important developments in this 

area and models such as those by Lonsdorf et al. (2009), Becher et al. (2014), Marchand et al. (2015), Olsson 

et al. (2015), Baveco et al. (2016) and Graham and Nassauer (2016) now account for landscape factors such 

as floral density, spatial distribution, patch size, patch distance, resource depletion, resource replenishment 

and diurnal patterns in nectar availability.  Other developments include foraging models by Clarke and 

Robert (2018) that predict honey bee foraging with variation in local weather conditions, and models by 

Tomlinson et al. (2017) and Mitchell (2019) that model the ecological energetics of foraging.    

Reviewing existing colony and foraging models shows that many processes within the hive and outside the 

hive are well understood and well described (Becher et al. 2013).  However, with the exception of the 

models by Janssens et al. (2006), Becher et al. (2016) and Albayrak et al. (2018) there are no models that 

predict the productivity of an apiary.  Rather, models focus on improving existing foraging and colony 

models, often with the aim of trying to understand the cause of declining colony health and colony collapse 

disorder.  It is only more recently with diminishing floral resources, that valuing hive sites for conservation 



DESIGNING HIVE SITES  A new approach to inform revegetation and hive decisions 

23 

 

purposes (Janssens et al. 2006), or valuing forage for improving production (Keasar and Shmida, 2009) has 

been considered.  Existing economic models, such as those by (Marinković, and Nedić, 2010; Sharma and 

Bhatia, 2001; Grgic et al., 2018; Verma et al., 2018) only value hive sites based on costs, revenues and 

profits and do not account for flora or landscape factors.  It is likely that decentralized or poor 

documentation of floral resources and flowering phenology, together with limited studies of bee visitation 

has hindered the development of suitable tools and guidelines for designing hive sites.   

In conclusion, the apicultural industry is currently constrained by a lack of suitable resources (nectar and 

pollen) for beekeepers. Economic loss and declining hive yields and colony health are symptoms of resource 

limitations caused by years of land use change and other environmental impacts. To overcome resource 

limitations, we are now witnessing an interest in and development of “bee farms”. Targeted landscape and 

habitat revegetation (together with habitat conservation) have a central role in safeguarding the apicultural 

industry. As the apicultural industry begins to revegetate landscapes with bee flora, decisions support tools 

become necessary. Although there has been some research effort towards restoring plant-community 

structure and function within the pollination industry, surprisingly there has been very limited effort 

towards restoring landscapes for honey production. Our review of existing literature highlights the absence 

of suitable guidelines, or an approach for this purpose. A science-based approach is urgently needed, to 

enable better planning and design of revegetation activities, before further financial investments are made. 

The key research findings of this project are presented in three papers and a student report (Academic 

outputs). The first paper (already published) provides essential background information (and methods) for 

anyone designing a hive site, or building a model for this purpose. It also addresses data and knowledge gaps 

that limit hive site design, and how they can be overcome. In the second paper (full draft near ready for 

submission to journal) we develop and test an approach to support the revegetation of sites for apiculture. 

The approach is demonstrated and validated using a Western Australian farm revegetation case study. In 

the third paper (currently underway), we show how the methods developed can be adapted to address the 

question of when to move hives between different apiary sites and the kind of melliferous plant species and 

hive sites that should be selected to achieve maximum annual honey production. Finally, in the student 

project we investigate methods for estimating plant nectar production in a landscape over time, and quantify 

nectar-sugar production in E. caesia (a native Western Australian plant species).      

OBJECTIVES 

1. To identify the requirements for methods to help design high-value honey production sites and 

systems. 

2. To develop a new model predicting honey production, based on the plant species mix and number of 

hives at the apiary. 

3. To demonstrate how the model can be used to predict how changes to plant and hive decisions 

affect honey production, and thus inform decisions regarding hive site plantings and numbers of 

hives, using a hypothetical case study located on the Swan Coastal Plain (SCP), in the South-West of 

Western Australia. 

4. To undertake sensitivity analysis and empirical validation of the model. 

5. To describe how the model can be extended, through the addition of optimization routines. 
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6. To investigate methods for determining sugar concentrations in nectar, and estimate the potential 

nectar-sugar production of a native plant species of significance to the Australian apicultural 

industry. 

KEY ACTIVITIES 

1. Extensive literature review of existing models for predicting honey production. 

2. Development of the modelling approach and framework. 

3. Identification of data input requirements for the modelling approach. 

4. Collation of required data for the model, including identification of SCP honey plants and their 

timing, quantity and duration of flowering and nectar-sugar production. 

5. Modelling to predict honey bee hive site productivity, based on the plant species mix and 

number of hives. 

6. Validating predictive models through sensitivity analysis and empirical testing.   

RESULTS 

Refer to Academic outputs (page 10-12) 

IMPACTS 

1. Increased understanding of how apiary site design (plant mix and hive number) affects honey 

production. 

2. Improved revegetation outcomes for the apicultural industry.  

3. Supports the adoption of sustainable practices within the industry, so it can continue to meet 

rising demands for honey-bee products and pollination services.  

OUTPUTS 

A new simulation and optimization approach that helps develop new apiary sites and increase 
resources for apiarists; informs plant species selections and hive stocking numbers; is based on a 
model that integrates available information and accounts for the most important factors affecting 
honey production at a hive site; has been tested with a farm revegetation scenario; and helps us to 
understand how apiary design decisions affect honey production and improve revegetation outcomes 

IMPLICATIONS   

Revegetation to date has focussed on biodiversity and water quality management together with 
aesthetics. This project enables the consideration of the sustenance of honey bee colonies to sustain 
their health and ability to produce honey.  

The model also has the capacity to assess agriculture biodiversity regeneration, for its ability to 
attract honey bees for pollination and sustainability through seed or fruit production.  
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Recommendations  

 Training and adoption of the model by rehabilitation experts will enhance the benefit of new 
plantings to the honey bee industry. 
 

 Continue the incorporation of further research of nectar and pollen production by Australian 
plant species (timing, quantity, inter-annual variation, pollen-quality and time taken to reach 
flowering maturity) into the database supporting the model. 
 

 Better understand honey bee population reproductive cycle and development (egg laying rate 
and longevity) under Australian conditions. 
 

 Improve the model by adding a spatial component (to inform the spatial arrangement, or 
placement of plants and hives). 
 

 As data becomes available, account for the inter-annual variation in nectar and pollen 
production. 
 

 Improve the model by accounting for pollen production (quantity and quality) by plant species. 
This would enable the pollen supply to be synchronised with colony resource demands (and to 
be nutritionally balanced). This would support pollination services (Figure 4).  
 

 Improve the model by adding an economic component (e.g. that incorporates the market 

value of different floral honeys and cost of planting and maintenance of each plant species). 

 

 

Figure 4:  These hives are being used for pollination in a commercial avocado orchard. We recommend the model be 
improved to account for the quantity, and perhaps quality, of the pollen supply. This may allow it to inform plantings for 
pollination and improve pollination outcomes. 
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