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Abstract 
Queenless honeybee hives are less productive and eventually die, so beekeepers spend 
considerable time searching their beehives for the queen bee. In comparison, the bees 
themselves can identify and communicate queenlessness between their thousands of 
hivemates in minutes. This project aimed to identify the pheromones and volatile organic 
compounds (VOC) signals of queenlessness in the honeybee hive. VOCs were sampled using 
Solid Phase Micro-Extraction (SPME) from 12 bee hives split into three treatment groups 
over seven weeks. QueenRight hives retained queens for the duration of the experiment and 
were a control. Self-Raised hives lost their queens, but were allowed to raise a replacement. 
Queenless hives lost their queens at the same time as the Self-Raised hives, and were not 
allowed to raise a replacement queen. SPME samples were analysed using Gas-
Chromatography/Mass-Spectrometry. Compounds found in the samples were compared to a 
NIST library, and identified with confidence scores. Changes in identified compounds were 
compared to changes in behaviour, which was noted weekly after samples were collected. 29 
compounds were chosen for their biological relevance; of these 14 compounds returned 
statistically significant differences between the groups; and of these just three returned 
significant interaction effects between treatment and time. These compounds may be utilised 
(in a yet to be developed device) by beekeepers to identify queenlessness in their hives, 
saving both the beekeeper and the bee time and effort. 
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1. Introduction 
1.1. Precision agriculture and beekeeping 

Precision agriculture, that is the inclusion of modern technology in agricultural systems, has 
led to more efficient resource use and vastly improved agricultural yields since the 1980’s, 
when the field emerged (Gebbers and Adamchuk 2010). The use of precision equipment, 
such as sensor systems in agriculture have led to better detection of soil viability (Wang et al 
2006) and faster detection of disease outbreaks (Gong et al 2017) and pest infestations 
(Laopongsit et al 2014) to name a few. For example, the dairy industry can now calculate the 
protein levels in the grass in their paddocks from satellite images (Eastwood et al 2009). In a 
similar fashion, ‘precision apiculture’, also termed ‘precision beekeeping’, has seen remote 
sensors developed to measure the weight, temperature, humidity and acoustics within 
managed honey bee hives (Zachepins et al 2015). 
 
Like most agricultural fields, beekeeping has undergone rapid technological advances since 
the industrial revolution, allowing unprecedented scales of honey production and commercial 
pollination (Corbet et al 1991, Abrol 2013). For example, the advent of trucks has allowed in 
cross-country migration of beehives to fulfil pollination contracts and follow seasonal nectar 
availability, resulting in exponential growth of managed hive numbers in many countries 
(Morse and Calderone 2000). In addition managed honey bee populations, and their 
economic value, have grown globally as a result of increasing demand for commercial 
pollination shortage (Aizen et al 2008). As the human population continues to grow, and 
given that over 80% of all crop species depend on insect pollination (Aizen et al 2008), 
efficient honey bee management is likely to be vital for food security in the future. 
 

1.2.Queen assessment by beekeepers 
Not all aspects of beekeeping have been advanced by technology, and so continue to rely on 
time-consuming manual labour. An important and time demanding task is the assessment of 
queen bee quality and presence within a beehive. This task is still confirmed by visual 
inspection, which can take from 5 to 30 minutes or until the queen is spotted (Abrol 2013, 
Zacepins et al 2015). The task is completed two to four times per year (Adam 1975). 
Therefore, a beekeeper managing 500 or more hives will require between 60 and 1000 hours 
per annum. In addition, the visual inspection is invasive, opening the hive is highly disruptive 
to hive thermoregulation, which can cause brood death and impair the laying ability of the 
queen bee (Abrol 2013, Colin Fleay 2019, pers. comm. September 21) and can pose a risk to 
disease contamination. 
 
  
There are alternative/ additional methods for detecting queen presence, which can also assess 
queen vigour. These methods are useful as visual inspection can be difficult, given the queen 
bee doesn’t differ greatly morphologically from the thousands of worker bees. The most 
common indirect method is looking for eggs, which indicates queen presence within the 
previous 72 hours (Abrol 2013). Similarly, the developmental state of the brood can be used to 
determine the last presence of a queen. For example the absence of eggs but presence of larvae 
indicate a queen was present between four to nine days prior, while the presence of capped 
brood but absence of eggs and larvae indicate a queen was present nine days prior to the 
inspection (Abrol 2013). In addition, the presence of queen cells (developing queen larvae) 
indicate that the worker bees are attempting to replace the old, ill or dead queen (Page and Peng 
2001, Abrol 2013).  
There are important issues other than queenlessness concerning the queen status in the hive, 
including queen quality and queen age, both of which concern egg laying ability. Queen quality 
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concerns egg laying: they lay between 1500-3000 eggs per day. High quality queens lay more 
eggs, which result in hives with larger population sizes. In turn larger population sizes results 
in greater honey production and higher in pollination services. Queen age is important because 
egg laying decreases with age (Adam 1975) 
 
 

1.3. Bee biology 
Honey bees are a eusocial insect that exhibit a division of labour between the three adult 
castes (queens, workers and drones) (Hoover et al 2003). The drones are the male proportion 
of the population and number between zero and 400 depending on the season and strength of 
the hive (Abrol 2013). The workers divide the entirety of the labour based on age during their 
short life of approximately six weeks (nurse bees, foragers, building comb etc. while the 
queen bee is the only member of the colony who sexually reproduces (Paige et al 2001, Abrol 
2013). A virgin queen mates with multiple males during one or a few nuptial flights at the 
beginning of her life. She then remains inside the hive, where she lays up to 3000 eggs per 
day. A queen can survive for as many as 7 years, however her productivity reduces after 
approximately two years. This means that a hive is only as good, in a commercial sense, as 
the queen bee and a higher quality queen , for beekeepers and growers, is one who produces a 
larger colony.  
 
As well as the state of presence of the queen, the queen herself may vary in quality. As 
previously stated the queen may lay a highly variable number of eggs per day. This can create 
huge variations in population sizes between hives which results in unequal honey production 
or differences in pollination services between hives. Queens need to produce a minimum of 
1800 eggs per day to maintain an adequate worker bee population for honey production (Harbo 
1986, Abrol 2013). This is because 1000 workers die of disease, predation or senescence each 
day (Harbo 1987). In addition to these losses the movement of hives from one location to 
another, by beekeepers, to follow the flowering cycles results in a loss of five to ten percent of 
the hives total population due to transportation (Colin Fleay 2019, pers. Comm. September 21). 
A brood break, when the queen doesn’t lay, results in massive losses of worker bees can mean 
that the colony cannot forage for a while, resulting in deteriorating hive health and loss 
productivity. 
 

1.4.Queenslessness 
The states of queenlessness (no queen present in the hive) or queen right (a queen present in 
the hive) are of key importance to a commercial beekeeper. The queen is the only reproductive 
member of the hive. Her fertility is the fundamental determining factor in the hive population, 
and this is directly correlated to honey and pollen production (Harbo 1986, Moore et al 2015, 
Colin Fleay 2019, pers. Comm. ‘September 21’) 
 
Queenlessness occurs when a queen dies or departs a hive leaving worker bees and brood 
behind, typically the hive will attempt to ‘self-raise’ a queen from an egg as fast as they can 
(Adams 1975, Abrol 2013, Colin Fleay 2019, pers. Comm. September 21). Self-raising is when 
workers feed developing larvae royal jelly, which will ensure the larvae develop into queens 
instead of workers. Self-raising a new queen typically requires 15 days (Abrol 2013). 
 
 

1.5. Pheromones 
In contrast to beekeepers, honey bees are able to assess queen presence and quality. They use 
chemical signals, which are rapid (information can spread throughout the hive in minutes), and 
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broadcast widely (communication with tens of thousands of bees) (Snelgrove 1949, Adam 
1975, Abrol 2013). Pheromones are used to initiate a behavioural or physiological response 
from one member of a species to another member of the same species (Slessor et al 2005, 
Bortolotti and Coasata 2014). Importantly, pheromonal signalling processes are a 
communication method that humans can detect and interpret (Wang et al 2006, Gong et al 
2017, Laopongsit et al 2017). 

The three adult castes rely on pheromones to generate and maintain the complexity of their 
social structure (Maisonnasses et al 2010). Pheromones are associated with almost every aspect 
of a honey bee colony: reproduction and development (including swarming and queen mating), 
defence, foraging, orientation, grooming and other colony activities from foundation to the 
decline of the colony (Free 1987). 
These pheromones can be categorised in several ways. The first is by function, with two types 
recognised: releaser pheromones, which trigger a short term, behavioural response and primer 
pheromones which trigger a long term physiological response. The second way to categorise 
pheromones is by the producer i.e., the queen, worker, drone or brood (Table 1). 
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Table 1. Pheromones used by honey bees (Apis mellifera). For full names of chemical compositions see 

appendix 4. 

Pheromone 
name 

Producer 
Caste 

Type Effect Chemical 
composition 

Reference 

Queen 
mandibular 
pheromone 

Queen Primer/ 
releaser 

Retinue, ovary 
development 
suppression 

9-ODA, 9-HDA, 
HOB, HVA 

(Hoover et al 
2003) 

Tergal Gland 
pheromone 

Queen Primer/ 
releaser 

Retinue, ovary 
development 
suppression 

(Z)-9-OD (Wossler and 
Crew 1999a, 
Wossler and 
Crew 1999b) 

Footprint 
pheromone 

Queen/
Worker 

Releaser Prevents the building 
queen cells 

N/A (Butler et al 
1969) 

Alarm 
pheromone I 

Workers
/ Queen 

Releaser Attract other bees. Act 
aggressively 

40+ compounds. 
IPA, BTA,1-HO, n-
BO, 1-O, HA, OA, n-
PA, 2-NN  

(Robinson 
1985) 

Alarm 
pheromone II 

Workers Primer/ 
releaser 

Repellent. Anaesthetic 
used on intruders 

2-HN (Robinson 
1985) 

Brood 
recognition 
pheromone 

Brood Primer Repress ovary 
development in 
workers 

10 compounds. 
Fatty-acid esters. 
E-b-ocimene

(Maisonnasse 
et al 2010) 

Drone 
pheromone 

Males Releaser Attract other drones to 
suitable mating sites 

1G-2D-3-P (Koeiniger 
and Veith 
1983) 

Dufours glad 
pheromone 

Workers
/ Queen 

Releaser Allows a distinguish 
between eggs laid by 
worker and eggs laid by 
queen 

24 chemicals. Williams et al 
1981, 

Egg marking 
pheromone 

Queen Releaser Allows distinguish 
between worker layers 
and queen laid eggs. 

N/A Oldroyd et al 
2002 

Footprint 
pheromone 

Workers, 
Queen, 
Drones 

Releaser Attractant released by 
feet, used in hive 
entrances and flowers 

Fatty acids and 
esters 

(Butler et al 
1969, 
Winston and 
Slessor 1998) 

Forager 
pheromone 

Workers Primer Slow the maturing of 
nurse bees 

E-O (Pankiw 
2004) 

Nasonov 
pheromone 

Workers Releaser Orientation and 
recruitment of worker 
bees in clusters 

(Z)- and (E)-citral, 
geraniol, nerolic 
acid, and geranic 
acid 

(Picklett et al 
1980) 

1.6. Biochemical analysis of queens 
It is well documented that honey bees differ morphically between castes and queen which are 
genetically identical to the other female workers is one phenomenon that has fascinated 
biologists for centuries (Robinson et al 1990). Queens and workers are produced from identical 
larvae and for the first two days they are fed the same amount of royal jelly, after two days the 
larvae that are to become workers have their diet altered and those that are to be queens are 
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continuously fed royal jelly until day five (Abrol 2013). During this developmental time the 
mandibular gland and the abdomens, containing most of the organs of the bees exhibit the 
highest proportionate growth rate. However, it is the mandibular gland which secrets the most 
important pheromone in regulating social activity within the hive. The queen mandibular 
pheromone (QMP), affects the physiology and behaviour of all colony members, it represses 
the development of the ovaries in the workers and recruits a retinue of workers for the queen, 
a small cluster of workers to tend to the queen (Wossler and Crewe 1999a & b).  
It is common for worker bees to be laying unfertilised eggs, which will develop into drones, 
constantly in the hive (Robinson et al 1990) with other workers identifying the larvae as not 
from the queen and then recycling the protein through cannibalism (Abrol 2013). 
While there are many pheromones that are produced by the bee within the beehive they are not 
the only volatile organic compound (VOC), bee products such as the wax, propolis, honey and 
pollen, and then the frames and the boxes all give off their own unique smells. 
 

1.7. Experimental design 
Inspired by the bees, the purpose of this study is to identify potential VOC biomarkers that 
can act as indicators for queenlessness or queen quality within a functioning honey bee hive. 
First a pilot experiment was conducted to sample volatile organic compounds from queens 
and worker bees in the laboratory. Then, in a field experiment, volatiles were sampled from 
whole hives (a novel approach) that were queenright, queenless or in the process of self-
raising a new queen. Volatile profiles were then compared between treatments in order to 
identify volatile compounds that could be used in ‘queenright’ sensor device for precision 
beekeeping. In order to develop a non-invasive method for sampling a honey bee hive to 
detect queenlessness I measured the VOC’s of honey bee hives that have been made 
queenless, were allowed to self-raise their own queen and compare them with the VOC;s 
from queenright hives over the period of seven weeks. This will provide one week of 
background data from the hives and six weeks of data post making the hives queenless. 
 

1.8. Hive assessments 
To complement the VOC study an observational study was developed for two purposes; to 
confirm the status of the queen throughout the experiment in each treatment group and two; 
assess changes in behaviour and correlating those changes to changes seen in VOC profiles. 
To more accurately assess changes in behaviour a standard index for queen and hive quality 
was developed utilising two standards, one from Europe and another from the United States 
of America (Bee breed 2019). The traits selected were biased on their relativity to current 
Australian queen bee trait selection and the index was developed so that a higher score meant 
a more desirable trait e.g. calmness instead of aggression. Traits were scored on a scale of 1 
to 4, with 1 being a low and less desirable score and 4 being a high and more desirable score 
for the trait. The limit of the score was set to four as many of the traits were based around the 
activity of the bees on frames and the hives were all four-frame nucleus hives. For a more 
statistical approach future indexes may range as high as 10). 
 
 Although SPME has been criticised as not being suitable for quantitative analysis (Ulrich, 
2000), it has high sensitivity, mobile and has moderate costs and is easy to operate which 
meets the requirements of industry and outweighs the drawbacks (Pillonel et al 2002). Also, 
it has yet to be used in field studies outside of the lab and as such there is a gap in the 
knowledge that this study attempts to cover. 
 
Given that queens do emit pheromones into the airspace of the hive to regulate social 
behaviour and structure (Wossler and Crew 1999a, Slessor et al 2005, Moore et al 2015) it is 
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hypothesised that the presence of the queen will be able to be detected by sampling the 
volatile organic compounds within the headspace. This study aims to identify viable 
biomarkers that indicate queenlessness in order to further develop a sensor that can be 
commercialised and made available as a tool to aid beekeepers.   
 

2. Methods 
 

2.1 Honey bees and beehives 
In March 2019, I assembled twelve four-frame beehives (known as nucleus or nuc’s) where 
assembled, each containing four frames of foundation (pine frames with a thin sheet of wax), 
a queen (sourced from a local queen bee breeder, for $30 AUD each) and a 1kg package of 
worker bees (from a local but separate source from the queens). Note this is the standard 
beekeeping practice of making new hives. I placed the new hives in the University of Western 
Australia’s apiary, where they were placed in an open, sunny area I assembled the hives two 
months before experimental work, in order to allow the bees to gather and grow within their 
hives to levels of a commercial nucleus hive. I considered hives to be ‘established once they 
had built their own wax comb on the foundation frames, laid eggs and had developing brood, 
and had begun storing pollen and honey.  
There were some modifications to the standard practice. As there was little natural food in the 
surrounding flowers. I fed the hives pollen patties (100g) and sugar water (50% glucose 
solution) in order to grow. To accommodate the feeding trays a ‘riser’ (an extra inch and a half 
of pine wood) was placed between the lid and the main box.  
When the experiment was ready to begin, I removed the feeding trays and modified the lids to 
create a headspace for the volatile organic compound (VOC) sampling and the feeding trays 
were removed. Firstly, I drilled a 13mm wide hole was drilled on the side of the lids to allow 
the VOC sampling device to be inserted into the hive (see section 2.3). I moulded an aluminium 
stopper was moulded to fit into the hole when the not sampling in order to stop the loss of 
volatiles and to help the bees maintain thermoregulation within the hive. Finally, the lid had 
aluminium flywire (2mm) stapled to the underside to separate the headspace space from the 
hive and to prevent the bees from physically interfering with the VOC sampling.  
 

2.2 Experimental design 
In the first week in June, measurements of each hives’ VOC profile were taken (see section 
2.3) and used as a baseline profiles for each hive. The hives were assigned numbers B1-B12 
and placed randomly into one of three treatment groups using a random number generator. The 
experimental design contained three treatment groups with four replicates in each group 
(Figure 1.) The first treatment group was left ‘Queenright’, with a queen in the colony (control 
group). The second treatment group was ‘Self-Raised’, which were made queenless (queen 
removed) in week two, one day before the second measurements were to be taken, and left to 
raise a new queen, have the queen mated, and return the hive to a brood production level similar 
to when the experiment began, this would take six weeks. For the third treatment group, 
Queenless, queens were removed at the same time as the Self-Raised hives, however, the day 
after sampling any attempts these hives were making to raise a queen bee were destroyed.  This 
rendered them ‘hopelessly queenless’ after a four week period, as the availability of young 
brood diminished to a point where a queen could not be raised. The experiment was concluded 
when all four Self-Raised hives had a mated and laying queen. 
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Figure 1. Experimental design of the 12 beehives that were either Queenright ( ; left) for the duration of 
the experiment, had the queen removed but allowed to Self-Raise a new queen ( ; middle), or made 
Queenless (  right) for the duration of the experiment.  

 
2.3 Volatile organic compounds sampling  

VOC sampling was achieved using solid phase microextraction (SPME) fibres. SPME is a 
solvent-free extraction technique, used here to collect VOCs in the headspace of the beehive 
to be analysed subsequently by gas chromatography / mass spectrometry. The key feature of 
SPME is the extraction fibre, protected inside the needle of a syringe. The SPME fibre is made 
of fused silica coated with a thin layer (50/30 µm and 75 µm) of immobilized polymer or a 
solid adsorbent. Two types of fibres were tested for this experiment : a 2-phase 
Carboxen/Polydimethylsiloxane (PDMS/CAR) (504831, Supelco) fibre and 3-phase 
Divinybenzene/Carboxen/Polydimethylsiloxane fibre (57328-U, Supelco) which is more 
general and binds flavours (volatiles and semicolatiles, C3-20) (MW 40-275). After 
optimisation trials (section 2.5), the three-phase fibre was used for all remaining VOC 
sampling. Fibres were fitted into a SPME Fibre Holder (57330-U, Supelco)  designed for use 
with manual sampling before use. To collect a volatile sample, the fibre was first baked out in 
the inlet of a gas chromatography mass spectrometer (GC-MS) at 270°C for 15 minutes to 
remove any volatiles that had adsorbed during fibre storage. After this bake out they were 
incubated in the transport cases for 15 minutes and a temperature gradient was run on the GC-
MS to obtain a ‘blank’ sample. For measurement of the beehive headspace, the fibres were 
transported to the bee yard inside a sealed glass vial. The aluminium stopper was carefully 
removed from the opening in the beehive lid, so as not to disturb the hive, then the SPME 
holder was placed into the hole and then the fibre protracted for one hour within the hive (at 
approximately 34oC). At the end of the incubation time the fibres were retracted into the SPME 
holder, removed from the hive and returned into the small glass vials for transportation back to 
the lab. Weekly SPME sampling was completed over two days for all 12 hives. This was due 
to the time that it took to gather a sample and analyse VOCs on the GC-MS. Two three-phase 
fibres were staggered between samples to maximise time efficiency since only two fibres and 
one GC-MS instrument were available that could process one sample at a time. 
 

2.4. GC-MS analysis 
Initially the protocol for the sampling method needed to be developed. While SPME has been 
previous used to measure VOCs of honey bees (Cuevas-Glory et al 2007), this is the first 
attempt at assessing the VOC composition of a whole beehive. As such, the incubation 
period, deconvolution time, the fibre type and the GC-MS temperature gradient needed to be 
optimised so the maximum number of compounds could be separated and analysed. Previous 

1 week 

6 week 

Queenright treatment Self-Raised treatment Queenless treatment 
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lab experiments using SPME have shown that by incubating 1kg of wheat at 50°C, SPME 
could adsorb enough pheromone volatile components to allow identification of infestations 
by a single weavil (Laoponsit et al 2013). In addition, previous sampling for live honey bee 
queens utilising SPME showed that at room temperature honey bees emitted enough 
pheromones to be extracted by physical contact of the SPME fibres (Gilley et al 2006). 
Therefore, given that (i) the temperature of the honey bee brood nest is at stable 35°C (Abrol 
2013), (ii) the large number of pheromones and VOC;s bees use within a hive for social 
regulation (Butler et al 1969, Free 1987, Hoover et al 2003, Pankiw 2004, Gilley et al 2006, 
Bortolotti and Costa 2014), and (iii) the larger amount of bees in a while-hive approach, that 
SPME should be a suitable technique to measure the volatile pheromone components. Pilot 
experiments conducted by the lab previously (Moran et al 2019, unpublished data) showed 
that 1 hour of incubation allowed adequate adsorption of VOCs in-hive. 
 
Injections were performed manually in splitless mode using a Agilent Technologies 7890A 
gas chromatograph coupled to a quadrupole mass spectrometer 5975C inert XL MSD with 
Triple-Axis Detector. The fibre was injected into the inlet and allowed to desorb for five 
minutes at 270°C, using a SPME compatible inlet liner. Three different columns were tested, 
DB-WAX, DB-5ms and VF-5ms. The columns showed great variation between the intensity 
of peaks. The column which regularly displayed a higher reading was the DB-WAX column, 
which was subsequently used for the time course experiment and all subsequent analyses. 
The heat gradient of the GC-MS oven was optimised during this study to separate compounds 
as much as possible. Several gradients were tested, the final gradient, originally developed by 
Metabolomics Australia for a different SPME project was as follows: 40°C for two minutes, 
3°C per minute (hereafter /pm), hold at 80°C for 3 minutes, increase by 5°C/pm and hold at 
150°C, then increase to by 10°C/pm until at 250°C and hold for 10 minutes. The detector 
operated in scan mode from 35 to 400 Da with a scanning velocity of 3.89 scans/s. 
 

2.5 Behavioural Observations  
The day after SPME sampling was finished each week, a quality assurance check was 
conducted for each hive making sure that the treatment conditions for each hive were true: in 
other words that Queenright hives still had a queen, Queenless hives did not have a queen, and 
the Self-Raised hives were working towards producing a new queen. The quality assurance 
check involved opening the hives between 11am and 1pm and checking every frame for bee 
behaviours. While checking the queen-status of each hive, the hive condition was recorded in 
order to measure the quality of the hive and to correlate behavioural changes with VOC 
profiles. As a standard index of measure for hive condition does not exist for Australian 
beekeepers, so I developed one by using a standard from Europe (Institute for Bee Research, 
Hohen Neuendorf 2019 ) and appropriated it for Australian standards (Table 2).  
 

Table 2. A standard index of hive quality developed to quantitatively assess four frame nucleus hives in 
Western Australia.  
Variable Score Observation 

Colony size  

1 Small ball of bees, restricted to one frame 
2 Mass of bees spanning two frames 
3 Bees dense on three frames 
4 Hive is full dense population on all frames 
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Vigour 

1 Cold, slow shivering, not working at all 
2 Restricted activities to near brood 
3 Only working near the door and on brood 
4 Working and active along whole frames 

  
  
  

 

Gentility  

1 Bees panic and run away when a frame is moved, leaving frame behind 
2 Slight migration when disturbed 
3 Migration when disturbed  to top of frame 
4 Remains working on frame when disturbed 

  
  
  

Calmness  

1 Stinging behaviours 
2 Defensive flying 
3 Raised abdomen when lid opened 
4 No aggression displayed 

  
  
  

Queen present  

1 Absent; no grubs or eggs, capped brood present 
2 Absent; grubs but no eggs 
3 Absent; eggs still present 
4 Present and laying 

  
  

  

Queen vigour  

1 Dead 
2 Sedentary but alive 
3 Moving around, not laying 
4 Moving around and laying 

  
  
  

Queen cells 0+ (count 
of cells) Total number of queen cells in hive on all frames 

  
  

  

Drones 

1 No drones present 
2 Patchy drone laid in drone comb 
3 Small cluster of drone brood at back of the hive 
4 Drone laying evident 

  
  
  

Honey stores  

1 No uncapped honey 
2 Uncapped honey on one frame 
3 Capped honey on one frame 
4 Capped honey on 2 or more frames 

  
  
  

Pollen stores 
  
  
  

1 No pollen stores 
2 Minor pollen stored 
3 Pollen stores on one frame 
4 Pollen stores on two or more frames 

  
  
  

Brace comb 1 Drawing comb on 1 frame 
  2 Drawing comb on 2 frames 
  3 Drawing comb on 3 frames 
  4 Drawing comb on all frames and building around the hive 
  
  
  

Burr comb 

1 Lots of burr comb on frames 
2 3 frames with burr comb 
3 2 frames with burr comb 
4 No burr comb 

  
  
  

1 Dead fish odour notable upon opening the hive, over 50 infected larvae 



 15 

American foulbrood 
(disease) 

2 Over 20 symptomatic larvae 
3 One or two cells of symptomatic larvae 
4 No AFB 

 
 
 

  
  
  

Chalkbrood (disease) 

1 Mummies everywhere 
2 Smell of chalk brood present 
3 White seen around cell capping 
4 No chalk brood 

  
  
  

Sacbrood (disease) 
1 Diseased larvae present 
4 No sac brood 

  
  
  

Nosema (disease) 
1 Evidence of dysentery; bee faeces on the lid and face of hive 
4 No Nosema present 

 
 

2.6 Isolated queens (a pilot experiment) 
In a pilot experiment to see if queen presence could be detected using VOCs, three queens were 
isolated in queen cages, placed into glass beakers, covered with aluminium foil and subjected 
to SPME headspace analysis. Once removed from the hive, a queen and three nurse bees 
(‘escorts’ which tend to the queen) were placed into a small plastic cage with a small amount 
of queen candy (a sugar/honey mix). In addition, two cages with four nurse bees (‘queenless’) 
and the same amount of queen candy were also analysed as a control. Each cage was placed in 
a clean glass beaker with aluminium foil over the top to hold the volatiles in. The cages were 
kept in the beakers for one hour prior to VOC collection to allow VOCs to accumulate. The 
fibre was inserted through the aluminium foil and exposed for an hour at room temperature. 
The fibre was then retracted and taken to the lab for analysis.   
 
 

2.7 GC-MS Data Analysis 
The final GC-MS protocol ran for 53 minutes. Samples were then analysed in MassHunter 
Qualitative Analysis (v. B.0.800) for a comparison against ‘blank samples’ (samples of clean 
fibres) to determine the biologically relevant VOCs (Vas and Vekey 2004).VOCs were 
identified by deconvoluting peaks with AMDIS (version 2.64, 2006) and the mass spectra 
compared to databases using the NIST Mass Spectral Search Program (NIST/EPA/NIH/Mass 
Spectral Library, Version 2.0.d, 2005). By comparing random samples, one each week for the 
seven weeks of the experiment, against blanks (measurements taken of clean fibres) allowed 
me to identify 29 compounds that were quantitated using the Agilent MassHunter 
Quantitative Analysis software for GC-MS (Agilent Technologies, Verysion B.07.01 2008) 
all mass spectra were aligned and the peak intensities of the 29 biologically relevant 
compounds were extracted in a .csv format and exported to excel (Microsoft). 
 

2.8 Statistical Analyses 
The results of VOC and behavioural studies were analysed on the statistical package Rstudio. 
VOC data was normalised using Log 10 to reduce heteroskedasticity. The assessment was a 
non-linear mixed effect model, in the formula of Lindstrom and Bates (1990), but allowing for 
nested random effects. Performing a repeated measures ANOVA and a post-hoc Tukey-test for 
determining the direction of significance as well as the time points which resulted in significant 
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effects of the treatment. Compounds with significant effects of timepoint were not subject to a 
Tukey test as timepoint was seen to contain too many indeterminant causes i.e. weather, 
availability of certain compounds. Behavioural data was analysed with the same model but the 
data was not normalised. Statistically significant results for treatment or interaction were 
subject to a post-hoc Tukey test. 
 
 

3. Results 
 

3.1 Method optimisation 
The 2-phase fibre was used in the optimisation process based on previous literature (Giley et 
al 2006) and the three phase fibre was selected to try to adsorb as wide a range of compounds 
as possible. The general profile of peaks from both fibres is similar in number of peoples in 
the total ion chromatogram, however the peaks desorbed from the two phase fibre  appear 
slightly bigger (4.5 x105), compared to the three phase-fibre (2.5 x105) (Figure 2). However, 
there are no peaks that appear in only one sample and not the other. The large number of 
peaks at the end of the 3-phase fibre are column bleed (compounds that come off the column 
and not the fibre) and appeared in blank samples. 
 

 

Figure 2. Comparison of 2-phase SPME fibre (top) and 3-phase SPME fibre (bottom), showing similar 
composition and abundances of volatiles detected.   

 
The comparison of the different column types resulted in TICs with different orders of 
magnitudes. The DB-Wax column showed the most intense peaks in the order of magnitude 
with x106, the DB-5ms resulted in a TIC at the order of magnitude of x105 and the VF-5ms, 
resulted in an order of magnitude of  x104. The sample ran on the DB-5ms column had a 
shorter temperature and only ran for 27 minutes however still reached the same maximum 
temperature (270°) compared to samples ran on the DB-Wax and the VF-5ms columns.  
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Figure 3. Chromatograph outputs comparing three GC-MS column types; DB-Wax (top), DB-5ms (middle) 
and VF-5ms (bottom) showing differing orders of magnitude.   

 
Samples collected with the same fibre (3-phase) and using a DB-Wax column. The gradient 
the oven was heated over shows a 3°C increase per minute to 80°C then a hold period of 4 
minutes and an increase of 5°C per minute to 170° with a final ramp of 10°C per minute and 
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a 10 minute hold at 270°C. Most of the volatile compounds came off of the column between 
4 and 40 minutes, showing clear separation with good peak shape.  
 

 
Figure 4. Chromatograph showing the optimised oven gradient (red dotted line) overlayed on 
chromatogram (black line). 

 
 
 

3.2 Hive Observation 
Behavioural characteristics changed over time for the seven week experimentation period. The 
weight of hives in the Queenright hives significantly decreased over the duration of the 
experiment (see Table 3, Fig. 5), with an average weight of 11.81 kg at the start and a final 
average weight of 9.5 kg. Self-raised and Queenless hives experienced no significant weight 
loss but did decrease in weight slightly. 
Average colony size for treatment types of Queenright and Self-raised showed a higher 
variation over the seven week period compared to Queenless treatment type showed a steady 
and consistent decline after week three (Week 5; QL-SR = 0.032, Week 6; QL- SR = 0.026 
QR-QL = 0.047 
 (Figure 5, Table 3).  
 
Vigour ratings decreased for the three treatment types over the six week experimental period. 
The Self-raised treatment group showing the least decline of the three treatments. 
 
Calmness rating for Queen Right hives were consistent throughout the experimental period. 
The rating for Queenless hives shows continual decrease after being queenless for two weeks. 
The rating for Self-Raising hives decreased initially, but then increased at week four, which 
is when the virgins hatched (see Table 3, Fig. 5).  
 
Gentility shows over time hives generally become more gentile. Queenright hives showed a 
stable rating over the experimental period. Self-Raised show the highest increase in gentility 
rating, and Queenless hives showed only a slight decline.  
 
  



 19 

 
Figure 5. Multiple line graphs with error bars showing the behavioural data collected from the 2nd week of the 
experimental period to the 7th week of the experimental period averaged for the hives in each of the three 
treatment groups: Queenless (Red), Queenright (Green) and Self-Raised (Blue).  
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Table 3: Non-linear mixed effect model ANOVA allowing for random effect of hive results of behavioural 
observations. 
Observation χ2 df P-value Post-hoc 
Weight Treatment = 3.741  

Week = 92.044 
Interaction = 8.818 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = 0.154 
Week = <0.001*** 
Interaction = 0.012* 

Interaction 
Week 5;  
QL-QR = 0.019 
QR-SR = 0.045 
Week 6; 
QL-QR = 0.013 
QR-SR = 0.016 
Week 7; 
QL-QR = <0.001 
QR-SR = <0.001 

Colony size Treatment = 2.238 
Week = 6.632  
Interaction = 11.885 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = 0.327 
Week = 0.010*  
Interaction = 0.003** 

Interaction 
Week 5;  
QL-SR = 0.032 
Week 6; 
QL- SR = 0.026 
QR-QL = 0.047 
 

Vigour Treatment = 2.980 
Week = 17.139  
Interaction = 5.236 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.225  
Week = <0.001*** 
Interaction = 0.073 

N/A 

Calmness Treatment = 3.030 
Week = 1.521 
Interaction = 6.899 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = 0.219 
Week = 0.217 
Interaction = 0.032*** 

Interaction 
Week 3;  
QL- QR = 0.044 
QR-SR = 0.038 
Week 5; 
QL-QR = 0.030 
QR-SR = 0.044 

Gentility Treatment = 4.729 
Week = 2.097  
Interaction = 4.569 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = 0.093  
Week = 0.148  
Interaction = 0.102 

N/A 
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Queen 
presence 

Treatment = 97.027 
Week = 3.610  
Interaction = 15.237 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = <0.001*** 
Week = 0.057 
Interaction = <0.001*** 

Treatment 
QL-QR = <0.001 
QL-SR = 0.008 
QR-SR = 0.008 
Interaction 
Week 2;  
QL-QR = <0.001  
QR-SR = <0.001 
Week 3;  
 QL-QR = <0.001  
QR-SR = <0.001 
Week 4 ; 
QL-QR = <0.001  
QR-SR = <0.031 
Week 5; 
QL-QR = <0.001  
Week 6; 
QL-QR = <0.001  
Week 7; 
QL-QR = <0.001  
 
 

Number of 
queen cells 

Treatment = 17.088 
Week = <0.001  
Interaction = 0.672 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = <0.001*** 
Week = 0.978 
Interaction = 0.714 

Treatment  
QL-QR = 0.002 
QR-SR = 0.027 

Drones Treatment =1.983  
Week = 8.273 
Interaction = 5.289 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.371  
Week = <0.001*** 
Interaction = 0.0710 

N/A 

Honey stores Treatment = 1.648 
Week = 4.959  
Interaction = 2.201 

Treatment = 2 
Week = 1 
Interaction = 2 

Treatment = 0.438 
Week = 0.025*  
Interaction = 0.332 

N/A 

Pollen stores Treatment = 3.232 
Week = 0.365 
Interaction = 1.369 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.198 
Week = 0.545  
Interaction = 0.429 

N/A 

Brace comb Treatment = 2.212 
Week = 0.377  
Interaction = 2.373 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.331  
Week = 0.539  
Interaction = 0.305 

N/A 

Bur comb Treatment = 1.498 
Week = 2.303  
Interaction = 0.467 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.472 
Week = 0.129 
Interaction = 0.792 

N/A 

Temperature Treatment = 5.642  
Week = 1.031 
Interaction = 0.372 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.595 
Week = 0.309 
Interaction = 0.830 

N/A 

Humidity Treatment = 0.727 
Week = 23.261  
Interaction = 4.781 

Treatment = 2 
Week = 1  
Interaction = 2 

Treatment = 0.695 
Week = <0.001*** 
Interaction =0.092 

N/A 
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3.3 Queen isolation experiment 
Comparing the VOC of honey bees in the presence and absence of the queen bee captured in 
glass beakers, detected 17 compounds of biological relevance (compared to an atmospheric 
air blank) (Table 4). Fold changes were calculated by averaging the compound abundance for 
each treatment type and then dividing the queenless values by the values of the average of the 
samples with the queens. The sample size of this experiment was small (n=6) and the 
comparison showed no statistical difference (p<0.05) utilising a Students t-test. Nevertheless, 
the experiment showed promising results using the SPME fibres. The measurements of b-cis-
ocimene, acetoin and isopentyl alcohol acetate (Table 4, Figures 6 & 7) are known 
compounds produced by honey bees so with the method validated the main experiment could 
proceed. Furthermore the levels of b-cis-ocimene reduced dramatically (-33 fold) in the 
queenless sample, it is known to be compound found within the QMP. Despite the small 
sample size, cluster analysis of the 17 compounds showed some form of reproducibility.  
 

Table 4. The compound name and formula for each chemical used to differentiate samples in the queen 
isolation experiment as well as the chemical class, retention time (the time the compound came off the 
column), the relative match to the NIST library (R. Match), QL/QR fold change (showing the direction of the 
difference between the queen samples and the queenless samples) and the t-test P-values. 
 

Compound Formula Chemical class RT R. Match QL/QR fold 
change 

t-test 
P-value  

Acetic acid C2H4O2  carboxylic acid 21.794 976 1.22 0.685 

Acetoin C4H8O2 ketone 13.954 908 -1.72 0.562 

β-cis-Ocimene C10H16 
terpene (aromatic 
hydrocarbon)  12.695 910 -33.55 0.059 

Benzaldehyde C7H6O aromatic aldehyde 24.034 949 1.86 0.117 

Benzyl alcohol C6H5CH2OH aromatic alcohol  33.561 930 1.16 0.707 

Butanoic acid C4H8O2 carboxylic acid  27.674 935 1.12 0.839 

1-Butanol, 3-methyl- C5H12O alcohol 10.777 800 1.39 0.057 

D-Limonene C10H16 
terpene (aromatic 
hydrocarbon)  10.456 917 -1.11 0.532 

1-Ethyl-2,4-
dimethylbenzene C10H14 arene  12.687 821 1.18 0.639 

Geranyl acetate C12H20O2 terpenoid  33.163 919 1.19 0.633 
Isopentyl alcohol, 
acetate C7H14O2 ester  7.193 897 -2.15 0.338 

m-Xylene C8H10 arene  7.223 942 -1.62 0.735 

Nonanol C9H20O alcohol 19.092 860 -1.46 0.102 

Propanoic acid C3H6O2 carboxylic acid  24.972 957 1.13 0.825 

Sulcatone C8H14O ketone 16.241 930 -1.26 0.794 

Tridecane C13H28 alkane  14.793 890 1.3 0.207 

Valeric acid C5H10O2 carboxylic acid 30.53 896 1.22 0.669 

Note: compounds in italics (R. Match scores <900) are tentative and may indicate structural class only. 
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Figure 6: Bar plot showing the average abundance of compounds for both treatment group, Queens with workers and Workers 
(queenless) with standard error bars. 
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The isolated queens experiment showed promising results using SPME fibres. The 
measurement of b-cis-Ocimene, acetoin and isopentyl alcohol acetate (Table 4, figures 6 & 7) 
are known compounds produced by honey bees so with the method validated the main 
experiment could proceed. 
  

 

Figure 7: Heatmap showing relative abundance (log10 transformed and scaled) of each volatile organic 
compound in samples of a queen with worker escorts or workers only (queenless). Dark yellow indicates a 
relatively high abundance, while black indicates a relatively low abundance. Q
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3.4 Queen Field experiment  
The hives in the three treatments showed differences in VOC over the duration of the field 
experiment.  
 
The PCA analysis explained ca. 52% of the variation. In week 1, all hives were queenright, 
and were clustered together on the left of PCA plot (figure 8). In week 2 all hives were still 
clusters, however with a small separation between Queenright hives and the other two 
treatment groups, with Queenless and Self-Raised made queenless the day before samples 
were taken. In week three no obvious pattern is discernible, perhaps due unknown 
environmental stochasticity. 
 
In Week 4 the queenright hives are well-separated from the clustered Queenless and Self-
Raised hives. The pattern observed over the subsequent weeks shows queenright hives 
separation to the top right, queenless hives separating to the bottom right, with the Self-
Raised hives moving towards the Queenright hives and away from the Queenless hives.  

 
 
There were clear changes to the component of VOCs used in the PCA analysis. GC-MS 
analysis showed Benzoic acid decreased significantly in queenless hives. ANOVAs showed a 

 
Figure 8. Principal component analysis (PCA) of volatile profiles of beehives that were Queenright (  ), 
Queenless (  ), Self-Raised (  ) over the 7-week time course experiment. The first two principal 
components (PCs) are displayed, together representing 52.4% of the total variation. Each point represents an 
average of the 4 hives within the treatment groups’ volatile profile. PC1 separates samples based on time, 
whereas PC2 separates points based on treatment. Numbers above the points represent the week of the 
experiment. The percentage of variation in volatile profile explained by each PC is shown on the axes. 
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significant difference at weeks five to seven (ANOVA: p value = <0.001, post hoc: Tukey 
HD; Week 5 = Week 5 = QL - QR = 0.0266 , Week 6 = QL - QR = <0.001, QR - SR = 
<0.001, Week 7 = QL - QR = <0.001, QR - SR = 0.016). Acetoin levels increase significantly 
in queenless hives. ANOVAs showed a significant difference at weeks five to seven 
(ANOVA: p value = 0.008, post hoc Tukey HD; Week 5; QL - SR = 0.024, Week 6; QL - SR 
= 0.002, Week 7; QL - SR = 0.049). Isopentyl alcohol acetate levels also decreased 
significantly in queenless hives and differed significantly at weeks five to seven (ANOVA: p 
value 0.012, pos hoc Tukey HD; Week 5 = QL – QR = <0.001, Week 6 = QL – QR= 0.015, 
Week 7 = QL – QR = 0.020) 
 

Table 6. Compounds utilised for statistical analysis from field samples showing chemical formulas, R. Match (R. 
Match (score out of 999 that indicates how well the deconvoluted mass spectra matches the identified compound 
in the NIST database, scores over 900 indicate high match certainty), RT (retention time the compound came off 
the DB WAX column), Chemical class and statistical analysis results. 
Note: compounds in italics (R. Match scores <900) are tentative and may indicate structural class only. 

Compound Formula R. Match RT 
(min) 

Chemical 
class 

ANOVA P-value Post-hoc results 

Ethanol C2H5OH 967 3.472 alcohol 

Treatment = <0.001*** Treatment 

Time point = <0.001*** QL - QR = 0.0065 

Interaction = 0.568  QL - SR = 0.0247 

 α-Pinene C10H16 950 4.958 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.612 

N/A Time point = 0.987 

Interaction = 0.790 

β-Pinene C10H16 943 7.112 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.834  

N/A Time point = 0.027* 

Interaction  =0.802  

Isopentyl 
alcohol 
acetate 

C7H14O2 947 7.904 ester 

Treatment = 0.012* Treatment: 

Timepoint = 0.115 QL - QR = 0.0249 

Interaction = 0.012* Interaction: 

  Week 5 = QL - QR = 
<0.001 

  Week 6 = QL - QR = 
0.015 

  
Week 7 = QL - QR = 
0.020 

m-Xylene C8H10 847 8.289 arene 

Treatment = 0.986 

N/A Time point = <0.001*** 

Interaction = 0.928 

Acetyl valeryl C7H12O2 897 8.867 ketone 

Treatment = 0.387 

N/A Time point = <0.001*** 

Interaction =0.203 

p-Xylene C8H10 885 9.792 arene 

Treatment = 0.977 

N/A Time point = <0.001*** 

Interaction =0.953 
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D-Limonene C10H16 930 10.379 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.699 

N/A Time point = 0.017* 

Interaction = 0.707 

Eucalyptol C10H18O 951 10.837 terpenoid 

Treatment = <0.001*** Treatment: 

Time point = <0.001*** QL - QR = 0.025 

Interaction = 0.869 

1-Butanol, 3-
Methyl-

C5H12O 873 11.192 alcohol 

Treatment = 0.383 

N/A Time point = 0.042* 

Interaction = 0.822 

β-cis-
Ocimene C10H16 856 12.096 alkene 

Treatment = 0.840 

N/A Time point = <0.001*** 

Interaction = 0.946 

 α-
Phellandrene 

C10H16 862 12.241 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.019*  Treatment 
QL- QR = 0.010 
QL- SR  = 0.025 

Time point = 0.001*** 

Interaction =0.788 

Styrene C8H8 894 12.614 arene 

Treatment = 0.244 

N/A Time point = 0.280 

Interaction = 0.5279 

1-Ethyl-2,4-
dimethylben
zene

C10H14 897 13.192 arene 

Treatment = 0.347 

N/A Time point = 0.017* 

Interaction = 0.793 

Acetoin C4H8O2 904 13.839 ketone 

Treatment = 0.091 Interaction 

Time point = <0.001*** 
Week 5; QL - SR = 
0.024 

Interaction = 0.008** 
Week 6; QL - SR = 
0.002 
Week 7; QL - SR = 
0.049 

Tridecane C13H28 869 14.751 alkane 

Treatment = 0.023* Treatment 

Time point = <0.001*** QL - SR = 0.032 

Interaction = 0.217 

Sulcatone C8H14O 903 16.147 ketone 

Treatment = 0.015* Treatment 
QL- QR = 0.008 
QR - SR = 0.020 

Time point = <0.001*** 

Interaction = 0.941 

1-Hexanol C6H14O 880 17.324 alcohol 

Treatment = 0.0275* Treatment 

Time point = <0.001*** QR - SR = 0.040 

Interaction = 0.533 

Nonanol C9H20O 912 19.007 alcohol 

Treatment = 0.784 

N/A Time point = 0.002** 

Interaction = 0.976 
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Acetic acid C2H4O2 953 21.662 
carboxylic 

acid 

Treatment = 0.383 

N/A Time point = 0.011* 

Interaction =0.340 

4-Octanone C8H16O 826 22.368 ketone 

Treatment = 0.017* Treatment 

Time point = <0.001*** QL - SR  = 0.030 

Interaction = 0.705   

Pentadecane C15H32 928 23.721 alkane 

Treatment = 0.025* Treatment 

Time point = <0.001*** QR - SR = 0.050 

Interaction = 0.172   

Benzaldehyd
e C7H6O 941 23.918 

aromatic 
aldehyde 

Treatment = 0.129 

N/A Time point = 0.094 

Interaction = 0.601 

Frenchol C10H18O 904 26.333 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.009** Treatment 

Time point = <0.001*** QL - QR = 0.029 

Interaction =0.458 QR - SR = 0.034 

Aromadendr
ene 

C15H24 901 26.659 
terpene 

(aromatic 
hydrocarbon) 

Treatment = 0.001** Treatment 

Time point = <0.001*** QL - QR = 0.010 

Interaction = 0.754 QL - SR  = 0.025 

Benzoic acid C7H6O2 956 27.126 
carboxylic 

acid 

Treatment = <0.001*** Treatment 

Time point = <0.001*** QL - QR = 0.001 

Interaction = 0.001** QR - SR = 0.020 

  Interaction 

  
Week 5;  
QL - QR = 0.027 

  
Week 6; 
QL - QR = <.0001 

  QR - SR = <0.001 

  Week 7;  
QL - QR = <0.001 

  QR - SR = 0.016 

Butanoic 
acid C4H8O2 943 27.575 

carboxylic 
acid 

Treatment = 0.001*** Treatment 

Time point = 0.020* QL – QR = 0.010 

Interaction = 0.219   

Valeric acid C5H10O2 913 30.431 carboxylic 
acid 

Treatment = 0.548 

N/A Time point = <0.001*** 

Interaction = 0.405 

Hexanoic 
acid C6H12O2 937 32.915 carboxylic 

acid 

Treatment = 0.900 

N/A Time point = 0.062 

Interaction = 0.072 
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Line graphs (Figure 9) depict the log10 averaged levels of the compounds for each treatment 
group that were statistically significant for treatment type and or for an interaction effect. The 
three compounds which were statistically showed differing trends. Acetoin levels in Self-
Raised hives increased over time until all hives had a mated queen (week 7) and the levels 
decreased. The Queenless hives also increased acetoin levels until week 4 and then began to 
decrease while Queenright hives continued to increase at a steady rate. Benzoic acid levels 
for Queenright hives held at a steady rate over the experimental period while Self-Raised 
hives and Queenless decreased at week 6 then rose in week 7. Isopentyl alcohol acetate levels 
for all three treatment groups decreased in the first two weeks of the experiment, then at week 
4 the Queenless hives levels took a sharp increase. The Queenright and Self-Raised hives 
stayed down for the duration of the experiment.  
 
 

 

   

   

   

   

  

 

Figure 9. 14 Line graphs displaying the volatile profiles over time between QL (red line), SR (blue line) and QR 
(red line) hives. Here only statistically significant results of a repeated measures ANOVA for treatment, or 
interaction effect of treatment and time (star to the eft) point are shown.  
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4. Discussion
Modern beekeeping practices are utilising remote sensing equipment to monitor the
temperature and humidity inside the hive and the weight of hives using pallets with scales.
This has become more necessary due to the vast distances beekeepers travel to seek out
nectar flows or fulfil pollination contracts. However, chasing a nectar flow or a pollination
contract is a very hollow task when the hives in question are without a queen laying to
maintain productivity. The aim of this study was to identify volatile compounds that change
when hives become queenless. These markers could provide the bases to be used in
monitoring devices.

A challenge of this study was that a honey bee hive is a very busy place with tens of 
thousands of bees, and many flavours and smells, like honey, pollen, wax, other insects and 
waste just to name a few contributing factors to the volatile profile of the hive. The 
compounds for this study were not targeted compounds found previously in studies on 
pheromone compositions but instead samples were collected blindly and analysed after the 
experimental period was finished. This was because when measuring the queen in isolation, 
we could not detect as many of the queen pheromones as expected (Table 4, Figure 6). In the 
hive headspace, over 100 compounds were observed and measured. Careful analysis and 
database searches, resulted in the removal of many compounds due to either their appearance 
in the blanks, a poor match score in NIST, or the absence from other replicates in the 
treatment groups. This resulted in 29 compounds being selected for analysis (Table 6). Of 
these 29 compounds, 14 were found to differ significantly between treatments, or had a 
significant interaction effect with time (Figure 9). Of these 14 compounds, there were only 
three compounds which displayed the interaction effect, Isopentyl alcohol acetate, Benzoic 
and Acetoin, suggesting they are significant in the chemical signalling of queen presence in 
hives. This was important as the interaction effect showed a multiplicative effect over time so 
that the abundance of the compound did not just differ in one or two weeks significantly but 
demonstrated a pattern over time that significantly differed between treatment groups.  

4.1.  Using volatiles to identify queen status in hives 

Isopentyl alcohol acetate, was the only compound that showed a significant increase in 
Queenless hives making it a possible marker for sensor development. Isopentyl alcohol 
acetate is a key compound for one of the alarm pheromones used by honeybees (Collins and 
Blum 1982). This alarm pheromone is responsible for alerting the hive to presence of danger 
and warning the other members of the colony to stay away from the danger, as opposed to the 
other alarm pheromone which tells the bees to sting the source of the danger to the hive 
(Collins and Blum 1982). The increases of isopentyl alcohol acetate in the Queenless hives 
supports previous findings that queenless hives are more aggressive than queenright hives  
(Collkins and Kubesak 1982, Allan et al 1987) and agrees with anecdotal evidence provided 
by commercial beekeepers (Colin Fleay 2019, pers. Comm. September 21). The results of the 
post-hoc Tukey test returned a significant results differing the Queenless treatment group 
from the Queen right group in the weeks 5,6 and 7 (Week 5 = QL - QR = 0.0004, Week 6 = 
QL - QR = 0.0144, Week 7 = QL - QR = 0.0197). Allan  and colleagues argue that increased 
aggressiveness could be due to the age of the bees becoming older and producing more 
isopentyl alcohol. This study found that the behavioural change of Queenless hives over time 
linked a decrease in calmness to an increase in isopentyl alcohol acetate. It was important to 
establish metrics for the behavioural measurements prior to the study so as to be able to 
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quantitatively measure the changes in bee behaviour, these metrics could be useful for future 
work.   
 
Benzoic acid volatiles were significantly reduced in Queenless and Self-Raised hives. 
Benzoic acid is found in high amounts within the honey bee product known as propolis 
(Walker and Crane 1987, Bankova et al 2014, Dresher et al 2019). Propolis is a wax-like 
substance collect by honeybees from plants and used primarily as a building product to block 
tiny holes within the beehive (Bankova et al 2014, Colin Fleay 2019, pers. comm. September 
21). Its secondary use utilises the anti-microbial characteristics of the product (Siedel et al 
2008); after a juvenile honey bee emerges from its cell the nurse bees clean the cell out with 
propolis, using it as a disinfectant (Fokt et al 2010). This cleans the cells and signals to the 
queen that the cell is ready to be laid in (Fokt et al 2010, Bankova et al 2014, Colin Fleay 
pers. comm. September 21). The levels of benzoic acid fell immediately after being queenless 
for one day (Figure 9). This is due to the lack of a queen who regulates the behaviour for 
cleaning out cells, without the queen present the bees do not need to clean the cells and as 
such stop producing propolis. In three of the four Queenless hives, this level stayed at low 
intensities after being made queenless until the last week of the experimental period where 
the levels began to rise again. The rise of the benzoic acid levels coincided with an increase 
of worker layer behaviour observed within the hive. The phenomenon of worker bees laying 
unfertilised eggs is generally regulated by the output of the queen mandibular pheromone 
which represses the ovary development in worker bees (Wossler and Crewe 1999a, Pirk et al 
2004, Slessor et al 2005). However, when a hive enters a state known as ‘hopelessly 
queenless’, which is when the hive cannot requeen itself due to a lack of viable eggs, the 
workers who are usually policing the hive for worker laid eggs stop this behaviour (Pirk et al 
2004). This resulted in more unfertilised eggs and drone larvae being raised as the workers 
attempt to pass their genetics onto the next generation through the drones. The Self-Raised 
hives also saw their levels begin to drop off as the time for a queen to hatch and mate was 
towards to the longer end of the expected time, 6 weeks (Adam 1975, Abrol 2013). The time 
for each hive to raise their weeks was different as week 4 saw one replicate hatch a virgin and 
be mated by week 5 while two replicates were a week behind, hatching week 5 and being 
mated by week 6, and the final replicate was again a week behind that, hatching a queen in 
week 6 and being mated by week 7. This extended time period without a queen may have led 
to the bees becoming reluctant to begin cleaning out cells and resulting the large variation 
seen in the week 6 measurements.  
 
Based on work by Lyapunov and colleagues (2008) the compound Acetoin which was found 
in reduced levels in Queenless hives but increased in self-raised hives, has been linked to 
pyruvate of the gut biota with a honeybee environment. 
In Self-Raised hives an increase in productivity, as the new queen begins to lay could lead to 
the older worker bees to prepare for an increase in young nurse bees that will not be able to 
collect honey for two weeks. So the bees begin to ferment and winnow honey in anticipation 
of this population increase.  
 
Referring to figure 8, the second week of measurements (weeks 2) see the Queenless and 
Self-raised overlapping on the PCA analysis. These two treatment groups at this time had 
been made queenless one day before the measurements were taken. The effects seen in PCA1 
can be attributed to the effect of treatment which sees the two groups much closer than along 
the PCA2 axis which attributes for time or week. Showing that after one day of being 
queenless there is a discernible difference in the volatile composition for the 29 compounds 
this study utilised. The third week of measurements saw a thunder storm present on the days 
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of measurements, precautions were taken to ensure the viability of samples but this may have 
affected the behaviour of the bees in a way that altered the samples collected, i.e. more bees 
in the hive or a higher humidity lowering the levels of volatiles.  
I had expected to see a more immediate change in the volatile compositions of the hives 
however we did not detect such changes until week 3 with our method.  
 
4.2.  Isolated queen experiment  
 
The isolated queen experiment saw several compounds present in higher quantities in the 
queen samples than those containing just workers (Table 4). None more however than b-cis-
ocimene decreased significantly in the Queenless treatment group by 33.55 fold (p=0.059, 
Table 4). The sharp decrease of b-cis-ocimene was not surprising as it is known to be one of 
the key components of QMP released by laying queens, and is believed to be a signal of 
diploid egg laying (Giley et al 2008). The queens extracted from the hives for the isolated 
queens experiment were established queens and escorted with three worker bees in an attempt 
to calm the queens as they were to be moved to a different colony. Due to the low number of 
replicates of this experiment, three queens and two worker samples, conclusions cannot be 
drawn, with high confidence, beyond the identification of the compounds within the samples.  
 
 
 
 
4.3 Behavioural effects of queen status 
The observation results did not show a statistically significant difference result for calmness. 
However, in the weeks 4,5,6,7 graphically a difference between the Queenright and 
Queenless treatment groups can be seen for calmness (Figure 5). This can be correlated with 
the increase in isopentyl alcohol acetate that in weeks 5,6 and 7 showed a statistically 
significant difference between the Queenright and Queenless treatment groups (Table 6). The 
effects of this compound, as previously mentioned, are linked to defensive behaviours within 
the hive (Collins and Blum 1982). Due to the non-invasive method these samples were taken 
from all hives the increase in these levels show that the bees know they are vulnerable and 
are constantly emitting a high level of this compound. 
 
Figure 5 also shows a statistically significant effect that treatment had on the weight of the 
hives of the treatment group Queenright (Week 5; QL-QR = 0.019, QR-SR = 0.045, Week 6; 
QL-QR = 0.013, QR-SR = 0.016, Week 7; QL-QR = <0.001, QR-SR = <0.001). The trend 
seen is that over the experiment period, which ran through the middle of winter, the 
Queenright hives lost more weight than the Queenless or the Self-Raised hives. This is most 
likely due to a constant and higher population, because of constant laying of the queen, that 
the Queenright hives would eat the honey and pollen stores from the hive at a greater rate 
than the Queenless.  
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4.4 Practical applications for beekeepers 
My aim of the study was to identify volatile markers for queenlessness that would be used in 
gas sensors or other hive monitoring devices to monitor bee hives in the field without 
disrupting the colony. With the results of the queen field experiment (Section 3.4) in total 6 
compounds show differences in intensity over time as the hive became more and more 
queenless. Benzoic acid, Frenchol and Hexanol levels were reduced over time in Queenless 
and Self-Raised hives. Acetoin and Ethanol levels were only reduced in Queenless hives but 
remained relatively stable in Self-Raised hives. While acetoin increase slightly in Self-Raised 
hives compared to Queenright hives meaning an increased pyruvate fermentation could be 
linked to a recovering population gap. These compounds could be used to monitor hives for 
changes indicating queenless, however the differences were subtle and it remains to be 
investigated if other changes in the hive could have the same effect. Isopentyl alcohol acetate 
levels on the other hand increased significantly in queenless hives and remaining further 
validation of the results could see the development of a specialised sensor that is more highly 
sensitive to these compounds. If the sensor could be developed so it sat within the hive and 
measure volatile levels constantly this would provide a constant stream of data rather than 
just a snapshot of a hive. This would be highly informative to commercial and semi-
commercial beekeepers alike. A sensor of this calibre could save beekeepers time, and 
therefore money, by informing them in real-time allowing better decision making for 
beekeeping practices.  
 
 
4.5. Future directions 
Due to the low replications of the isolation queen’s experiment an ANOVA could not be 
performed with any kind of statistical meaning to draw from the results. Another experiment 
could be set up the same way with more replicates to ensure a higher power of statistical 
analysis. 
Progressions with the field experiment would be to conduct the field experiment in other 
seasons when environmental stochasticity is less frequent and bee colonies are stronger. 
Include other hive issues such as diseases, to make sure the differences observed were due to 
queenlessness. Furthermore I could validate compounds with chemical standards and more 
sophisticated GC-MS measurements to know the identity of the compounds with certainty.  
The need to refine this experiment in different seasonal conditions is imperative so that 
compound measurements can coincide with when beekeepers normally conduct their brood 
inspections so that interpretations are true for the beekeepers. 
This research is crucial to the development of the beekeeping industry as it opens up the door 
for more diverse sensors, gas monitoring, to be used in beekeeping vastly improving upon 
weight, temperature and humidity sensors.  
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6. Appendices 
 
Appendix A  

 
Figure A1. Path taken from sample area to laboratory 
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Appendix B 

Figure A2. Non-significant compounds from the Time Coarse experiment. 




