
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

186,000 200M

TOP 1%154

6,900



1

Chapter

Diagnostic Radioentomology
Mark Greco

Abstract

Apart from the Neotropical flesh eating Trigona species, all existing bees are pol-
len feeding. Approximately 5% of these form colonies. In honeybees, colony health 
is evaluated by measuring seasonal hive weight increases and by visual inspections. 
However, rather than indicating good colony health, hive weight increases can be 
attributed to increases in stores from foragers feeding precociously during times 
of colony stress. Additionally, the subjective nature of these methods, leads to 
large errors. Visual inspections with stingless bee colonies are particularly invasive. 
Many bees die during inspections because they drown in spilt honey. Re-sealing 
the hive also kills bees, and the queen risks being squashed. Nevertheless, studies 
on bees continue as new, improved methods emerge to replace the old. Diagnostic 
Radioentomology is an innovative, non-invasive, imaging method for studying 
insects. Since development, it has been adopted by universities, synchrotron facili-
ties and CT scanners to study morphology, physiology and behaviour of insects and 
has been hailed as the ‘Gold Standard’ for honeybee monitoring. In 2008, it was 
described as an emerging non-invasive technique for behavioural, evolutionary 
and classical biologists who choose to study animals without harming them. This 
chapter describes methods and includes examples of research conducted using 
Diagnostic Radioentomology.

Keywords: Diagnostic Radioentomology, bees, non-invasive imaging, X-rays, 
anatomy, physiology, behaviour, nest architecture, CT scanning, tomography

1. Introduction

Nearly all existing species of bee are pollen feeding, aculeate (with a stinger) 
Hymenopterans (membranous wings). There are only three species that do not 
collect or eat pollen and these are the necrophagic (eat dead or decaying flesh) 
Neotropical, Trigona species [1–4]. Approximately 5% of all bees are highly social. 
The highly social bees include species of bumble bees, honey bees and stingless 
bees. The other species are either semi-social, which occur in aggregations or are 
solitary. For a full description of these terms, see [5, 6]. With honeybees, colony 
health has been traditionally evaluated by simple visual inspections and/or by mea-
suring changes in hive weights over time. However, these methods are estimates 
and subjective. Typically, beekeepers and scientists look for behavioural signs 
which indicate healthy individuals or colonies, where foragers are regularly bring-
ing in resources. In contrast, they look for weak colonies, where there are usually 
fewer foragers. These foragers typically exhibit a more lethargic and less purpose-
ful behaviour. However, there are also situations where increases in hive weights 
can be attributed to increases in pollen and nectar stores due to  hyper-collection by 
foragers that exhibit precocious feeding during times of colony stress [7].  



Modern Beekeeping - Bases for Sustainable Production

2

These colonies give the false impression that all is well. In these situations, an 
increase in hive weight can be misinterpreted as a sign of good colony health yet 
the colony could be under considerable stress from infection or disease rather than 
being in good health.

Visual inspections on colonies of stingless bees is particularly invasive because 
of the central location of the brood and many species are less than 3 mm in size. 
In stingless bees, colony health can be assessed by manually splitting the hive box 
apart to view internal structures and any evidence of queen activity [8]. Opening 
the hive for such inspections invariably damages honey storage pots. This causes 
honey to spill and many hundreds of bees die because many species are diminutive 
and will drown in their own spilt honey. Closing the hive after visual inspection 
also kills bees, and places the queen at risk of being harmed because they can be 
squashed in the process.

Therefore, the subjective nature of visual inspections and hive weight estima-
tions often leads to errors when assessing colony health. Issues such as these were 
not so important in previous decades however, with the continued pressure from 
large scale agriculture, loss of bee habitat and the global increase in bee pathogens 
and pests [9] it has become paramount that new and more accurate methods are 
developed.

It is vital that behavioural, morphological and physiological studies on bees 
continue. However, because they have propensities to live in cavities and traditional 
methods are often invasive and prone to large errors, new methods for studying 
them are emerging. These new methods will add accuracy to current estimates on 
individual bees and colony health parameters which will, in turn, enable better 
solutions for scientists and beekeepers to improve bee health globally.

This chapter describes one new method termed ‘Diagnostic Radioentomology’ 
and includes examples of research conducted using this method.

1.1 Non-invasive imaging

On the 8th of November 1895, Wilhelm Conrad Röntgen (accidentally) discov-
ered an image cast from one of his cathode ray generators. He later repeated the 
experiment by taking an X-ray photograph of his wife Anna Bertha Ludwig’s hand 
Figure 1, which revealed the bones in her hand and her wedding ring on one of her 
fingers.

The photograph initiated great scientific interest in the new found radiation 
and because Röntgen did not know what type of radiation it was, he called it 
‘X-radiation’, hence the modern term, X-rays. In general, non-invasive imaging 
is associated with X-rays or medical imaging, which is a non-invasive method for 
evaluating anatomy and physiology. Although it is now known that X-rays can 
be invasive (and can damage biological tissues) at the higher energies, the term 
non-invasive is based on the fact that, at the lower energies that are used in modern 
imaging methods, X-rays do not create any damaging biological effects.

1.2 Techniques available for non-invasive imaging

As a field of scientific investigation, non-invasive imaging constitutes a sub-
discipline of biomedical engineering, medical physics or medicine depending on the 
context. Methods such as nuclear medicine use radioactive materials to diagnose or 
treat various pathologies and are generally considered to be invasive. Many of the 
techniques developed for non-invasive imaging such as X-rays, nuclear magnetic 
resonance imaging (MRI) and ultrasonography (U/S) also have industrial applica-
tions, although the energies used in industrial applications are extremely high 
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and would be considered to be highly invasive for biological samples. In the case 
of U/S, the probe emits the beam which consists of ultrasonic pressure waves that 
return echoes from the various tissue interfaces. The echoes show details of the 
internal structures. U/S waves do not travel through large interfaces or air and thus 
limits its use in biological tissue. In the cases of X-rays and MRI, either X-radiation 
or a magnetic field respectively pass through the tissues to identify, separate and 
quantify different tissue types such as bone, cuticle, muscle or fat. In general, MRI 
is the best modality for discerning muscle or fat, is non-invasive and has very long 
image capture times whereas X-rays are better for discerning smaller structures and 
have much faster image capture times.

It is the ability to see smaller structures and the fast capture times that led to the 
development of Diagnostic Radioentomology (DR) to study insects non-invasively. 
DR is performed on insects using X-ray Computer Tomography Scanners (CT 
Scanners).

1.3 Diagnostic Radioentomology

The term ‘Diagnostic Radioentomology’ first came to be used in 2003 during a 
pollination experiment on the behaviour of the Australian stingless bees Tetragonula 
carbonaria and Austroplebeia australis [10]. The term was used because the new 
method is diagnostic, it uses X-radiation (radio) and is used for studying insects 
(entomology). Video 1 gives a brief overview of the methods.

Therefore, DR became the term for an innovative method for studying insect 
morphology, physiology and behaviour using non-invasive imaging. Since its 
development, DR has been adopted by the Museum of Natural History in London, 
Universities, synchrotron facilities and research associations globally.

In 2008, DR was described by The International Bee Research Association 
(IBRA) as an emerging non-invasive technique for behavioural, evolutionary and 
classical biologists who need to study insects without harming them.

Figure 1. 
First medical X-ray by Wilhelm Röntgen of his wife Anna Bertha Ludwig’s hand. Wilhelm Röntgen 
[public domain].
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Nowadays, synchrotron beamlines can completely scan and reconstruct 3D 
images in a matter of seconds and CT scanners can complete a 1-cm scan in as little as 
one-third of a second, and recent techniques have been developed to enable scanning 
software to produce 3D images such as in Figure 2 and 4D movies and physical 3D 
models which can be downloaded at this address: http://www.radioentomology.com/.

It is generally accepted that for DR studies, the term MacroCT applies to the CT 
scanning of large items using human body CT scanners and that MicroCT applies 
to laboratory or Synchrotron CT scanners to study small items at the microscopic 
level. In recent years, DR has been adopted to visualise macroscopic characteristics 
of insects and their behaviour [11–15]. Also, with the improvements in spatial 
resolution and tissue differentiation that are occurring with MacroCT, conventional 
micro-focus and synchrotron based MicroCT, new methods for the non-invasive 
imaging of insects are emerging. For an overview of these methods see [16–22].

Historically, traditional methods for colony health, bee behaviour and the 
morphological classification of bees have been conducted on apiary hives and with 
the aid of observation hives and dissecting light microscopes. These techniques 
are, understandably, limited. The inspection of apiary hives disrupts normal bee 
behavior, observation hives offer only a view of one side of one frame within an 
entire hive, dissection obviously kills the bee and the use of light microscopy when 
used for amber inclusions [23–32], particularly with specimens preserved in opaque 
amber pieces [33, 34] are grossly limited by the specimens opaqueness. In [35] 
the authors attempted to address methods of examining insect inclusions within 
pieces of opaque amber and to supplement traditional light microscopy studies of 
transparent amber. Those researchers and [36–38] produced traditional radiographs 
which provided the first, albeit limited, steps toward enhanced visualisation of 
cryptic bee behaviour and fossil material. More recently, detailed information for 
the study of bees has been obtained with the use of scanning electron microscopy 
(SEM) as in [39, 40] and transmission electron microscopy (TEM) as in [41]. While 
SEM and TEM studies currently provide the highest level of detail, sample prepara-
tions are laborious and are often invasive to completely destructive [41]. SEM and 
TEM can be used for the investigation of amber inclusions as in [39–42] however, 
these methods are generally not suitable because they require destruction of the 
material. The development of non-invasive imaging methods such as DR, therefore, 
offers promise to scientists and beekeepers who need to preserve their specimens or 
observe behaviour non-invasively.

In 2013, DR was hailed as the ‘Gold Standard’ for honeybee monitoring [43] and 
the non-invasive path detailed in the following sections will demonstrate that DR is 
an ideal method which can be used to study bees and other insects in the most natu-
ral of settings. It is also important to mention that the results from the following 

Figure 2. 
The first DR image of a bee colony (Tetragonula carbonaria) in a wooden box [11].
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experiments can be directly applied to beekeeping husbandry to enhance modern 
beekeeping methods and enable beekeepers to play a more active role in improving 
global bee health.

2. Describing an ancient social bee in amber using DR

To help demonstrate the non-invasive, diagnostic advantages of DR it is 
worthwhile detailing the following experiment on one of the oldest bees known, 
Proplebeia adbita. In the following experiment, we examined the external and 
internal morphology of an Early Miocene (Burdigalian) stingless bee (Apinae: 
Meliponini) from the Dominican Republic using non-destructive X-ray microto-
mography analysis (MicroCT). The study shows the accurate reconstruction of 
features otherwise obscured or impossible to visualise without destroying/damag-
ing the sample and enables diagnosis of the specimen as a new species of bee [44].

2.1 Materials and methods

Bees have several characteristic morphological attributes such as branched or 
plumose body setae and broadened metabasitarsi [5, 45]. The highly eusocial sting-
less bees, the Meliponini are within the corbiculate Apinae for example in [46–49]. 
In addition to extensive morphological and molecular data such as in [48, 50], the 
corbiculate apines belonging to a single group has been supported by studies inves-
tigating their internal anatomy. For example [39], noted that the proventricular 
morphology of Euglossini and Bombini consists of long columnar plates, triangular 
apices in Apini, while the Meliponini have slender and elongated plates. Accordingly, 
the proventriculus can be used as an important diagnostic structure for bee taxon-
omy [21], among a suite of other internal anatomical features [45]. The examination 
of such characters often requires considerable manipulation, dissection, sectioning 
or even complete destruction of the specimen. Thus, the practical application of 
such data is at times hampered by the methods employed. In the following experi-
ment, the internal and external morphology of an ancient social bee trapped in 
amber using non-invasive and non-destructive DR techniques is described in detail.

2.1.1 About the bee

The bee selected for this experiment was collected from the La Bucara mine in 
the Dominican Republic. This stingless bee was trapped at the widest end of a semi-
clear, brown piece of amber that contained many other inclusions Figure 3.

The posterior of the bee is at the extreme periphery of the piece’s thick end, and 
the apices of both forewings have broken away from the sample over time.

Age estimates of Dominican amber vary considerably in literature nonetheless, 
most data indicate that the age of most Dominican amber, including the material 
in this study, is 16–19 Ma [45–47]. The sample had been polished prior to this study 
and therefore required no extra preparation.

2.1.2 Non-invasive imaging of the bee

Traditionally, the morphological classification of bees has been conducted with 
the aid of dissecting microscopes which use light. The technique is understandably 
limited when used for amber inclusions, particularly with specimens preserved 
in opaque pieces. Light microscopy was used in this experiment in an attempt to 
describe its limitations with opaque specimens.
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2.1.3 Light microscopy

For light microscopy, the bee was viewed using a Leica MZ12 stereomicroscope, 
Leica Microsystems GmbH Ernst-Leitz-Strasse 17–37 35578 Wetzlar. The Leica 
MZ12 has distortion-free 109 eyepieces with a resolution of 375 line-pairs per mm.

Ideally, because of the thickness, air bubble inclusions and Figure 4, it would 
have been better to slice the fractures present in the amber piece prior to light 
microscopy examination. However, the sample was intentionally preserved to 
enable visualisation of the other biological inclusions using DR in future studies.

The colour of the bee was brown to dark-brown; however, it is possible that 
the bee was black when alive and that the cuticular melanin was altered over time. 
Moreover, newly moulted adult stingless bees are often lighter in coloration and so 
the more brownish colour of the specimen cannot be considered diagnostic. Gross 
external morphological features of the bee such as the chaetae, coxae, trochanter 
and tibiae were visible to about the level of the mesothorax. The air bubbles, frac-
tures and general thickness of the amber piece prevented adequate visualisation of 
the more posterior including a lack of detail of the wings Figure 4. Increasing light 
intensity created image degradation due to light diffracting from cracks, air bubbles 
and generalised opacity of the amber. Decreasing light intensity made it difficult to 
optically visualise the bee’s morphological features.

Figure 3. 
A piece of semi-clear, brown amber from the Dominican Republic (Early Miocene: Burdigalian), 
with many inclusions. The stingless bee is at the widest end (arrow) [44].

Figure 4. 
Air bubbles, fractures and general thickness of the amber prevent adequate visualisation of the 
metasoma, posterior mesosoma and wings. Image taken under optimal optical conditions (increasing or 
decreasing light intensity further degraded image quality) [44].
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2.1.4 DR scanning

We need to keep in mind that this experiment was conducted during early test-
ing phases for the potential applications of X-rays to insect morphology. Therefore, 
to assess their potential, three different apparatuses were used. X-ray MicroCT 
scans were performed a commercial benchtop system, a custom designed X-ray 
scanner and the facility for MicroCT available at the SYRMEP beamline of the 
Elettra Light Source Synchrotron in Trieste (Italy).

For a full description of these methods see [45]. Prior to scanning, the sample 
was placed in a 20.5 mm cylindrical sample holder between the X-ray source and the 
image detector Figure 5. This simple positioning procedure for the scanning phase 
of a DR examination can be adapted for all X-ray apparatuses. Scanning produces 
2D images which are then converted to 3D images with specialised software.

As with light microscopy, gross external morphological features of the bee such as 
the Chaetae, the articulations of the coxae, trochanters, tibiae, and tarsi, including the 
corbiculae of the metatibiae and the broadened metabasitarsi, were well visualised 
in the 3D reconstructions Figure 6. In addition, gross internal structures, such as the 
brain (including details of its anatomical regions), direct and indirect flight muscles 
and a loaded rectum were accurately represented, Figure 7. Video 2 (Ancient bee 
Proplebeia abdita trapped in amber approximately 20 million years ago) will highlight 
these features and also provide an understanding of what can be achieved during DR, 
3D processing. Considering the specimen’s age (16–19 Ma), the brain of this bee was 

Figure 6. 
Volume rendering image of the holotype worker of Proplebeia abdita in Early Miocene 
(Burdigalian) Dominican amber. Wings (W), flagellomeres (F), base of trochanter (T), tibiae (Tb), tarsi 
(Ts), the corbicula (C) of the metatibia and the broadened metabasitarsi (Bm) are all well visualised [44].

Figure 5. 
A schematic diagram of sample positioning for DR. Essentially, the only preparation required is that the sample 
(bee) is positioned securely on the sample stage so that it remains motionless during the scan [44].
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particularly well preserved. The optic and antennal lobes were well reconstructed 
along with the dense central body and the protocerebral lobes. The retinal zone 
was also well preserved. Adhesion of the retinal zone to the proximal surface of the 
compound eyes and the corresponding region on the distal surface of the medullae 
was evidenced by a thin, dense film of tissue.

2.1.5 Discussion and results

Diagnostic Radioentomology permitted the comprehensive examination of 
this ancient specimen, where other methods were (in the case of light microscopy) 
and would be (in the case of SEM or TEM) found to be less reliable or unsuit-
able because of their limitations and/or destructive nature. The bee’s anatomical 
characteristics were accurately assessed and precise morphometric measurements 
were performed with on-screen linear measuring callipers. As a result, details 
of a previously undescribed species, P. abdita Greco and Engel were described 
[44]. This experiment demonstrated that all three apparatuses were appropriate 
for accurately visualising the bee. Thus, entomologists can consider which facil-
ity would provide the best option for them. In addition to the application of DR 
to this particular bee, its more extensive use on historical type material (e.g. the 
holotype of P. dominicana, other amber preserved bees or even unique specimens 
of rare modern species) will permit a more complete characterisation of these bees 
and comprehensive comparisons between them and their modern counterparts. 
Improved anatomical understanding of these bees will greatly enhance phylo-
genetic reconstructions utilising paleontological data and potentially revise our 
paleoecological perspectives of early pollinators. It is hoped that by highlighting the 
utility of DR for characterising an ancient social bee that these techniques might 
be more broadly applied to social bee biology and anatomy, much in the tradition 
of [37] earlier applications of novel imaging methods and in the way it has been 
applied to the study of termites and living stingless bees [10, 13], as well as solitary 
bee species [11, 21].

3. Discovering new bee behaviour via DR methods

As mentioned above, DR offers new ways of studying known behaviours and 
features of bees. As it turned out in the following experiment, DR also introduced 
us to some new behaviours that were totally unexpected. We know that decision 
making in honeybees is based on information which is acquired and processed in 

Figure 7. 
A 2D view of Proplebeia abdita. Gross internal structures such as the central body of the brain (CB), retinal 
zone of the compound eyes (RT), direct (DM) and indirect (IM) flight muscles and a loaded rectum (RM) 
were accurately visualised [44].
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order to make choices between two or more alternatives [51]. These choices lead 
to the expression of optimal behaviour strategies such as floral constancy [52]. 
Optimal foraging strategies such as floral constancy improve a colony’s chances of 
survival, however, there has been no research on decision making based on optimal 
storage strategies.

The following DR experiment describes how decision making in storer bees is 
influenced by nectar sugar concentrations and that, within 48 hours of collection, 
honeybee workers store carbohydrates in groups of cells with similar sugar concen-
trations in a non-random way. We can surmise that this behaviour, as evidenced 
by patchy cell distributions, would help to hasten the ripening process by reducing 
the distance between cells of similar sugar concentrations [52]. Therefore, colonies 
which exhibit optimal storage strategies such as these would have an evolutionary 
advantage and improved colony survival expectations over less efficient colonies and 
it is plausible that beekeepers could select colonies that exhibit these preferred traits.

3.1 Materials and methods

During an unrelated DR experiment, in an attempt to mark and track Varroa 
destructor within a honeybee colony, an unexpected pattern appeared on the honey 
comb images. Bees from several different colonies were fed marked and unmarked 
sucrose solution ad libitum. The bees then stored this sucrose freely without any 
restrictions.

3.1.1 The interesting discovery

Soon we discovered patterns that were previously unreported appearing on 
the honeycomb. Some colonies formed these patterns and some did not. Video 3 
(Flying through an apidea hive) and Figure 8 show examples of these patterns.

Now, for these marking experiments, there are only two possible pathways that 
a cell can have only 50% sucrose solution or 70% sucrose solution in it. For a full 
description of these pathways see [52] and Figure 9.

Figure 8. 
A DR scan of a honey comb showing patchy distribution of cells containing honey with differing 
sugar concentrations. The marked ‘green’ cell patches contained only 70% sucrose syrup and the ‘blue’ 
unmarked cell patches contained only 50% sucrose syrup [52].
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3.1.2 Discussion and results

The data from the experiment, showed significant differences in the green/blue/
mixed patch ratios. This implies possible behavioural influences on patch ratios. 
These behavioural influences are likely to be actions by bees making decisions on 
where to place honey of similar sugar concentrations. As in [53], it is likely that bees 
from some colonies deposit nectar according to contextual information, such as the 
location of other cells in the hive containing honey of similar sugar concentrations, 
and that bees from other colonies do not.

3.1.3 Some honeybee colonies are more efficient than others

These behaviours are influencing the honey storage patterns and are probably based 
on achieving optimal storage strategies. In this experiment the data indicate, as do 
those of [54–56], that honeybee colonies show a preference for storing honey according 
to sugar concentrations in the nectar. Therefore, one optimal storage strategy would be 
for storer bees to return to cell patches containing cells with similar sugar concentra-
tions until all the cells in those patches were full. This strategy would reduce search 
time and thus increase storing behaviour efficiency. The DR images in this study clearly 
show that honeybees are producing these similar sugar concentration cell patches [52].

3.1.4 Can this behaviour help save the colony?

Storing honey in cell patches has benefits other than for those of ripening honey. 
Nectar collected by honeybees from different foraging patches (either natural or 
agricultural patches) will have differing sugar concentrations simply because the 
plants in these patches are growing under different local ambient conditions. In 
light of the current trend in global colony losses, it is crucial to mention here that 
the nectar from these plants might also contain other differences in constituents 
such as lethal or sub-lethal levels of toxins from agrichemicals and other sources 
[57–59]. Honey storage strategies, like those shown in this experiment, would 
be based on information such as sensing the sugar concentrations in incoming 
nectar and that of the ripening honey in the cells. Although it is not clear whether 
honeybees can detect agrichemicals in nectar or honey, as was shown in this experi-
ment, they might store toxin-containing nectars separately from toxin-free nectars 
indirectly by way of sensing the nectars’ different sugar concentrations. This would 
be an effective way to prevent all the honey from being contaminated and it would 

Figure 9. 
A schematic diagram of the two possible pathways for either marked (green) or unmarked (blue) 
sucrose solutions to enter a cell unmixed [52].
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reduce widespread toxin contamination in the hive and thus help prevent bee losses. 
The data from [60] also supports that honeybees store pollen with high levels of 
chlorothalonil separately in entombed cells which is a phenomenon similar to the 
patchy honey storage pattern behaviour shown in this experiment.

We should also consider that there are plants in several genera from at least 11 
families [61, 62] that naturally produce nectar which contain constituents that have 
varying degrees of toxicity to bees and humans. There are also plants that produce 
toxic pollen [63, 64]. Forager bees bring these naturally occurring nectar and pollen 
back to the hive. In evolutionary terms, these naturally occurring toxins in pollen 
and nectar have provided the selective pressure for honeybees to improve their food 
storage strategies. Thus colonies that exhibit storage strategies which separate toxic 
from non-toxic food would have an evolutionary advantage over colonies whose 
bees store food indiscriminately [52].

3.1.5 How is this recent discovery relevant to beekeepers?

These storage behaviour efficiencies will have important implications for the 
long term survival of honeybee colonies. The data from the above experiment show 
that bees from some colonies exhibit efficient selective storage strategies and that 
bees from other colonies do not. These strategies have the potential to directly or 
indirectly separate toxins and pathogens with the hive. If beekeepers can determine 
which bees exhibit more effective storage strategies they will be able to select 
colonies that exhibit such preferred traits.

The DR experiments above and the in the following section were conducted using 
non-invasive, state of the art ‘High Tech’ Science. They have shown behaviour that is 
not apparent to the naked eye because humans cannot visually detect different sugar 
concentrations in honey comb cells. The next section will describe a simple method 
for beekeepers to select bees/Queens from one colony in preference over bees from 
another colony. This simple method will place beekeepers at the forefront of protect-
ing their colonies at the grassroots level by improving honeybee husbandry.

3.1.6 A simple selection method for the modern beekeeper

The DR experiment above, indicated that honey bees show preferences when 
storing food and importantly, when feeding other bees via trophallaxis. As a second-
ary effect, some honeybees might also ‘preferentially’ spread pathogens/medication, 
which is contained in nectar/syrup, to other bees within their hive. The experiment 
below demonstrates that bees from certain colonies show ‘preferences’ while feeding 
other bees and that bees from other hives do not. The simple method, developed 
during the experiment for assessing food and pathogen transmission in bees, will 
help beekeepers to select and breed bees that have a higher propensity for spreading 
damaging pathogen or if required for spreading invaluable medication within a hive. 
This will help place beekeepers in a position to select more efficient bees and use their 
own breeding programs to help mitigate global bee declines, at the grass roots level.

3.1.7 Testing and selecting bees

To test whether bees show preference when feeding other bees, a simple segrega-
tion cup was developed, Figure 10.

Collection cups have been used previously to study bees [66] however this 
new system is the first system to segregate bees within the cup. Segregating bees 
within the cup enables one group of bees to interact bees from another section 
and prevents them from interacting with bees from a third section. The mode of 
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segregation is provided by the unique ‘T’ piece shown in Figure 10. The ‘T’ piece is 
inserted in the cup before the bees are collected. The horizontal portion of the ‘T’ 
piece is a 3 mm mesh and the vertical portion is solid Perspex. For a full description 
of the new segregation cup system see [65].

The segregation cup system enables beekeepers to collect one, two or three 
different groups of bees. Figure 10 shows a schematic diagram of bees from hive 
2 (H2) in the top section and bees from hive 1 (H1) and hive 2 (H2) in the bottom 
sections. The top section has a syrup feeder which means that the bees in the bottom 
sections can only receive food from bees in the top section through the mesh via 
trophallaxis. Bees that do not receive food from the top group commence starving 
within a few hours.

This simple system quickly demonstrates to the beekeeper which bees the top 
group prefers to feed via trophallaxis. The group of bees in the section that does not 
starve are the preferred bees.

3.1.8 Selecting bees for improved treatment

The recent finding that lithium chloride could be used as a medication added 
to syrup to treat Varroa destructor infestations [67] would be a good example of 
improved treatment by utilising better distribution of medication within the hive.

The new segregation cup system showed that when bees from H2 were placed 
in the top section, they had a significant trophallactic preference for H2 bees and 
tended to ignore H1 bees which subsequently starved. However, when bees from H1 
were placed in the top section, they did not show a trophallactic preference. Bees 
from H1 fed both bottom section groups equally and bees from both H1 and H2 in 
the bottom sections survived for as long as the bees in the top section.

It has been established that, due to bees drifting in an apiary, there are com-
monly bees from other hives present in all hives. In fact, there can be as many as 
38% at any given time [68].

As gauged by the level of H1 bee mortality [65], H2 foragers preferentially fed 
H2 bees over H1 bees. H1 type bees showed fewer preferences and will feed more 

Figure 10. 
(a)A segregation cup featuring the unique ‘T’ piece (yellow arrow) which separates three groups of bees. (b) 
The ‘T’ piece allows trophallaxis between bees in upper chamber and lower chambers (green arrows) and 
prevents all contact between bees in the two lower chambers (red cross) [65].
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bees within the hive trophallactically. Therefore, beekeepers can choose to breed 
from H1 ‘type’ bees that will spread medication in syrup via trophallaxis to more 
bees within the hive. After breeding these colonies, beekeepers can then assess 
whether there are also greater survival rates with those colonies.

3.1.9 Selecting bees for improved health

In light of the current trend in global colony losses, it is crucial to mention here 
that nowadays, nectar brought in by forager bees might also contain constituents 
such as lethal or sub-lethal levels of toxins from agrichemicals or pathogens [9]. 
Although it is not clear whether honeybees can detect agrichemicals or pathogens 
in nectar, H2 type bees would pass on toxins/pathogens that are in nectar preferen-
tially via trophallaxis. This would be an effective way to prevent up to 38% of bees 
[68] receiving toxins/pathogens and it would reduce widespread contamination 
in the hive and thus help prevent bee losses. In addition, there are plants in several 
genera from at least 11 families [61, 62] that naturally produce nectar which con-
tain constituents that have varying degrees of toxicity to bees. Foragers bring these 
naturally occurring nectars back to the hive. Thus colonies containing H2 type bees 
that show more preference would have an evolutionary advantage over bees such as 
those with H1 type bees.

During times when the environment is less conducive to colony health, such as 
when agrichemicals are used on crops or when EFB, AFB and Nosema are preva-
lent, H2 type bees would bring these back in the nectar and spread them within the 
hive via trophallaxis with less efficiency than H1 type bees because H2 type bees 
show preferences for H2 bees only. H1 type bees show fewer preferences and are 
likely to feed all bees within the colony via trophallaxis. This behaviour will spread 
the incoming nectar more rapidly throughout the colony. The new segregation cup 
system can test for this behaviour and beekeepers can select H2 type bees for better 
colony health/survival over H1 type bees.

It is important to mention that on some occasions beekeepers might select 
H1 type bees and on other occasions they might want to select H2 type bees. The 
new segregation cup system can enable beekeepers to make these choices. Once 
the choice is made, beekeepers can then develop their own breeding programs by 
breeding queens from those colonies to propagate the desired behaviours in subse-
quent colonies.

4. Conclusions

This chapter described new DR methods and how they can help beekeep-
ers make informed choices. The chapter detailed how current knowledge can 
be studied in novel ways non-invasively and how DR methods brought to light 
unexpected new knowledge that is beneficial to the preservation of honeybees 
globally.

Descriptions and examples were given to describe DR at the cutting edge of state 
of the art technology. DR methods helped to discover a new species, previously 
undescribed bee behaviour and a new selection system to help beekeepers improve 
their hive management knowledge.

DR is an applied science that has a direct impact on modern beekeeping. 
Although it is very high tech, it also provides links to new methods which help 
beekeepers make their own informed decisions to improve bee husbandry methods 
and colony health at the grass roots level.



Modern Beekeeping - Bases for Sustainable Production

14

Author details

Mark Greco
Charles Sturt University, Wagga Wagga, Australia

*Address all correspondence to: radioentomology@gmail.com

Video materials

The video materials referenced in this chapter are available at: https://bit.
ly/2BV3DnO.

Acknowledgements

The Eva Crane Trust has partly funded DR research conducted in this chapter. 
This chapter was written with the kind assistance from Marisa Greco, Christina 
Belcev, Alex Belcev, Nell Greco, Pedro Velasco and Isabella Belcev.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



15

Diagnostic Radioentomology
DOI: http://dx.doi.org/10.5772/intechopen.89005

[1] Roubik D. Obligate necrophagy 
in a social bee. Science. 
1982;217(4564):1059-1060. DOI: 
10.1126/science.217.4564.1059

[2] Baumgartner D, Roubik D. Ecology 
of necrophilous and filth-gathering 
stingless bees (Apidae: Meliponinae) 
of Peru. Journal of the Kansas 
Entomological Society. 1989;62:11-22. 
DOI: 10.1007/BF02765611

[3] Noll F. Foraging behaviour on 
carcasses in the necrophagic bee 
Trigona hypogea (Hymenoptera: 
Apidae). Journal of Insect Behaviour. 
1997;10(3):463-467. DOI: 10.1007/
BF02765611

[4] Mateus S, Noll F. Predatory 
behaviour in a necrophagous bee 
Trigona hypogea (Hymenoptera; Apidae, 
Meliponini). Die Naturwissenschaften. 
2004;91:94-96. DOI: 10.1007/
s00114-003-0497-1

[5] Michener CD. The Bees of the World. 
Baltimore, MD, USA: The John Hopkins 
University Press; 2000. DOI: 10.1002/
mmnz.20020780209

[6] O’Toole C, Raw A. Bees of the world. 
London: Cassell Illustrated; 2004. DOI: 
10.1093/ae/39.3.190

[7] Mayack C, Naug D. Energetic 
stress in the honeybee Apis mellifera 
from Nosema ceranae infection. 
Journal of Invertebrate Pathology. 
2009;100(3):185-188. DOI: 10.1016/j.
jip.2008.12.001

[8] Dollin A. Behaviour of Australian 
Stingless Bees. North Richmond: 
Australian Native Bee Research Centre; 
1996

[9] Vanbergen AJ, Baude M, 
Biesmeijer JC, Britton NF, Brown MJF, 
Brown M, et al. Threats to an ecosystem 
service: Pressures on pollinators. 

Frontiers in Ecology and the 
Environment. 2013;11(5):251-259. DOI: 
10.1890/120126

[10] Greco M, Spooner-Hart R, 
Holford P. A new technique for 
monitoring Trigona carbonaria 
nest contents, brood and activity 
using X-ray computerized 
tomography. Journal of Apicultural 
Research. 2005;44(3):97-100. DOI: 
10.1080/00218839.2005.11101156

[11] Greco M, Bell M, Spooner-Hart R, 
Holford P. X-ray computerized 
tomography as a new method for 
monitoring Amegilla holmesi nest 
structures, nesting behaviour, 
and adult female activity. 
Entomologia Experimentalis et 
Applicata. 2006;120(1):71-76. DOI: 
10.1111/j.1570-7458.2006.00429.x

[12] Tollner EW. X-ray computed-
tomography applications in soil ecology 
studies. Agriculture, Ecosystems and 
Environment. 1991;34(1-4):251-260. 
DOI: 10.1016/0167-8809(91)90112-B

[13] Fuchs A, Schreyer A, Feuerbach S, 
Korb J. A new technique for termite 
monitoring using computer tomography 
and endoscopy. International Journal of 
Pest Management. 2004;50(1):63-66. 
DOI: 10.1080/0967087032000159300

[14] Greco MK, Hoffmann D, 
Dollin A, Duncan M, Spooner-Hart R, 
Neumann P. The alternative pharaoh 
approach: Stingless bees encapsulate 
beetle parasites alive. Die 
Naturwissenschaften. 2009;97(3):319-
323. DOI: 10.1007/s00114-009-0631-9

[15] Perna A, Jost C, Couturier E, 
Valverde S, Douady S, Theraulaz G. The 
structure of gallery networks in the 
nests of termite Cubitermes spp. 
revealed by X-ray tomography. Die 
Naturwissenschaften. 2008;95(9):877-
884. DOI: 10.1007/s00114-008-0388-6

References



Modern Beekeeping - Bases for Sustainable Production

16

[16] Hornschemeyer T, Beutel RG, 
Pasop F. Head structures of Priacma 
serrata Leconte (Coleoptera, 
Archostemata) inferred from X-ray 
tomography. Journal of Morphology. 
2002;252(3):298-314. DOI: 10.1002/
jmor.1107

[17] Betz O, Kolsch G. The role 
of adhesion in prey capture and 
predator defence in arthropods. 
Arthropod Structure & Development. 
2004;33(1):3-30. DOI: 10.1016/j.
asd.2003.10.002

[18] Johnson SN, Read DB, 
Gregory PJ. Tracking larval insect 
movement within soil using high 
resolution X-ray microtomography. 
Ecological Entomology. 
2004;29(1):117-122. DOI: 
10.1111/j.0307-6946.2004.00567.x

[19] Wirkner S, Prendini L. Comparative 
morphology of the hemolymph vascular 
system in scorpions–A survey using 
corrosion casting, microCT and 3D 
reconstruction. Journal of Morphology. 
2007;268:401-413. DOI: 10.1002/
jmor.10512

[20] Tafforeau P, Boistel R, Boller E, 
Bravin A, Brunet M, Chaimanee Y, 
et al. Applications of X-ray synchrotron 
microtomography for non-destructive 
3D studies of paleontological specimens. 
Applied Physics A. 2006;83(2):195-202. 
DOI: 10.1007/s00339-006-3507-2

[21] Greco M, Jones A, 
Spooner-Hart R, Holford P. X-ray 
computerised microtomography 
(MicroCT): A new technique 
for assessing external and 
internal morphology of bees. 
Journal of Apicultural Research. 
2008;47(4):286-291. DOI: 
10.1080/00218839.2008.11101476

[22] Heethoff M, Helfen L, Norton RA. 
Description of Neoliodes dominicus N. Sp 
(Acari, Oribatida) from Dominican 
Amber, aided by synchrotron 

X-ray microtomography. Journal of 
Paleontology. 2009;83(1):153-159. DOI: 
10.1017/S0022336000058224

[23] Wille A, Chandler L. A new 
stingless bee from the tertiary amber 
of the Dominican Republic. Revista 
de Biología Tropical. 1964;12:187-195. 
Available from: http://163.178.80.41/
Record/PUCR_2779ab2fcb5acaca2ab2ea
b84253ac72

[24] Michener CD. A new interpretation 
of fossil social bees from the Dominican 
Republic (as Trigona domiciliorum, 
comparative notes). Sociobiology. 
1982;7(1):37-45. DOI: 10.17161/jom.
v0i14.4560

[25] Engel MS. Neocorynura electra, a 
new fossil bee species from Dominican 
amber (Hymenoptera: Halictidae). 
Journal of the New York Entomological 
Society. 1995;103:317-323. DOI: www.
jstor.org/stable/25010174

[26] Engel MS. New augochlorine 
bees (Hymenoptera: Halictidae) 
in Dominican amber, with a brief 
review of fossil Halictidae. Journal 
of the Kansas Entomological Society. 
1996;69(4):334-345

[27] Engel MS. A new fossil bee from 
the Oligo-Miocene Dominican amber 
(Hymenoptera: Halictidae). Apidologie. 
1997;28(2):97-102. DOI: 10.1051/
apido:19970207

[28] Engel MS. A new interpretation 
of the oldest fossil bee (Hymenoptera: 
Apidae). American Museum Novitates. 
2000;3296:1-11

[29] Rozen JG Jr. A new species of the 
bee Heterosarus from Dominican 
amber (Hymenoptera: Andrenidae; 
Panurginae). Journal of the Kansas 
Entomological Society. 1996;69:346-352

[30] Camargo JMF, Grimaldi DA, 
Pedro SRM. The extinct fauna of 
stingless bees (Hymenoptera: Apidae: 



17

Diagnostic Radioentomology
DOI: http://dx.doi.org/10.5772/intechopen.89005

Meliponini) in Dominican amber: Two 
new species and re-description of the 
male of Proplebeia dominicana (Wille 
and Chandler). American Museum 
Novitates. 2000;3293:1-24

[31] Oliveira FF. The mesotibial spur 
in stingless bees: A new character 
for the systematics of Meliponini 
(Hymenoptera: Apidae). Journal 
of the Kansas Entomological 
Society. 2002;75:194-202. Available 
from: https://www.researchgate.
net/publication/293475240_The_
mosotibial_spur_in_stingless_bees_A_
new_character_for_the_systematics_of_
Meliponini_Hymenoptera_Apidae

[32] Hinojosa-Di’az IA, Engel MS. 
Juxtocellar structures in euglossine bees: 
A new character for corbiculate studies 
(Hymenoptera: Apidae). Beiträge zur 
Entomologie. 2008;58:97-105. Available 
from: http://hdl.handle.net/1808/18028

[33] Lak M, Neraudeau D, Nel A, 
Cloetens P, Perrichot V, Tafforeau P. Phase 
contrast X-ray synchrotron imaging: 
Opening access to fossil inclusions 
in opaque amber. Microscopic 
Microanalysis. 2008;14(3):251-259

[34] Lak M, Fleck G, Azar D, Engel MS, 
Kaddumi HF, Neraudeau D, et al. 
Phase contrast x-ray synchrotron 
microtomography and the oldest 
damselflies in amber (Odonata: 
Zygoptera: Hemiphlebiidae). Zoological 
Journal of the Linnean Society. 
2009;156:913-923

[35] Schlüter T, Stürmer W. X-ray 
examination of fossil insects in 
cretaceous amber of N.W.-France. 
Annales de la Société Entomologique de 
France. 1982;18:527-529

[36] Gerling D, Hermann HR. Biology 
and mating behaviour of Xylocopa 
virginica L. (Hymenoptera: 
Anthophoridae). Behavioral Ecology 
and Sociobiology. 1978;3:99-111. DOI: 
10.1007/BF00294984

[37] Gerling D, Hurd PD Jr, Hefetz A. 
In-nest behaviour of the carpenter bee, 
Xylocopa pubescens Spinola (Hymenoptera: 
Anthophoridae). Journal of the Kansas 
Entomological Society. 1981;54:209-218

[38] Velthuis HHW, Gerling D. At the 
brink of sociality: Interactions between 
adults of the carpenter bee Xylocopa 
pubescens Spinola. Behavioral Ecology 
and Sociobiology. 1983;12:209-214. DOI: 
10.1007/BF00290773

[39] Serrao JE. A comparative study 
of the proventricular structure in 
corbiculate apinae (Hymenoptera, 
Apidae). Micron. 2001;32:379-385. DOI: 
10.1016/S0968-4328(00)00014-7

[40] Serrao JE. Proventricular structure 
in solitary bees (Hymenoptera: 
Apoidea). Organisms, Diversity 
and Evolution. 2005;5:125-133. DOI: 
10.1016/j.ode.2004.10.011

[41] Araujo VA, Zama U, Dolder H, 
Lino-Neto J. Morphology and 
ultrastructure of the spermatozoa 
of Scaptotrigona xanthotricha Moure 
(Hymenoptera: Apidae: Meliponini). 
Brazilian Journal of Morphological 
Science. 2005;22:137-141

[42] Grimaldi D, Bonwich E, 
Delannoy M, Doberstein S. Electron 
microscopic studies of mummified 
tissues in amber fossils. American 
Museum Novitates. 1994;3097:1-31

[43] Delaplane KS, Steen J, 
Guzman-Novoa E. Standard methods 
for estimating strength parameters 
of Apis mellifera colonies. Journal of 
Apicultural Research. 2013;52(1):1-12. 
DOI: 10.3896/IBRA.1.52.1.03

[44] Greco MK, Welz PM, Siegrist M, 
Ferguson SJ, Gallmann P, Roubik DW, 
et al. Description of an ancient social 
bee trapped in amber using diagnostic 
radioentomology. Insectes Sociaux. 
2011;58:487. DOI: 10.1007/
s00040-011-0168-8



Modern Beekeeping - Bases for Sustainable Production

18

[45] Engel MS. Systematic melittology: 
Where to from here? Systematic 
Entomology. 2011;36:2-15. DOI: 
10.1111/j.1365-3113.2010.00544.x

[46] Engel MS. A monograph of the 
Baltic amber bees and evolution of 
the Apoidea (Hymenoptera). Bulletin 
of the American Museum of Natural 
History. 2001;259(259):1-192. DOI: 
10.1206/0003-0090(2001) 
259<0001:AMOTBA>2.0.CO;2

[47] Engel MS. Family-group names 
for bees (Hymenoptera: Apoidea). 
American Museum Novitates. 
2005;3476(3476):1-33. DOI: 
10.1206/0003-0082(2005) 
476[0001:FNFBHA]2.0.CO;2

[48] Kawakita A, Ascher JS, Sota T, 
Kato M, Roubik DW. Phylogenetic 
analysis of the corbiculate Apinae 
based on morphology of the sting 
apparatus (Hymenoptera: Apidae). 
Cladistics. 2007;23:99-118. DOI: 
10.1111/j.1096-0031.2006.00137.x

[49] Michener CD. The Bees of the 
World. 2nd ed. Baltimore, MD: 
Johns Hopkins University Press; 
2007. Available from: https://books.
google.com.au/books?hl=en&lr=& 
id=bu_1gmY13FIC&oi=fnd&pg= 
PR14&ots=YIbEjcUHw9&sig=yNu
HdZ04I3Qu1Cra3EpuWgsEpk8&re
dir_esc=y#v=onepage&q&f=false

[50] Kawakita A, Ascher JS, Sota T, 
Kato M, Roubik DW. Phylogenetic 
analysis of the corbiculate bee tribes 
based on 12 nuclear protein-coding 
genes (Hymenoptera: Apoidea: Apidae). 
Apidologie. 2008;39:163-175. DOI: 
10.1051/apido:2007046

[51] Seeley TD. Honeybee Democracy. 
Woodstock, Oxfordshire: Princeton 
University Press; 2010. https://books.
google.com.au/books?hl=en&lr=&id= 
txMkdG9G5acC&oi=fnd&pg=PP1&dq= 
Seeley+TD.+Honeybee+Democracy:+ 
Princeton+University+Press%3B+2010. 

&ots=rEu-nzZ5yL&sig=7X0CipoYiO 
502r2rGkaLzv7N7fY&redir_esc=y#v= 
onepage&q=Seeley%20TD.%20
Honeybee%20Democracy%3A%20
Princeton%20University%20
Press%3B%202010.&f=false

[52] Greco M, Lang J, Gallmann P, 
Priest N, Feil N. Sugar concentration 
influences decision making in Apis 
mellifera L. workers during early-stage 
honey storage behaviour. Open Journal 
Of Animal Sciences. 2013;3(3):210-218. 
DOI: 10.4236/ojas.2013.33031

[53] Seeley TD. Thoughts on information 
and integration in honey bee colonies. 
Apidologie. 1998;29(1-2):67-80. DOI: 
10.1051/apido:19980104

[54] Camazine S. Self-organizing 
pattern-formation on the combs of 
honey-bee colonies. Behavioural 
Ecology and Sociobiology. 
1991;28(1):61-76. DOI: 10.1007/
BF00172140

[55] Free JB, Williams IH. Factors 
determining food storage and brood 
rearing in honeybee (Apis mellifera L) 
comb. Journal of Entomology Series 
A-Physiology & Behaviour. 1974;49: 
47-63. DOI: 10.1111/j.1365-3032.1974.
tb00067.x

[56] Johnson BR, Baker N. Adaptive 
spatial biases in nectar deposition in the 
nests of honey bees. Insectes Sociaux. 
2007;54(4):351-355. DOI: 10.1007/
s00040-007-0953-6

[57] Sur R, Stork A. Uptake, 
translocation and metabolism of 
imidacloprid in plants. Bulletin of 
Insectology. 2003;56:35-40. Available 
from: https://pdfs.semanticscholar.org/
ccce/69d4dd40fe771946f72b0d4d2d44b
83cb177.pdf

[58] Rogers MA, Krischik VA, 
Martin LA. Effect of soil application 
of imidacloprid on survival of adult 
green lacewing, Chrysoperla carnea 



19

Diagnostic Radioentomology
DOI: http://dx.doi.org/10.5772/intechopen.89005

(Neuroptera: Chrysopidae), used 
for biological control in greenhouse. 
Biological Control. 2007;42(2):172-177. 
DOI: 10.1016/j.biocontrol.2007.05.006

[59] Cloyd RA, Bethke JA. Impact 
of neonicotinoid insecticides on 
natural enemies in greenhouse and 
interiorscape environments. Pest 
Management Science. 2011;67(1):3-9. 
DOI: 10.1002/ps.2015

[60] van Engelsdorp D, Evans JD, 
Donovall L, Mullin C, Frazier M, 
Frazier J, et al. “Entombed pollen”: A 
new condition in honey bee colonies 
associated with increased risk of colony 
mortality. Journal of Invertebrate 
Pathology. 2009;101:147-149. DOI: 
10.1016/j.jip.2009.03.008

[61] Adler LS. The ecological 
significance of toxic nectar. 
Oikos. 2001;91:409-420. DOI: 
10.1034/j.1600-0706.2000.910301.x

[62] Robertson LM, Edlin JS, 
Edwards JD. Investigating the 
importance of altitude and weather 
conditions for the production of toxic 
honey in New Zealand. New Zealand 
Journal of Crop and Horticultural 
Science. 2010;38(2):87-100. DOI: 
10.1080/01140671003781702

[63] Kevan PG, Ebert T. Can almond 
nectar and pollen poison honey 
bees? American Bee Journal. 
2005;145(6):507-509. Available from: 
http://agris.fao.org/agris-search/search.
do?recordID=US201301000539

[64] Mesquita LX, Maracaja PG, 
Sakamoto SM, Soto-Blanco B. Toxic 
evaluation in honeybees (Apis mellifera) 
of pollen from selected plants from the 
semi-arid region of Brazil. Journal of 
Apicultural Research. 2010;49(3):265-
269. DOI: 10.3896/IBRA.1.49.3.06

[65] Greco MKG, Coates B, 
Feil EJ. High tech research reveals 
preferential feeding in honey 

bees. Journal of Apicultural 
Research. 2019;58(3):471-477. DOI: 
10.1080/00218839.2019.1582838

[66] Huang SK, Csaki T, Doublet V, 
Dussaubat C, Evans JD, Gajda AM, et al. 
Evaluation of cage designs and feeding 
regimes for honey bee (Hymenoptera: 
Apidae) laboratory experiments. 
Journal of Economic Entomology. 
2014;107(1):54-62. DOI: 10.1603/
EC13213

[67] Ziegelmann B, Abele E, Hannus S, 
Beitzinger M, Berg S, Rosenkranz P. 
Lithium chloride effectively kills the 
honey bee parasite Varroa destructor 
by a systemic mode of action. Scientific 
Reports. 2018;8:683. DOI: 10.1038/
s41598-017-19137-5

[68] Pfeiffer KJ, Crailsheim K. Drifting 
of honeybees. Insectes Sociaux. 
1998;45:151-167. Available from: 
https://www.nature.com/articles/
s41598-017-19137-5


