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Preface

This new monograph, Honeybee Nests: Composition, Structure, and Function, was
originally conceived as an extension or revision of an earlier monograph,
Honeybees and Wax: An Experimental Natural History, published in 1986 by
Springer Verlag, Berlin. That monograph was restricted to publications on Apis
mellifera in the literature up until 1985. However, an extensive search of Google
ScholarTM quickly revealed that the number of relevant scholarly references to
Honeybees and Wax for all species of Apis published before 1986 is less than a
third of that published since. While Honeybees and Wax did, and still does, enjoy
fair coverage in contemporary literature, it is beyond doubt very out-of-date.
Indeed, the need for a completely new work, and not merely a revision, became
apparent when one considers that there has been more than a three-fold increase in
the relevant literature.

It is fair to ask ‘Is this a new or revised edition?’ In the publishing trade it is
obvious that there are subjective, qualitative differences between a ‘revised edi-
tion’ and a ‘new edition’ which hinges on whether the differences constitute
something very different, or merely slightly different. In the present case, we can
assure the reader that more than 60 % of the text, tables and figures in Honeybee
Nests: Composition, Structure, and Function represents all new and relevant
literature that has appeared in the scientific journals over the past quarter of a
century.

We would like to introduce the chapters of this book by reference to the various
forms of swarming. Given that there are well over 10,000 publications concerning
swarming in honeybees that began to appear in the early eighteenth century, this
matter has received intense scrutiny by observations and experiments. However,
here we do not attempt a review of this subject, which would require its own
volume, but rather restrict comments largely to the circumstances that precede
swarming and in terms of ‘wax-readiness’ once a new nest site has been chosen
and the colony has settled there.

The structure of the contents of this new volume is virtually opposite to that of
its predecessor. In the 1986 book, the chapters began at the finest level on the
nature and production of beeswax, including cytology of the wax gland system,
composition and synthesis of beeswax and the energetic considerations that bear
on these topics. This section was followed by chapters on the material properties of
beeswax and the construction of cells and combs. The final section comprised
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large-scale biological factors such as nectar flow, pollen and wax production, the
brood nest, the queen and the microenvironment. On the suggestions of several
colleagues, in this new work we proceed in precisely the opposite manner, from
large and to small. So now it begins with a broad portrait on nesting, which is of
fundamental interest to all honeybee biologists, and leaves the physics and
chemistry of beeswax and molecular biology of silk to the end, which will have a
considerably more finite appeal.

Of particular interest, we have seen, in the last quarter of a century, substantial
incursions into the ‘old honeybee preserve’ of honeybees and wax by major
scholarly publications in materials science, structural engineering, molecular
biology, polymer chemistry, biomimetics and biomaterials, chemical chromatog-
raphy, thermal chemistry, food chemistry, applied physics, mathematics, computer
modelling and even archaeology. On the purely biological and apicultural side of
the coin, there have many major areas of growth in nestmate recognition, social
biology, toxicology, pheromones, biomechanics, biochemistry, endocrinology,
behavioural ecology, olfactory physiology, evolutionary genetics and chemical
ecology to cite a few.

Over the past 25 years studies have been conducted on wax synthesis and
secretion in honeybees to identify specific cellular sites for the origin of hydro-
carbons and fatty acids within the wax gland complex, and to establish the nec-
essary ultrastructural correlates of this activity and of their transport. These include
age-related changes in the composition of hydrocarbons and fatty acids in the
epidermal cells, adipocytes and oenocytes. Similarly, with ever-more sophisticated
instrumentation, there have been considerable refinements in the wax chemistry
and characteristics of different honeybee species and races, their chemometric
classification and analyses of the weighted frequency distributions in their carbon
chain length variations. There have been major gains in our understanding of the
material properties of beeswaxes, their tensile properties, crystal texture and
crystallites and wax proteins. We know that honeybee silk is a a9-helical protein,
how it behaves at different temperatures, the effects of solvents on silk, its relative
crystallinity and molecular dynamics as well as the genetic basis of the honeybee
a9-helical fibroin. Chemical differences between scale and comb wax have been
determined and how these change in the conversion of newly secreted wax scales
into comb.

Of perhaps equal importance is the previously catalogued literature on the
Asian species of honeybees which has remained virtually unknown, otherwise
untouched and never synthesised. It is apparent from a recent bibliography
(Hepburn and Hepburn 2011) that, of some 4,000-odd publications on the Asian
species of honeybees, there are several hundred publications dealing with the
waxes and silk of these species. All of this hitherto unutilized material has now
been analysed and incorporated, where appropriate, in this new text. It should be
noted that references to Asian honeybees were sought from the Zoological Record
(1864–2003), Apicultural Abstracts (1950–2004) and from Google ScholarTM

(2005–2009). However, 95 % of this literature is post-WWII and much of it is now
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available through Google ScholarTM. Of interest here is a smallish group of papers
on the analytical chemistry and physical constants of beeswax, nest site selection
and beekeeping trade in beeswax.

The precursor of the present text, Honeybees and Wax: An Experimental Natural
History, has not been entirely abandoned. Most of the chronological–historical
chapters and paragraphs have been greatly edited, compressed, amended and
retained. One will still find ‘old references’ (in fact very, very old) in this new book,
which usually means references which only few computer-literate biologists can
readily find or even bother to try. Nonetheless, one still encounters comments/queries
from journals’ referees and even editors as to why such an old reference has been
cited. The answer here is very basic: we believe in the tradition of ‘primacy of
discovery’. This tradition has been falling by the wayside and there are particularly
egregious examples of ignorance, or worse, incestuous self-aggrandisement in not
citing the discoveries of those who came before us.

As an example, Jan Dzier _zoń, who discovered parthenogenesis in honeybees
and published his observations in 1845, is rarely cited, as a perusal of the literature
on parthenogenesis in honeybees over the past 20 years readily confirm. A his-
torical exception is that of François Huber (1814) whose treatise Nouvelles
Observations sur les Abeilles remains a remarkably modern work. Similarly, the
works of Dönhoff and Schirach remain primary source papers. By the same token,
a list of Nobel laureates shows individual awards in physics, chemistry and
physiology from 1901 until the end of WWII. Only then do we see ‘multiple
independent, discovery’ awards to scientists who made discoveries working
independently of each other, which in contemporary science, has become the norm
(Merton 1973). The history of discoveries in apicultural science is yet to reach the
‘multiple, independent discovery’ phase. So we invoke the title of the famous 1897
painting of Paul Gaugin: D’où Venons Nous/Que Sommes Nous/Où Allons Nous,
questions that are just as fundamental to human existence as to the course of
science.

Another difference between the old Honeybees and Wax and the present volume
is that the current text chapters include references and thus stand alone as journal
review papers. This is to accommodate the distribution of electronic copies of
individual chapters by the publisher. Readers of the complete text will note that
several figures are used in more than one chapter. This occasional duplication
arises because such figures are used in different arguments in each particular case.

The production of this volume would not have been possible without the quite
considerable kindness of several people who have provided new information,
references or reviewed various chapters in manuscript form:

Tara Sutherland (Canberra), Eileen Sheppard (Grahamstown), Anne Dufay
(Sophia-Antipolis), Scott Camazine (Boalsburg), Mingxian Yang (Ya’an), Preecha
Rod-im (Chom Bueng), Bhushan Karihaloo (Cardiff), Jürgen Tautz (Würzburg).
On a personal note (C. W. W. Pirk), I like to thank my parents, Christel and
Hartmut Pirk and my wife Catherine Sole for their support of my scientific
endeavours.
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honed editorial skills and knowledge of the English language which certainly
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Chapter 1
General Introduction

Abstract This chapter consists of expanded abstracts of the contents of this book,
beginning with the origin of beeswax, wax synthesis and secretion, and the
ultrastructural correlates of its genesis. Honeybee nests are reviewed in terms of
nest sites, space and density. Two hypotheses, a blueprint or a self-organization,
have been proposed for the organization of the nest contents: the latter being
highly probable. Honeybee variations in wax choice have also been assessed using
waxes of several honeybee species as well as plant and mineral waxes. Waggle-
dancers produce vibratory movements which are pulsed vibrations that increase
during waggle runs. Honeybees secrete the same amount of wax whether queenless
or queenright, and the actual secretion of wax is independent of queen status. The
amount of wax produced is a linear function of the number of young bees in a
colony, but the greatest amount of wax produced/bee, relative to colony size,
occurs in small colonies. The nutrients that workers derive from pollen provide all
the proteins, lipids, vitamins and minerals required for brood-rearing, and the
primary consumers of pollen are nurse bees. Comb-building is conducted by many
individuals, some in festoons, others not. Yet, the basic stimulus for comb-building
is ‘flowering’, which provides the energy required for colony development. Comb-
building pulses require a fullness of the comb threshold, with an excess or surplus
brood and stored food. Cyclical changes of cellular organelles in the wax gland
complex and the chemical composition of beeswax closely coincide with age-
related rates of wax secretion. The mechanical properties and crystal structure of
wax change with chemical additions by honeybees. Wax scales consist of aligned
crystallites and their origin is probably due to a fusion of liquid products reaching
the surface from the different cells in the wax gland complex. Analyses of deri-
vatised comb waxes and their Euclidean distances are similar to those from
morphometric, behavioural and DNA sequence analyses.

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_1,
� Springer-Verlag Berlin Heidelberg 2014
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1.1 The Origin of Beeswax

The first correct description of wax scales, their probable origin and uses, was made
by Hornbostel (1744). In subsequent decades, microscopists observed the syn-
chronised rise and fall of the elements of the wax gland complex of honeybees,
epidermis, oenocytes and fat body, and thought that these were highly suggestive of a
direct involvement of all three tissues in wax production. In an attempt to prove a
necessary relationship between the simultaneous development of the wax gland
epithelium, fat cells and oenocytes and wax secretion, Graber (1872) noted that the
adipocytes are interspersed with ‘oenocytes’ (Wielowiejski 1886), and Holz (1878)
offered the first alternative to the ‘sweating’ of beeswax hypothesis. Detailed studies
were conducted that provided strong circumstantial evidence to support this prop-
osition (Rösch 1927; Boehm 1965). Indeed, the wax mirror epidermis belongs to the
Type 1 class of glandular cells (Noirot and Quennedey 1974), and consists of a
system of microtubules that transport wax precursors from the fat body cells and
oenocytes to the surface of the cuticle where they solidify and crystallise to become
wax scales (Cassier and Lensky 1995). Studies of wax synthesis and secretion spe-
cifically identified sites for the origin of the hydrocarbon and fatty acid components
within the wax gland complex, and established the necessary ultrastructual correlates
of genesis and transport. The rates of wax secretion in honeybees of different ages
have been measured, and the chemical composition of the tissues and ultrastructural
changes corresponding with phases of wax production in relation to the division of
labour, finally established (Hepburn et al. 1991).

1.2 Nests and Nesting

The nesting sites of open- and cavity-nesting honeybees are reviewed in terms of
nest sites, space and honeybee density. Space comprises building space for new
combs and living space for clustering bees. In a container of a fixed volume, a
strong colony constructs more than a colony with a smaller population; but, the
amount of comb constructed per bee decreases with increased density and
increases in colony size (Freudenstein 1961). The quality aspects of space as a
stimulus for comb-building include illumination and air movement. Volume, space
and density will only operate on wax production when the colony has reached
some critical, if yet indefinable, threshold. Wax bees move throughout the nest so
there is a close synchrony between the ‘needs’ of specific comb-building areas and
the presence of bees producing wax scales (Muller and Hepburn 1992; Pratt 2004).
During comb-building there are concomitant changes in population size, popula-
tion density, nectar and pollen influx, all of which affect honeybee/comb inter-
actions. Nonetheless, ‘space’ is also a ‘nearest neighbour’ problem for colonies of
cavity-nesting species, which translates to carrying capacity/km2. On the other
hand, it would appear that ‘space’ may well be a ‘nearest neighbour’ distance rule
for the dwarf honeybees (Duangphakdee et al. 2013a).
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1.3 Self-Organization of Nest Contents

The arrangement of the contents of both single vertical combs and horizontally
arranged parallel combs are very similar among all species of honeybees; different
areas of the comb are used repetitively for the same functions. They principally
differ in the formation of their patterns which have been tacitly assumed for
centuries to derive in some mysterious way as ‘‘in the nature of bees’’. Camazine
(1991) erected a series of experiments to validate one of two mutually exclusive
hypotheses for the comb patterns of A. mellifera: (1) a blueprint in which patterns
develop in some pre-ordained and specified way intrinsic to bees; or, (2) a self-
organization hypothesis (‘‘a reaction–diffusion system’’ developed by Turing
1952), by which patterns emerge spontaneously from the dynamic interactions of
the processes of placing, and then displacing, the different elements of the nests.
The original self-organization hypothesis has been challenged, modified, and
ultimately supported by rigorous mathematical analyses of this problem. The
model of the self-organization hypothesis appears extremely robust and parsi-
monious and it remains the prevailing paradigm (Montovan et al. 2013). Expla-
nations for pattern formation in the single comb dwarf and giant honeybee species
are perhaps less difficult. Development of the vertical, single comb nest of
A. florea is accomplished in four months after a swarm settles, and in only a few
days the nest has already been partitioned into an area for honey (top of comb or
‘crown’), an underlying pollen layer, below which both capped and uncapped
larval cells occur. This basic pattern remains until the mature colony swarms some
four months later. The major challenge is the construction of the crown comb
(Duangphakdee et al. 2013b).

1.4 Interspecific Utilisation of Beeswax

A. florea was tested to determine whether they would salvage wax from their own
deserted natal combs in preference to other conspecific combs and from hetero-
specific facsimiles of other species. Preferences for natal comb were significantly
greater than for non-natal combs, with no wax being collected from heterospecific
combs. Behavioural variations for wax choice were also assessed using the waxes
of A. capensis, A. florea, A. cerana, A. dorsata, Japan wax, candelilla wax, bay-
berry wax and ozokerite which were tested in colonies of A. m. capensis, A. florea
and A. cerana. A. m. capensis accepted only the beeswaxes. A. cerana and
A. florea accepted the wax of A. cerana, A. florea and A. dorsata but rejected A. m.
capensis and the other waxes (Hepburn et al. 2009). Comb-building in mixed-
species colonies of A. cerana and A. mellifera was examined with foundation made
from the waxes of these species and given to colonies with either an A. cerana or
A. mellifera queen. The colonies did not discriminate between the waxes, and
comb-building was a cooperative effort by both species (Yang et al. 2010).
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The dwarf honeybees are unusual in that they regularly cannibalise wax from
deserted nests (Pirk et al. 2011).

1.5 Communication of Vibrations and Scents

Communication across the combs of honeybees includes both distance and direc-
tion elements of waggle dances. Potential recruits attending a dancer emit vibra-
tions which elicit a response to give the emitter a sample of nectar. Tooting and
quacking by queens are both airborne sounds and substrate vibrations, which are
carried mainly by the fundamental frequency component. The bees recognize these
signals mainly by their temporal structure and comparisons of the threshold,
emission level, and attenuation with distance, which suggests that they are used
only within a restricted area of the comb (Michelsen 2012). When waggle-dancing
honeybees move on comb they produce vibratory movements which indicates the
location of the waggle dancer and the pulsed vibrations are increased during waggle
runs, so amplifying the signals for remote dance-followers. Because sound intensity
decreases with the density of the medium and with distance, beeswax is a suitable
medium for sound transmission. Pheromones in combs serve as slow release sys-
tems with long time constants and include transmission of colony odour, queen-
rightness, cell capping, kin recognition, footprint pheromones, wax-salvaging
behaviour etc. The specific dance sites that occur on combs are due to chemical
tagging (Tautz and Lindauer 1997). Colony odour masking occurs when receiver
bees are conditioned to the same comb source as introduced bees, which are
accepted (Breed et al. 1988). A series of only a few methyl esters produced by
queens, workers and drones are sufficient to induce the capping of mature brood (Le
Conte et al. 1994); but it has also been proposed that workers cap cells depending on
the depth of larvae in their cells and not on the ratios of ester emissions (Goetz and
Koeniger 1992). Nonetheless, these results are not mutually exclusive in principle.

1.6 Wax Secretion, Comb Construction and the Queen

Discovery of queen substance led to the experimental dissection of the importance
of these chemical signals in comb construction, especially because more combs are
produced in the presence of mated queens than with virgin queens whose phero-
monal bouquets differ substantially (Darchen 1956; Butler and Simpson 1958). In
a series of experiments, Whiffler and Hepburn (1991) showed that bees secrete the
same amount of wax whether queenless or queenright, with either mated or virgin
queens, and living or dead. Moreover, removing mandibular glands or restricting
workers access to the pheromones of queens has no effect on wax secretion.
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Similarly, wax secretion does not differ significantly among colonies with caged or
division board queens, with intact mandibular and abdominal tergite glands or not.
The actual secretion of wax is independent of queen status. However, comb-
building fundamentally differs from wax secretion because colonies headed by
mated queens construct significantly more comb than queenless colonies, results
consistent with other studies on A. mellifera and A. cerana. Collectively, these
results indicate that the bouquet of the mandibular gland of queens cannot alone
fully explain enhanced comb-building by queenright workers. Whatever the source
of the comb-building stimulus, its effect requires direct contact with the queen
because most comb is always built when workers have full access to a free-
running, physical and chemical, mated queen; and, little comb is built when the
colony has access only to the ‘chemical’ or ‘physical’ queen. The independence of
wax secretion, as opposed to comb-building, from the pheromonal influence of the
queen (Whiffler and Hepburn 1991) was subsequently confirmed in experiments by
Ledoux et al. (2001).

1.7 The Significance of Brood

Differences in colony size among Apis species are not equated to the ratio of
drones to workers or associated comb construction. Oviposition-related cell
inspections reveal that a queen’s decision to lay a fertilized egg or not, is deter-
mined by a specific stimulus generated on cell inspection. Uncapped or sealed
queen cells cells are correlated to a reduction in the number of new cell con-
structions, possibly pheromonally mediated. Relative increases in the physiolog-
ical activity of the wax glands in queenright bees are related to the age of the
workers. Capped brood and broodlessness dampen the development of wax glands,
while the presence of open brood stimulates their development, as under queen-
right conditions. Queenright bees produce much more comb than queenless bees;
while queenless, broodright bees construct more comb than queenless, broodless
bees. The amount of wax produced is a linear function of the number of young
bees in a colony, but the greatest amount of wax produced/bee, relative to colony
size, occurs in small colonies. Bees prevented from brood-rearing produce the
same amount of wax as those engaged in both comb-building and brood-rearing.
Colonies precluded from comb construction rear no more brood than those
engaged both in brood-rearing and comb-building. The proportion of drone comb
depends on the amount of drone comb and number of adult drones present in a
colony, and is positively correlated to the number of workers. The combination of
queenright and broodright colonies appears to be a more powerful stimulus than
any other for comb-building.
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1.8 The Role of Pollen in Comb Construction

The nutrients that workers derive from pollen provide all the proteins, lipids,
vitamins, and minerals required for brood-rearing, and the primary consumers of
pollen are nurse bees which feed the brood. The greatest net increase in the mass
and nitrogen content of bees is obtained when bees are fed their normal diet based
on pollen. The greatest rates of growth of young workers occur in their first week
after eclosion, and pollen must be available for the normal development of the wax
glands and for comb construction. Colonies provided with pollen begin brood-
rearing earlier than the other colonies, and under temperate zone conditions, the
relative abundance of pollen-rich plants flowering in spring drives brood-rearing.
Likewise, increased access to pollen or protein resources is positively correlated
with worker longevity. The need for pollen increases with the amount of brood
which, in turn, can only increase in proportion to the availability of pollen. Pollen-
fed bees produce considerably more comb than pollen-deprived bees. The control
against an excess of stored pollen operate as a negative feedback loop.

Pollen foraging seems to be regulated by at least three mechanisms: young
larvae, stored pollen, and empty space. The regulation of pollen foraging activity is
based on the amount of brood which is a positive stimulus, while the quantity of
stored pollen acts as an inhibitory stimulus. These two factors must eventually be
integrated into single inhibitory signal on a sliding scale, which amounts to a
mechanical analogue computer. Brood pheromone affects pollen foragers but not
nectar-foraging behaviour. The dramatic increase observed for pollen foraging
with supplemental brood pheromone suggests that the colony contains a pool of
potential pollen foragers that are not actively foraging. These results support the
stimulus response threshold hypothesis of division of labour. Camazine (1991)
argued that the pattern of comb contents could be generated by a self-organizing
algorithm of three simple rules: (1) the queen lays eggs in the centre of the comb;
(2) workers deposit pollen and nectar at random; and (3) bees preferentially
remove pollen and nectar from the brood nest relative to the honey storage area.
Subsequent theoretical work supports this view.

1.9 Nectar Flows and Comb-Building

Comb-building is conducted in different areas of the nest by many individuals,
some clustered in festoons, others not, while other wax-workings are often the
efforts of individual bees (Lindauer 1952). Yet, the basic stimulus for comb-
building is ‘flowering’, which produces the nectar and pollen essential to provide
the energy required for colony development. These two factors allow colonies to
grow and to complete annual cycles. If conditions are unfavourable colonies will
abscond. This is borne out in the readily observed differences in bee behaviour
between continents which have different climatic seasons. In temperate zones, the
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onset of comb-building is associated with warm fronts, the more intense and closer
together, the greater the colony response. European A. mellifera, are commonly
dormant during winter, but Asian bees are active during the tropical dry season.
Comb-building occurs during the dry season and the rainy season is their dormant
period. Some plants flower during the rainy season and provide sufficient forage
for the dwarf honeybees because they can still complete their comb within three
weeks. Large A. dorsata colonies however cannot subsist on such meagre
resources and seasonally migrate. Comb-building pulses require that comb fullness
reach a threshold, with a balance of brood and stored food. Comb-building peaks
are correlated with periods of high comb fullness, and with correlations between
daily nectar intake and comb construction. Wax production is reduced in the
absence of a nectar flow; likewise, the greater the supply of combs in the nest, the
greater the increase in the number of nectar foragers. Nectar forage, empty combs
and free building space within the nest are correlated with engorgement of the
honey stomach and wax secretion. Once building has begun, the colony will track
only nectar intake to control comb-building. They build when nectar can be col-
lected in the field and, the combs are filled above their thresholds for comb fullness
and nectar intake. The amount of wax is constant among age cohorts and across the
seasons. About half of the wax in a colony is borne by festoon bees, the remainder
from non-festoon bees, except in winter, when non-festoon wax production is
higher than festoon wax production.

1.10 Construction of Combs

The construction of cells and the regulation of the space between combs are
separate but related problems. The space between combs, affected by the bees
themselves, is the very basis of contemporary practical beekeeping. Within a
honeybee multiple comb nest there are several independent comb starts within the
building cluster and at different attachment sites. Then Darchen’s ‘‘rule of paral-
lelism’’ comes into play, because the building bees modify their constructions so
as to keep a reasonably equable and parallel space between combs. Parallelism
overrides other considerations, such as the length of cells. Comb construction is
the result of interplay of vertical and lateral forces acting on the combs which, over
time, lead to many imperfections that are eventually hidden by retouching. A
building cluster can independently exert torsional and tensile loading of a piece of
comb. In the process of twisting comb, cell walls will inevitably be broken;
however, the bees rapidly mend such tears and fractures. Honeybees achieve
reasonably parallel sets of combs, but in the end, they have some means of both
achieving this and of maintaining the distance between combs within limits that
we can recognise as tolerances. This may be due to the detection of the vertical
axis of gravity. Building bees might be able to exploit a sense of gravity that would
allow them to build vertical combs. This was shown by disrupting the function of
an organ and then observing the effects on comb construction. An unimpaired
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sense organ of the honeybee neck is the instrument by which bees detect gravity
and so orient themselves during comb construction, an interpretation supported by
the discovery of magnetic material in a band across the abdomen. Indeed, different
magnetic oxide nanoparticles, ranging from super-paramagnetic to multi-domain
particles, were observed in all body parts of honeybees, but greater relative con-
centrations occurred in their abdomens and antennae. Mixed colonies of A.
mellifera and A. cerana cooperate in normal building behaviour, only the number
of irregular cells built was noticeable. In both pure controls, no worker brood was
reared in the cells built on the foundation made of the wax of the opposite species.
In pure A. mellifera colonies, cell size was modified, whereas those of A. cerana
were constructed without modification but the cells based on A. mellifera wax
were used only to rear drones or for storage.

1.11 Energetics of Honey/Beeswax Conversion

Consideration of the rates of wax production by A. mellifera (combs constructed),
and the costs of construction (sugar required), developed during the period
(1830–1840) of the application of the balance sheet. Moreover, it was known that
the presence or absence of brood, pollen, combs and queens all had a bearing on
wax production. A century later, sugar/wax conversion ratios were defined as the
net amount of sugar consumed against wax production; but there was no insight as
to how the energy assimilated by the bees was partitioned in the colony. Then, in
Taranov’s (1959) experiments, the total amount of wax produced was linearly
related to the amount of sugar consumed. Others reported that comb construction
was proportional to colony size and to nectar income, even though both groups
lacked a measure of energy flow in their studies. The experiments and observations
of this period suffered from a failure to separate the costs of colony maintenance
vis-à-vis the production of wax.

An analytical refinement to compensate for the concentration of the sugar that
the bees had stored in their combs provided a more accurate measure of sugar
consumption. However, two major factors remained in the cost equation: (1) the
relative importance of age structure in wax production; and (2) the problems of
heat production as related to age, colony size and the synthesis of wax itself.
Subsequently, Hepburn et al. (1984) calculated the rate of sugar consumption
(corrected for attrition) and sugar stored in the nascent combs, as well as the rate of
comb construction. The real metabolic rate, averaged over time for bees of dif-
ferent ages, showed that a plateau was reached in bees at about 12 days old, figures
that included an adjusted metabolic rate as a function of bee age.

Because oscillations in metabolic rate vary with age, this does not to imply that
all the energy expenditure above a basal rate was diverted into wax production as
such, because some expenditure would have been associated with the production
of cluster heat. Within defined limits, it becomes cheaper for the bees to produce
wax and to build comb as they become older. This trade-off, or cost calculation,
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comes into play at both individual and colony levels. How wax synthesis and
comb-building are constrained by thermal conditions is not well understood and
there is only indirect evidence that bees cannot, or will not, sustain the costs of
heat and comb production when both are very high. Both wax secretion and
construction rapidly decline in autumn, and virtually cease during winter. It is not
yet possible to adequately assess the relationship of wax synthesis and comb
construction to the thermal conditions of a colony’s nest.

1.12 Construction of Cells

In temperate zones, the onset of and sustained comb-building is always associated
with warm fronts, the more intense and closer together, the greater the colony
response (Koch 1961). European A. mellifera, are commonly dormant during the
dry season (winter), but Asian bees are active during the tropical ‘dry season’;
nearer to the equator there are rainy and dry seasons, and sometimes, a cool or
mild season. Comb-building occurs during the dry season while the rainy season is
the dormant period. Some plants flower throughout the rainy season and the dwarf
honey bees forage because they need smaller amounts of resources to establish
new colonies, which they can complete within three weeks. Large A. dorsata
colonies cannot subsist on such meagre resources, and seasonally migrate to find
available forage (Duangphakdee et al. 2013a). Comb-building pulses require that
for a colony currently collecting nectar, the fullness of the comb must reach a
threshold, with a balance of brood and stored food. Comb-building peaks are
correlated with periods of high comb fullness and weight gain, and with other
correlations between daily nectar intake and comb construction on the following
day and so on (Pratt 1998). Wax production is reduced in the absence of a nectar
flow; likewise, the greater the supply of combs in the nest, the greater the increase
in the number of nectar foragers, which is possibly stimulated by comb volatiles.
Nectar forage and the availability of empty combs, as well as free building space
within the nest are correlated with engorgement of the honey stomach and wax
secretion. Bees build only when they collect nectar; but, comb-building is optimal
when some threshold amount of honey is stored. The regulation of the timing to
build is partly independent of the amount and duration of building. Once building
has begun, the colony will track only nectar intake to control comb-building (Pratt
1999). They build when nectar can be collected in the field and the filling of the
comb is above their threshold for comb fullness and nectar intake. The amount of
wax is constant among age cohorts and across the seasons. About half of the wax
in a colony is borne by festoon bees, the remainder by non-festoon bees, except in
winter, when non-festoon wax production is higher than festoon wax production
(Muller and Hepburn 1992).
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1.13 Conversion of Scale Wax into Combs

The cyclical changes of cellular organelles and the chemical composition of
beeswax precursors found in the haemolymph and gland tissues, closely coincide
with age-related rates of wax secretion. It is one of the divisions of labour, and this
coincidence of physiology and behaviour parallels other polyethisms (Hepburn
et al. 1991). The mechanical properties and crystal structure of wax change with
chemical additions by honeybees. Intact scales contain some non-lipoidal com-
ponents and differ from comb wax in lipid composition. The mechanical properties
of scale and comb wax vary with temperature. There is a linear relationship
between load and elongation in the tensile stress–strain curves to the maximum
sustainable load, so that the yield stress coincides with the ultimate strength of the
material (Hepburn and Kurstjens 1988). New comb wax is an isotropic plastic
whose mechanical properties depend on temperature. Larvae introduce silk into
the comb in a random array so that the cells are structurally isotropic. The addition
of silk improves the load-carrying capacity of the combs. With use, the combs
become fibre-reinforced composite materials, with properties entirely different
from the individual components (Hepburn and Kurstjens 1988; Zhang et al. 2010).
Wax scales form as the liquid wax fractions transude from the pore canals onto the
surface of the wax mirror, where these small droplets coalesce to form thin layers
of wax, this process continues until a wax scale forms (Cassier and Lensky 1995).
The relatively crystalline scale is reduced to an amorphous state during cell
construction; but, given the warmth of the colony and the physical work done on
the wax, an ordered texture is gradually introduced into the combs.

1.14 Material Properties of Scale and Comb Wax

Although the honeybee nest begins with the conversion of wax scales into combs,
these two materials differ in their chemistry, crystal structure, tensile strength and
stiffness which, in turn, are modified by the secretions of honeybees during comb-
building (Hepburn and Kurstjens 1988). The strength of wax scales is about the
same at temperatures between 25 and 35 �C, but above 35 �C, it declines. In
contrast, comb wax is weaker and steadily decreases in strength with increasing
temperature. The relative workability of scale wax is about the same between 25
and 45 �C, but is the converse with comb wax. Wax scales are stronger and more
distensible, but less stiff than comb wax at 35 �C and require more energy to work
than comb (Kurstjens et al. 1985). The reworking of constructed comb is signif-
icantly more cost-effective than starting a comb with wax scales. Salvaging old
comb wax is also energetically advantageous (Pirk et al. 2011). Differences in the
mechanical properties of scale and comb wax show that comb-building involves
chemical modifications of the waxes. The relative amounts and kinds of lipids
affect interspecific stiffness. Likewise, differing kinds and amounts of protein in
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the waxes affect their mechanical properties. Highly-textured scales are converted
from an anisotropic into an isotropic state. Lipases added during chewing modify
the lipid composition of the scale in which stiffness is lost, but regained with the
addition of proteins in comb-building. Beeswaxes are crystalline, the crystallites in
wax scales are aligned, some perpendicular to the surface, others between 62� and
65� to the surface (Kurstjens et al. 1985). Their origin is probably due to a fusion
of the liquid products reaching the surface from the different cells in the wax gland
complex (Cassier and Lensky 1995).

1.15 The Wax Gland Complex

The first correct descriptions of wax scales, their probable origin and uses, were
made by Hornbostel (1744). In subsequent years, microscopists observed the
synchronised rise and fall of the epidermis, oenocytes and fat body of honeybees
and thought that these were highly suggestive of a direct involvement of all three
tissues in wax production. In an attempt to prove a necessary relationship between
wax secretion and the simultaneous development of the wax gland epithelium, fat
cells and oenocytes, Graber (1872) noted that the adipocytes are interspersed with
‘oenocytes’ (Wielowiejski 1886), and Holz (1878) offered the first alternative to
the ‘wax-sweating’ hypothesis. Detailed studies were conducted that provided
circumstantial evidence to support this proposition. Indeed, the wax mirror epi-
dermis belongs to the Type 1 class of glandular cells, and indicates the reality of a
system of microtubules to transport wax precursors from the fat body cells and
oenocytes to the surface of the cuticle, where they solidify and crystallise to
become wax scales. In earlier studies, Sanford and Dietz (1976) and Hepburn et al.
(1991) both reported that the smooth endoplasmic reticulum (SER) is absent from
wax secreting workers, and concluded that the epidermis mainly provides an
elaborate system for wax precursor transport (Reimann 1952; Locke 1961;
Hepburn 1986). Later studies of wax synthesis and secretion specifically identified
sites for the origin of the hydrocarbon and fatty acid components within the wax
gland complex, and established the necessary ultrastructual correlates of genesis
and transport. Volume changes in the wax gland oenocytes, adipocytes and epi-
dermis are described in terms of metabolic activity. However, in further electron
microscopical studies of the wax gland complex, Cassier and Lensky (1995)
reinvestigated the possible role of the epidermis and its transport modalities. They
were able to show that there are indeed large cisternae of SER which are probably
involved in the transport of wax precursors from the oenocytes to the pore canals,
as well as carrying apolipophorins from the haemolymph to the wax mirrors.
Although the entire discussion in this chapter is based on studies of A. mellifera, it
can be noted that a brief paper on the ultrastructure of the wax gland of A. cerana
confirms that this species is conformal with the details given here for A. mellifera
(Du and Li 1991). The rates of wax secretion in honeybees of different ages have
been measured, and the chemical composition of the tissues and ultrastructural
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changes corresponding with phases of wax production in relation to the division of
labour, finally established.

1.16 The Chemistry of Beeswax

Publications on the physical constants of the comb waxes of Asian and European
beeswaxes first appeared a century ago. It was soon shown that carbon chain length
was, on average, shorter in the Asian beeswaxes than in A. mellifera, which
explains the lower melting points of the former. The Asian waxes are more alike
than they are to A. mellifera. In Asian beeswaxes, the amounts of C31 and C33 in
the pool of free fatty acids are reduced, but C25 hydrocarbons increased compared
to that of A. mellifera. The major compound families in beeswax are alkanes,
alkenes, free fatty acids, monoesters, diesters and hydroxymonoesters, while fatty
alcohols and hydroxydiesters are minor constituents. There are notable species-
specific differences among all honeybee species, but all share a complex mixture
of homologous neutral lipids (Tulloch 1980; Frölich et al. 2000). The amounts of
acylglycerols are the same in scale and comb wax, but diacylglycerols dominate
the former and monoacylglycerols the latter. There are more double-bonded fatty
acids in comb wax than in scale wax, and a greater saturation of the fatty acids in
comb wax. Beeswaxes analysed with high temperature gas chromatography yiel-
ded a characteristic elution pattern for the waxes of each honeybee species
(Aichholz and Lorbeer 1999). A parsimonious, unweighted, pair-group analysis
based on the distributions of the chemical constituents for 82 elution peaks of the
derivatized comb waxes of six species of honeybees, and the Euclidean distances
for the beeswaxes, all present a very similar picture to that obtained from mor-
phometric, behavioural and DNA sequence analyses (Phiancharoen et al. 2011).
The wax glands and their products of secretion were highly conserved features
during honeybee evolution.

1.17 Synthesis of Beeswax

The notion that honeybees secrete wax and not gather it from blossoms was first
shown in the mid-18th century (Hornbostel 1744). Later, Huber (1814) observed
that newly settled swarms do not gather pollen but construct combs and he con-
cluded that beeswax was the secretory product of the glands of the wax mirrors and
fuelled by honey. However, the actual amount of fatty material, present in bees
before and after their incarceration in experimental cages and in combs con-
structed in the interim, had to be determined. This Dumas and Edwards (1843) did
and they concluded that the amount of fatty material present at the onset of the
experiment could not account for the wax produced by the end of the experiment;
hence bees both synthesise and secrete wax. A century later, Piek (1961, 1964) fed
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captive bees (1-14C)-acetate, (UL-14C)-glucose and deuterated water and recov-
ered the labels both from bees and newly constructed combs. Then, Lambremont
and Wykle (1979) incubated homogenates of the wax glands with (1-3H)-tetra-
cosanol and recovered the label only in the wax ester fraction, the 3H wax ester
fraction yielded a 3H-fatty alcohol with the same Rf value as authentic tetracos-
anol. Blomquist and Ries (1979) showed that the incorporation of long-chain
primary alcohols, fatty acids and the acyl group of acyl-CoA into wax monoesters
and that (1-14C)-palmitate entry into the monoester pool was enhanced by ATP,
CoA and MgCl2, while the addition of palmitoyl-CoA resulted in a fivefold yield
increase. Subsequently, the specific cellular sites for the origin of hydrocarbons
and fatty acids within the wax gland complex and the necessary ultrastructural
correlates of this activity and of their transport were determined (Hepburn et al.
1991).

1.18 Material Properties of Honeybee Silk

Colourless honeybee silk, *3 lm diameter, is produced through a spinneret at the
tip of the labium-hypopharynx. Successive generations of brood apply silk to the
cell walls, making the cells smaller as silk is deposited in the old brood combs. X-
ray diffraction data show that honeybee silk contains a9-helical proteins ordered
into coiled-coil structures with an axial periodicity of about 28 nm, and form a
four-stranded array parallel to the fibre axis (Lucas and Rudall 1968). Honeybee
fibroin is crystalline, but, when hydrated is only half as stiff as when dry, although
they are equal in strength. The fibroin is hygroscopic and highly distensible when
solvated because of its molecular conformation. The mechanical properties of silk
are independent of temperature. Lithium thiocyanate and urea virtually eliminate
the yield point of honey bee silk tested both dry and in distilled water, and values
for stress in the slope of the solvent-related curves is reduced. The solvents act
directly on hydrogen bonds and then the silks behave as unconnected bends during
tensile deformation (Hepburn et al. 1979). The components, hierarchical structure
and the conditions of their production all affect the mechanical properties of
natural silks. The amino acid sequence in honeybee silk protein provides an
explanation of why the coiled-coil packing is atypically tight; the most abundant
core residue is the small amino acid, alanine. An atomistic simulation for the
unfolding behaviour of a9-helical protein shows that two discrete transition states
correspond to two fracture mechanisms. Six honey bee silk genes have now been
identified, using a combination of genomic and proteomic techniques (Sutherland
et al. 2010). Contemporaneously, Ackbarow et al. (2007, 2009) have begun to
investigate multiple energy barriers and robustness in the fracture mechanics of a9-
helical proteins and to elucidate why they are self-protective and flaw-tolerant.
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Chapter 2
Nesting: Sites, Space and Density
in Comb-Building

Abstract The nesting sites of open- and cavity-nesting honeybees are reviewed in
terms of nest sites, space and honeybee density. Space comprises building space for
new combs and living space for clustering bees. In a container of a fixed volume, a
strong colony constructs more than a colony with a smaller population; but, the
amount of comb constructed per bee decreases with increased density and increases
in colony size. The quality aspects of space as a stimulus for comb-building include
illumination and air movement. Volume, space and density will only operate on wax
production when the colony has reached some critical, if yet indefinable, threshold.
Wax bees move throughout the nest so there is a close synchrony between the ‘needs’
of specific comb-building areas and the presence of bees producing wax scales.
During comb-building there are concomitant changes in population size, population
density, nectar and pollen influx, all of which affect honeybee/comb interactions.

2.1 Introduction

Nesting is critical for the homeostasis, stability and ultimately the survival of hon-
eybee colonies, and provides an arena in which colony growth unfolds in the usual
annual colony cycle of swarming, reproduction and migration (Hepburn 2011). Once
a swarm of bees has left its maternal nest it must find a new home, and descriptions of
the process for A. mellifera abound as early as the early 18th century (Thorley 1744).
The first studies of the ways in which colonies of the Asian A. cerana, A. dorsata and
A. florea find new nest sites, have been described in a charming monograph by
Lindauer (1961). Basically, the scout bees of a colony scour the countryside for
potential nest sites and convey the information that they have reconnoitred to their
nestmates. In the mother colony, this information is shared and ‘‘debated’’ until a
consensus is reached as to the ‘best’ of the sites offered. Major studies on the nature of
these debates, their duration and intensity, began with early studies on A. mellifera
some 30 years ago, by Seeley and Morse (1978; Seeley et seq.), and have been
recently summarised (Seeley 2010). These matters are discussed in detail below.
‘Best’ is the gist of the problem in a nutshell, and we suggest that ‘best’ can largely,

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_2,
� Springer-Verlag Berlin Heidelberg 2014
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but not entirely, be gleaned from a survey of natural honeybee nest sites (specifically
excluding beekeeping hives) among the species of honeybees.

This is a review of the nesting sites of honeybees and the peculiarities and
constraints of open-nesting and cavity-nesting. The honeybees comprise three
groups with respect to nesting: the dwarf honeybees, A. andreniformis and A. florea,
are single comb, open-nesting species; the medium-sized species, A. cerana,
A. koschevnikovi, A. mellifera, A. nigrocincta and A. nuluensis, are multiple comb
cavity-nesting bees; and the giant honeybees, A. dorsata and A. laboriosa, are also
single comb open-nesting species (Phiancharoen et al. 2011). The ways in which the
nests of these species are attached to a substrate further differentiate them: (1) there
are no horizontal surfaces in the nests of the medium-sized and the giant honeybees,
so communication using the dance language occurs in the vertical mode for both
groups; whereas (2) in the dwarf species, dance language communication occurs in
the horizontal mode. These factors clearly determine the suitability of potential
nesting sites in the first instance for these species. Both open-air nesting and cavity-
dwelling nesting sites further constrain the honeybees in terms of colony defense
and micro-environmental homeostasis (Fuchs and Tautz 2011; Kastberger et al.
2011). Of equal importance is the nature of the nesting sites, mode of comb
construction (Hepburn 1986) and the physico-chemical properties of the actual
construction materials (Hepburn 1986; Phiancharoen et al. 2011).

2.2 Nesting Sites

2.2.1 The Dwarf Honeybees

Nests of A. florea occur in wooded areas, urban settings, areas with intensive
agricultural activity as well as in the savanna (Franssen 1932; Free 1981; Matsuura
1983; Booncham et al. 1995; Nagaraja and Rajagopal 1999). A. florea nests are
attached to a wide variety of plants (Basavarajappa 1998), and partially exposed to
sunlight, wind and rain, and often have one surface of the comb exposed to direct
sunlight for several hours a day (Fig. 2.1). A. florea are more likely to nest in
diverse places, such as high up in tall trees in Southeast Asia, while in arid Western
Asia they commonly nest in caves and buildings as well (Whitcombe 1984;
Mossadegh 1990). A. andreniformis nests throughout Southeast Asia are most
commonly observed in and near undisturbed, mixed deciduous and evergreen
forests. Their nesting habitats are usually dark and shady places (20–35 % sun),
well hidden and widely spaced. A. florea and A. andreniformis usually build single-
comb nests in shrubs, bushes, and small trees, but double-comb nests have occa-
sionally been reported for A. florea (Douglas 1886; Akratanakul 1977; Free 1981;
Whitcombe 1984). A. florea nests are typically about 0.5–10 m above ground, but
in towns and cities they are commonly found up to 15 m (Wongsiri et al. 1996;
Wongsiri et al. 1997). A. florea are very adaptable and seem to find suitable nesting
sites under extremely varied conditions (Mogga et al. 1989; Moritz et al. 2010).
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Neither A. florea nor A. andreniformis form nest aggregations in the same tree or
shrub (Wongsiri et al. 1996). However, they can achieve a relatively high concen-
tration ranging between 7.1 and 14.3 colonies/km2 (Duangphakdee et al. 2013a).
Nesting density of A. andreniformis remains unreported; however, casual obser-
vations in Sabah State, Borneo (Duangphakdee, pers. obs.) and Sumatera, Indonesia
(Hepburn, pers. obs.) indicate that they are diffusely distributed. Studies in north-
western Thailand, have shown that A. florea have a wide range of nesting habitats
and food sources, estimated from the number of tree species used for nesting
(Akratanakul 1977; Oldroyd et al. 2008; Basavarajappa 1998). However, Rinderer
et al. (2002) reported that A. andreniformis and A. florea colonies have a tendency to
locate their nests near nests of their own species in south-eastern Thailand.
A. andreniformis and A. florea colonies select similar nest sites, but the spatial
correlations of these sites were significantly negative, indicating that colonies may
avoid areas containing nests of the other species. It is rare to find nests of A. florea in
the same tree as another honeybee species; but, curiously, an A. florea nest was once
seen in the same tree as an A. dorsata nest, the former was about 6 m from the
ground, the latter 13 m (Duangphakdee and Hepburn, unpubl. obs.). However, it has
been stated that A. florea colonies build nests aggregated near one another forming
spatial clumps (Rinderer et al. 2002; Wattanachaiyingcharoen et al. 2008).

2.2.2 The Cavity-Nesting Honeybees

The cavity-nesting bees show preferences for nesting sites which vary within races
and among Apis species. Among the sympatric cavity-nesting species of Indonesia,
different species nest in distinctly different habitats. A. cerana mainly nest in

Fig. 2.1 Apis florea nests with (left) and without (right) workers. On the right, one can see the
differentially utilised parts of the comb. The crown with sealed honey above the twig, open brood
or empty cells in the centre surrounded by sealed brood and newly constructed cells that are
empty
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agricultural or disturbed areas, while A. nigrocincta nest more deeply in the forests
(Matsuura 1983; Kuntadi 1989; Hadisoesilo 1997). Similarly, A. koschevnikovi
occur in primeval forests while A. cerana occur mostly in secondary forests,
agricultural and urban areas in Peninsular Malaysia (Otis 1996). It is not evident
whether these species specifically avoid aggregated nest sites, but some reports are
suggestive to the contrary (Hadisoesilo 1997; Bakker 1999). There is no published
information on nesting of A. nigrocincta, A. koschevnikovi and A. nuluensis as of
yet.

Nest density is probably related to topographical variations and the availability
of profitable forage. Nest density for A. mellifera ranges from 0.5 to 7.8 nests per
km2 whereas nest density in tropical bees is greater. For example, Inoue and Adri
Salmah (1990) measured nest density of A. cerana in Padang, Sumatra and found
22 nests/km2 with a mean distance of about 100 m between nests. Aggregations of
nests are not well known in cavity-nesting bees; nevertheless, Rinderer et al.
(2002) suggested that there is a tendency in A. cerana to form aggregated nests.
The nest cavity volume of A. cerana is usually about 10–15 l, but ranges from 4.5
to 97 l (Inoue and Adri Salmah 1990; Oldroyd and Wongsiri 2006). Nest entrances
may be about 1–2 m above ground, but they seem to have no real preference for
height, because nests can also be many meters above ground or in cavities within
the ground. Entrance sizes range between 2 and 100 cm2 (Seeley et al. 1982; Inoue
and Adri Salmah 1990; Oldroyd and Wongsiri 2006). Such studies are extremely
few, but Bakker (1999) reported that A. nigrocincta may be less specific in its
choice of nest sites. The first study of feral nests of European-derived A. mellifera,
of which we are aware, is that of Seeley and Morse (1976), who analysed the
structures of 21 such nests and found that nest cavities are vertically elongate,
more or less cylindrical and 30–60 l in volume.

2.2.3 The Giant Honeybees

Unlike other Apis species, the giant bees, A. dorsata and A. laboriosa, build very
exposed and easily visible nests (Starr et al. 1987; Reddy and Reddy 1989; Sattigi
2001; Woyke et al. 2001; Neupane et al. 2004; Reddy 1983). A. dorsata builds
nests in inaccessible places, like vertical rock faces (hence the name ‘rock bee’ in
India), in gorges along hill profiles, tall man-made structures such as water towers
and buildings, and in the higher branches of remarkably, emergent tall trees which
are highly visible in their surroundings (Fig. 2.2—Deodikar et al. 1977). Unusual
nests, only 1 m above ground, have also been observed (Duangphakdee and
Hepburn, unpubl. obs.). A. dorsata tend to build their combs in a north–south
direction, minimising the exposure to strong wind and sunlight (Deodikar et al.
1977; Woyke et al. 2004). A. laboriosa apparently always build their nests beneath
unweathered, light-coloured clear cliffs or rock overhangs, which have recently
been analysed and described in great detail (Woyke et al. 2012). They have
never been reported to nest on the branches of trees (Roubik et al. 1985;
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Underwood 1986); but, there is simply no information as to whether they are able
to do so. Colonies of A. dorsata re-use preferred trees after an absence of several
months (Neumann et al. 2000; Paar et al. 2000). Previous work has suggested that
visual information is used by migratory colonies to relocate places where nesting
has proven successful, although odour and tactile or chemical cues associated with
the material of old combs seem more likely in determining the final choice
(Neumann et al. 2000; Paar et al. 2000).

Giant honeybees vary quite considerably in their nesting habits and relative nest
densities. A. dorsata and A. laboriosa are extremely gregarious species and 20–30
nests in a single tree are fairly common for the former, as are cliff overhangs for
the latter (Roubik et al. 1985; Joshi et al. 2004; Woyke et al. 2004, 2012). Reports
include a range of 67–256 colonies per tree for A. dorsata (Butani 1950; Lindauer
1956; Singh 1962; Deodikar et al. 1977). Oddly, Morse and Laigo (1969) found
almost no aggregations in the Philippines. It could well be that the Philippine
population is a distinct species (Lo et al. 2010), which would explain the difference
in behaviour. In an extensive survey of A. laboriosa at 54 cliff sites in western
Nepal, Joshi et al. (2004) reported an average aggregation of 6 nests per cliff, with
a range of 1–37. Woyke et al. (2012) analysed some 23 nesting sites in Nepal,
India and Bhutan, on which 587 colonies were established, with an average of
about 25 colonies per site.

A. dorsata colonies nest gregariously; however, placing empty combs in pre-
viously occupied trees, or on nearby trees of the same species, did not attract more
swarms; the same number of colonies that left trees returned to previously

Fig. 2.2 A tree with several A. dorsata nests and one unoccupied comb in the foreground
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occupied trees (Liu et al. 2007). Although it is believed that few individuals
probably live long enough to make a return journey to their original nest site, some
colonies nonetheless return to their exact former trees (Neumann et al. 2000; Paar
et al. 2000; Liu et al. 2007). Because the longevity of workers has not been
determined under field conditions, it may prove that there is nothing really
‘magical’ about a migrating swarm of A. dorsata returning to their original nests.

A. laboriosa is the largest species of Apis and is distributed along the Himalayas
from Nepal to Vietnam (Hepburn and Radloff 2011). It builds exposed nests under
rock ledges in deep, vertical river valleys, most commonly at 1,200–3,500 m
(Roubik et al. 1985; Underwood 1986) and seems confined to areas higher than
2,500 m in the central and western areas of the Himalayas. The nests at
1,200–2,000 m could possibly be occupied throughout the year, but nest sites
above 2,800 m are only occupied for a few months in summer (Underwood 1990).
By late November, dropping temperatures make even the lower altitude cliff sites
unsuitable for colony survival, and the colonies migrate to the forests and settle
near the ground where they remain as combless winter clusters until late January
(Underwood 1990). Those that nest below 1,200 m are reported not to migrate
(Woyke et al. 2001).

2.3 Nest Cavities

The documentation for virtually every subspecies of African A. mellifera shows
that the bees simply occupy cavities, natural or otherwise, including the hollows of
trees and among their roots, in rock crevices, ridges of limestone, stony ground and
even termite heaps (termitaria) excavated by aardvarks. The principal conclusion
about nest site selection for this group of bees is that they will use any appropriate
shelter that the natural terrain has to offer (Hepburn and Radloff 1998). Nest site
preference is another matter, and is illuminated by interesting results from simple
experiments using trap boxes to collect wild swarms of A. m. scutellata in Zambia,
Kenya, Malawi (Nightingale 1983; Clauss 1992; Berg 1996) and A. m. capensis in
South Africa (Hepburn and Radloff 1998), in which there was about a 10:1 greater
catch in boxes 3–4 m above ground on building roofs, than at ground level. This
fact is routinely exploited in traditional African beekeeping, the rule of thumb
being ‘‘the higher the hive, the higher the occupation rate’’ (Mwangi 1985; Zulu
1970). Wherever tall trees occur in sub-Saharan Africa is where traditional bee-
keepers site their hives. Pressures for high sites include frequent fires, periodic
flooding and predators.

When A. mellifera scout bees of European set out to find a new nest site, one of
the criteria they use in selection is a measure of nest cavity volume (Seeley 1985;
Seeley 1995). Here, the differences between European races and African races of
A. mellifera are in stark contrast. Seeley and Morse (1976) found that natural
cavity size preference for the former averaged about 45 l. The nest volumes of
African A. mellifera ranged from about 5–150 l for A. m. scutellata in southern
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Africa, but over 90 % of dozens of such measurements show that the average
cavity volume hovers around 20 l, or only half that of European subspecies
(Johannsmeier 1979; Berg 1996; McNally and Schneider 1996). As an aside, it is
worth noting that various European experts, assessing the hives of traditional
beekeeping in Africa, from Morocco and Ethiopia to Zimbabwe, state that they are
too small. However, traditional man-made cylinders of straw, clay or log have a
cavity size of about 25 l on average and are excellent facsimiles of nature.

Qualities, such as the compass direction of cavity opening with respect to the
sun and possible distinctness of the apertures, have also been noted. Tests of trap
boxes with distinct markings attracted no more colonies than unmarked boxes, nor
did degree of a roof-overhang matter (Berg 1996). An analysis of compass ori-
entation for the opening direction of about 140 wild nests in the Botswana swamps
showed that they were randomly distributed (McNally and Schneider 1996). The
actual nest size in nature is more problematical and it is doubtful as to whether
many colonies stay at a fixed site for more than a season or two. In measurements
of actual comb areas, based on about 80 established wild nests of A. m. scutellata
in Botswana, McNally and Schneider (1996) found that the average comb area was
about 6,000 cm2, while Hassan and Bradbear (1994) recorded an average of about
5,000 cm2 in Tanzania. Working with wax recovery figures from various parts of
the continent, comprising decades of wax export trade, average recovery ranged
between about 300 and 900 g of wax per colony (Estève 1932; Irvine 1957; Sheriff
1963; Silberrad 1976). These figures were calculated to be about 519 g/wax/col-
ony/harvest/year (totally destructive harvest). Using a wax yield figure of 100 mg
wax/cm2 of comb (for A. m. capensis, A. m. scutellata and A. m. adansonii),
Hepburn and Radloff (1998) estimated that nest comb area ranged from about
2,600–8,000 cm2 for hundreds of thousands of colonies in Africa, and averaged
about 4,500 cm2, based on tonnage of beeswax exported (Hepburn and Radloff
1996).

Because there is a reasonable relationship between cavity volume and nest size,
it appears that traditional beekeepers in Africa emulated nature well. But, there is
also a southern hemisphere perspective, which is often lost on temperate zone
biologists. Hepburn and Radloff (1996) performed time series and regression
analyses of rainfall and beeswax exports from the woodland savanna of east
central Africa, and determined that these two variables are most significantly and
highly correlated when phase-lagged by one ‘bee year’ (running from July of year
1 to June of year 2). Rainfall and honey production are highly significantly cor-
related when lagged by one ‘bee year’. Honey and wax production are also highly
correlated on a same ‘bee year’ basis. Thus, the beeswax harvest of any 1 year
depends on the rainfall of the previous ‘bee year’. This is consistent with general
effects of climate on vegetation, specifically to the fact that the bee trees of the
African miombo flower in the dry season (Hepburn and Radloff 1996), as do the
dipterocarp forests of Southeast Asia (Ridley 1901; Ashton et al. 1988; Sakai et al.
2002; Corlett 2011; Rattanawanee et al. 2012).
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2.4 Colony Space and Density

2.4.1 Arrangement of Space

The importance of space for building combs in A. mellifera was observed by
Huber (1814), who noted that when the nest cavity is packed with combs, building
is curtailed; and, conversely, an absence of combs is an inducement to build.
Gundelach (1842) asserted that when there is nectar afield, the bees are driven to
build. Thus, nectar both arouses the drive to build and provides the fuel to do so. It
was noted that bees only built when they hung under the combs (in a skep), and
this only happened when there was not enough space to accommodate them among
the combs. The drive to build is most notable in newly settled swarms on the
branches of trees, rock overhangs or in empty skeps or hive boxes, where a whole
nest of combs can be constructed within a week. Here, space can be considered in
two ways: building space available for new comb construction and living space for
clustering amongst the combs.

During summer, in the Caucasus, Muzalewskij (1933) experimentally extended
the observations of Gundelach (1842). Using twenty ‘average’ A. mellifera colo-
nies, he gave half of them a single building frame each, placed adjacent to the last
frame of brood comb; each of the other ten colonies was given three such frames.
Muzalewskij’s basic thinking was that, if space is only a passive aspect of colony
life, then one ought to obtain roughly the same amount of wax in the two
experimental groups; however, if space acts in some way as an active stimulus for
comb production, then clearly the hives with three empty frames should differ in
the total amount of wax produced (Muzalewskij 1933). The results showed that
those colonies given three empty frames produced around 808 g ± 24, which is
some 32 % more than those given only one frame (550 g ± 77; Muzalewskij
1933). To eliminate any source of error that might have arisen from inequalities
among the colonies, Muzalewskij simply performed the reciprocal experiment, and
again, the colonies with three frames produced more wax (Muzalewskij 1933).
One can also distinguish between the effects of space on comb-building and on the
actual synthesis and secretion of wax scales (Hoffmann and Werner-Meyer 1960).

Given the perhaps unusual circumstances, in which there was simply no
available space in which to construct new combs at a time when there was an
autumn nectar flow, Dönhoff (1854) reported an extraordinary secretion of wax
scales in A. mellifera. These scales were said to form large blocks of wax (possibly
2–3 mm in thickness) which greatly distended the abdomen. Similar examples,
with the same interpretation as to cause were also noted in A. mellifera by von
Buttel-Reepen (1900, 1915); Gwin (1931) and Minderhoud (1933), but this phe-
nomenon has not been studied experimentally. These very large scales are prob-
ably genuinely distinct from other examples which appear to be either teratological
or pathological in nature (Sendler 1938). Similarly, thick scales have also been
observed on A. cerana workers in Zhejiang Province, China (cf. Fig. 2.3) and
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which could be a reason why some workers are sometimes trapped in wax during
comb construction (Zheng et al. 2011).

The matter of spacing in the dwarf and giant honeybee species is peculiarly
different from that of the cavity-nesting bees, because the former are not con-
strained by the sides of a cavity as are the latter. Nonetheless, ‘space’ as a ‘nearest
neighbour’ problem still holds for cavity-nesting colonies, which translates to
carrying capacity/km2; but, there are no demographic studies of this kind for wild
colonies of cavity-nesting bees. In the red dwarf honeybees, A. florea, it would
appear that ‘space’ may well be a ‘nearest neighbour’ distance rule (Duang-
phakdee et al. 2013b). In a year long study of emigration and immigration of A.
florea colonies in secondary, dry dipterocarp forests at Chombueng, Ratchaburi,
Thailand, the standing population of A. florea colonies ranged from 20 to 41, with
a mean of 34.25 colonies occupying a nesting area of 2.8 km2. In terms of
movement, this equates to a range of 7.1–14.3 colonies month/km2 and an average
carrying capacity of 12.2 colonies month/km2 (Duangphakdee et al. 2013a).

Fig. 2.3 a A swarm of A. cerana settle in a stave barrel hive; b and c workers with wax pieces
attached to them can be seen among other members of the swarm; d–h dead workers found at the
entrance of the hive with wax pieces attached to their abdomens; g and h view of the same worker
from opposite sides; i the swarm was able to construct comb with regular geometry (Zheng et al.
2011)
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Given significant immigration and emigration data, it is also of interest to
consider the spacing of the colonies over the year. No two colonies occupied the
same tree and a frequency calculation of the distances between ‘nearest neigh-
bouring’ nests for 202 colonies over each month showed that over 90 % of the
colonies were no more than 100 m apart, with an average distance between
neighbouring colonies of 53.9 ± 114.74; the magnitude of the standard deviation
being the result of the greater distance from ‘nearest neighbours’ by only 10 % of
the colonies.

Unlike the dwarf bees, A. dorsata nest in aggregations and as many as 256
colonies have been observed in a single tree (Deodikar et al. 1977). Space in this
context could include an average ‘nearest neighbour’ distance, so that nests do not
overlap but enhance the defensiveness of densely packed clusters. A recent study
by Kastberger et al. (2011) used stereoscopic motion analysis to obtain a three-
dimensional analysis of the shimmering behaviour of clumped colonies of giant
honey bees, which is an extremely accurate, non-invasive approach that holds
much promise for spatial distribution studies.

2.4.2 Density Versus Space

In the experiments discussed above, the relative density (unmeasured) of bees
would have changed with the construction of new combs, but without information
on natural attrition or increase in the work force through brood production, the
importance of density per se cannot yet be evaluated. The only study thus far that
has attempted to assess the significance of the density of bees in a nest container is
that of Freudenstein (1961). Using young bees of about the same age, he hived
queenright colonies of A. mellifera in one-frame hives. These hives were either
0.5 l or 2 l in volume. Freudenstein first calculated how the amount of comb
constructed per day varied with the size of the colony (Fig. 2.4).

Although the original data were presented in such a way as to preclude any
rigorous statistical analysis, it is apparent that the small colonies of 500–1000 bees
constructed about 7 cm of comb/day, while the larger colonies of 1000–4000 bees
built three times that amount. Given a nest container of a fixed volume, the larger
number of bees constructed relatively more comb; however, the density of bees per
unit volume was increasing as was the population. If the data is viewed slightly
differently (Fig. 2.5), one observes that the amount of comb constructed per bee
decreased with increasing colony size and density in colonies exceeding 1000
bees. In either comparison, both density and the number of bees varied simulta-
neously. This of course is a conflation of variables thus precluding more precise
interpretations.

To overcome these difficulties, Freudenstein (1961) then established colonies of
A. mellifera of varying sizes, in either large (2 l) or small (0.5 l) nest boxes, to
compare the performance of paired colonies of the same strength under a fourfold
difference in density. In these experiments he measured only the mean height of
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the wax gland epithelium as a function of bee density. He did not, unfortunately,
provide any experimental data on the area or mass of wax comb—information
rather crucial to the assessment of volume in relation to population density.
Nonetheless, Fig. 2.6 shows that the height of the wax gland epithelium was

Fig. 2.4 Comb construction by A. mellifera colonies as a function of colony size (Freudenstein
1961)

Fig. 2.5 Average comb construction by A. mellifera per 100 g/bees/day in relation to colony size
and population density (Freudenstein 1961)
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greater the lower the density of bees; the height of the epithelium decreased by half
with an order of magnitude increase in bee density.

Szabo (1977) tried to establish the relationship between colony size and wax
production. After the autumn flow had finished in Canada, he established 24 A.
mellifera colonies ranging in size from 2 to 8 kg; to each of which he gave a single
frame of brood and 19 frames of beeswax foundation. Each of the colonies was fed
14.5 kg of a 60 % sugar solution, and after 8 days the area of comb constructed
was measured. Szabo (1977) found that wax construction was linearly related to
the size of the colony and that there was an additional 50 g of wax produced with
each kilogram increase in colony size. Unfortunately, the experiment was domi-
nated by colonies of about 4.5 and 6.5 kg so that it was not possible to extrapolate
the data any further, nor were possible individual contributions taken into account.

2.4.3 Reduction of Nest Size

Dealing with space in a slightly different way, Taranov (1959) suggested that the
production of wax occurs only as a reaction of the colony to the absence of a nest
(e.g. swarms newly arrived in an empty skep, reminiscent of Gundelach 1842), the
unsuitability of an existing one, or serious disruption of the nest (e.g. colonies
deprived of their combs as in Gontarski 1930). To test the effects of available
space (perhaps better seen as nest shortage) Taranov (1959) established eight A.
mellifera colonies, each of about 10,000 young bees of the same age. Four of these
colonies contained a single frame full of honey (Group A), while in the other four,
intact combs alternated with frames from which a portion of the comb had been cut
away (Group B). Thus, all eight nests had been disrupted in some way. In Group A
there was virtually no place for brood-rearing, while in B there was adequate space
for food storage and brood-rearing. At the end of the experiment, duration
unstated, the Group A colonies had produced an average of 728 g of wax, slightly
more than double that of the Group B colonies which averaged 318 g of wax per
colony (a highly significant difference). Interestingly enough, the two groups

Fig. 2.6 Height of the wax
gland epithelium of A.
mellifera in relation to the
bee density (Freudenstein
1961)
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differed by only 5 % or so in the average amount of brood reared: Group A
produced an average of 23,546 young and group B some 22,197. The density of
bees in a given space can obviously vary throughout the day and across the
seasons.

An interesting observation from practical beekeeping with A. m. scutellata
suggests, at first sight, that high density through heavy bee traffic may affect comb-
building. Many producers of honeycomb know that bees tend to cap honeycombs
in the back of a super in a Langstroth hive in preference to those closest to and just
above the entrance. In consequence, beekeepers simply rotate the supers back to
front once the back portion is almost complete, so giving the bees a new unworked
back section. A natural experiment bearing on this problem came to light con-
cerning a hive that was securely locked in a heavy-gauge steel cage but had been
overlooked for 2 years. On its rediscovery, it was found to have three supers of
completely capped honeycomb; however, the front quarters of those frames in the
bottom super, nearest the entrance, were unworked and contained no honey
(Hepburn 1986).

These observations recalled Dadant’s (1926) hypothesis, that returning nectar-
laden foragers probably go up into the super just above the entrance, resulting in
sufficiently dense traffic to prevent work in that area. This was tested on 12 hives
as follows. A third of the hives were maintained as controls; in another third, a
piece of fibre-board was placed so that incoming bees had to go one-third the
length of the hive before reaching the super; in the remaining four hives, the bees
were forced to go two-thirds the length of the hive to reach the super. The point of
this little experiment was simply to shift the bees further into the hives during a
spring flow, the anticipated effect of which would have been unworked comb at the
experimentally induced new traffic jam sites. After several months the surprising
result was that the front parts of the frames remained unworked, regardless of the
point at which the bees could attain access the super (Hepburn 1986).

The quality aspects of space as a stimulus for comb-building can be partially
derived from a related but slightly different experiment by Taranov (1959). Again
using 10,000 queenright A. mellifera bees as a colony unit, he divided them into
three groups of three colonies each: Group A had the bottom halves of their
alternate combs cut away; Group B the top halves of alternate combs removed; and
Group C was given a single comb filled with honey. At the end of the summer
experiment, during which the bees were fed a 60 % sugar syrup, Taranov found
that wax production varied enormously: Group A, which started without the
bottom halves, averaged 155 g of wax; Group B, the one without the top halves
234 g, and Group C, with one full frame 385 g—all comparisons between groups
being highly significantly different. The absence of a nest in Group C was a strong
stimulus to construct comb. Finally it is probably fair to say that volume, space and
density will only operate on wax production provided that the colony of bees has
reached some critical threshold, even if we cannot yet specify such a limit.
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2.4.4 Other Qualities of ‘‘Space’’

It has been determined that a group of 50 bees and a queen are just sufficient for
the production of comb by A. mellifera (Darchen 1957; Darchen 1957; Goetze and
Bessling 1959). The factors that might affect this population level in the induction
of wax working are open to discussion. The word ‘space’ has been used in several
different ways in the preceding pages. Moreover, the qualities of space are
extremely difficult to specify. Two additional aspects of this quality are wind or air
currents and light, as well as the relative density of bees in different parts of the
nest. These aspects are of obvious importance to A. andreniformis and A. florea,
but have not as yet been investigated. However, open-air nesting by cavity-
dwelling A. cerana is sufficiently infrequent that periodic notes on its occurrence
have been reported (Sasaki and Okada 1988; Lazar 1995; Sugahara 1998; Akimoto
2000; Soman and Sawant 2001). The same applies to a description by Bouvier
(1906) of A. mellifera colonies nesting in the open air in Paris, following which
Darchen (1959a) investigated similar nests experimentally. His ‘open air’ nests
were actually situated in very large clear boxes with open bottoms. He blew in a
continuous current of air at a rate of 2–3 ms-1 in a direction parallel to existing
combs (Fig. 2.7), and observed that the bees shifted away from the direct air
current and confined their constructions downwind (Fig. 2.7b). Similar downwind
building resulted when the direction of air was normal to the combs, as shown in
Fig. 2.7.

The importance of illumination to comb construction is roughly indicated by
the fact that we virtually never find nests of cavity-nesting bees like A. mellifera or
A. cerana built in full sunlight, nor even the open-nesting species like A. florea or
A. andreniformis. Colonies of A. mellifera found out-of-doors are invariably
lodged below the limbs of trees or in bushes, where they receive dappled shade
(Rau 1931; Avitabile 1975). In a brief note on swarms, Morse (1963) found that
only one of 50 colonies kept in full sunlight built comb, even during a heavy nectar
flow. Similarly, two colonies housed in transparent polyethylene cages did not
build comb for an 8 week period, but they had synthesized wax, as evidenced by
the many dropped wax scales that accumulated beneath their clusters. In another
series of experiments on A. mellifera, Morse (1965) continued his studies on the
effects of light and comb construction. Using about 10,000 bees per colony, he
simulated the early April of New York in his flight room, with a daytime tem-
perature of 22 �C. The bees were exposed to light and could forage for sugar syrup
in the room. The bees constructed no combs but secreted wax. When the colony
was covered with a wooden box lacking one side, it constructed about 50 cm of
comb in the ensuing week. Morse then raised the temperature to 29 �C and in the
following week the colony constructed 80 g of comb. He then exposed the bees to
light (2250 lx) and they continued building combs.

Shifting to the field, Morse (1965) established six swarms, each with a caged
queen, as follows: (1) each of two colonies was confined in its own box, from
which one side had been removed, the consequent opening facing north; (2) two
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others were kept in gauze cages with one side open; and (3) two others were kept
in wooden boxes. At the end of 3 weeks during a heavy nectar flow, the bees in
Group (1): one colony had constructed only little comb, and the other none; for
Group (2): there was no construction; finally, for Group (3): extensive combs were
built with the exclusion of light. Thus Morse (1965) found that comb construction
decreased with increasing (if unmeasured) light intensity. But in all three situa-
tions, wax scales had been produced, as evidenced by the scales beneath the
colonies that had not built and the combs of those that had. Unlike wind, it appears
that the direction of a light source has no effect on the pattern and arrangement of
combs (Ifantidis 1978). Given the intensity of full sun, swarms of bees may well
secrete wax but will not build combs. If, however, they have begun construction in
darkness and are then exposed to light, construction continues; whether this will be
at the same pace as that in darkness is unknown.

The fact that bees should first be kept in darkness, to stimulate comb con-
struction, and then exposed to light for viewing has been known since Gundelach
(1842), and is today a basic form of management for the use of observation hives
(Showler 1978). It would appear that varying light intensity does not prevent the
development of and secretion by the wax gland complex, but it certainly modifies
building behaviour. The question of light naturally leads to a consideration of
whether bees secrete wax and build combs during the daytime or during the night.
To assess this, Darchen (1959a) set two colonies in huge glass boxes out of doors

Fig. 2.7 The effect of a continuous current of wind on comb-building: a The existing comb
structure at the onset of the experiment; b comb constructed after application of the air current.
The effect of a continuous current of wind on comb-building by Apis mellifera where the
direction of the air was normal to the combs; c combs before application of wind; and d combs
constructed after the colony was subjected to wind (Darchen 1959a, b)
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and collected the debris that fell from the nests, assuming that the quantity of fallen
wax scales was proportional to building activity. Dividing 4 days into nearly equal
halves, he found that one colony dropped about twice as much wax during the day
as at night, while the performance of a second colony was exactly the opposite.
While light intensity exerts effects on comb construction, the day-night compar-
ison also raises the question of circadian rhythms. How these factors operate
together is simply unknown.

2.5 Seasonality, Space and Density

It has been well established experimentally that newly settled swarms of
A. mellifera, A. cerana (Okada and Sakai 1960; Hadisoesilo 1990), A. florea
(Duangphakdee et al. 2013b) and A. mellifera (Lee and Winston 1985; Hepburn
1986) are prodigious comb builders, but in a framework of space and time, comb-
building only reaches parity with other wax working (capping and repairing) at the
height of the colony growth cycle (Muller and Hepburn 1992). Comb-building is
conducted in different areas of the nest by many individuals, some clustered in
festoons, others not, while other wax works are often the efforts of individual bees
(Lindauer 1952; Yang et al. 2010). Changing ratios of what work there is to be
done and where it is carried out can be assessed by following the raw wax in a
colony with the changing seasons.

Muller and Hepburn (1992) found that in the course of a year just as much wax
is found on A. mellifera bees elsewhere among the combs as on festoon bees, but
seasonal pictures are quite different (Fig. 2.8). It is our impression that the same, or
a very similar scheme, would apply to A. cerana as well. It appears that wax-
bearing bees can be found in the right places at the appropriate times (Pratt 2004).
The wax bees shift from one area of the nest to another, for example, with heavy
nectar flow for capping honey cells or to areas requiring brood capping. This
ensures a close synchrony between comb area ‘needs’ and the presence of bees
with wax scales. Although not all would agree (Fergusson and Winston 1988), the
distribution of these wax bees is largely predicated on an underlying age-based
cycle of glandular secretion (Hepburn et al. 1991).

The effects of storage space are elegantly illustrated in the statement ‘‘that
strong nectar flows fuel comb-building’’, an explanation proposed for this rela-
tionship was formulated by Butler (1954), and, indeed is an old axiom of practical
beekeeping (Langstroth 1853). Butler argued that the greater the influx of nectar
into the colony, the longer the house bees must retain nectar in their honey
stomachs. This, of course, requires the right combination of available storage
space and ratio of foragers to house bees. Serving as distended reservoirs over
time, these bees assimilate some of the nectar sugar and become stimulated to
secrete wax. Enquiries were made at Rothamsted to find out whether these ideas
had ever been tested, but had remained unpublished. In reply, we were informed in
the negative. This sensible idea has proven far easier to appreciate than to test.
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Using queenright colonies in which comb available for nectar storage was
experimentally reduced or entirely eliminated, a correlation between engorgement
of the honey stomach and wax secretion was obtained (Hepburn and Magnuson
1988). This experiment did not distinguish between physical distension of the
honey stomach and the time such a bee might spend in trying to disgorge and store
the nectar. Nonetheless, the observation is indirectly supported by experiments in
which either the deprivation of combs (Fergusson and Winston 1988), or lack of
sufficient storage space (Seeley 1995), both led to increased foraging, accelerated
wax secretion and, ultimately, comb-building. Collectively, the experimental data
lead to a simple feedback system: forager dancing effectively recruits more nectar-
foragers; when the incoming nectar is difficult to off-load, a special tremble or stop
dance is performed, which inhibits further recruitment (Seeley 1992; Nieh 1993).

During comb-building there are concomitant changes in population size, pop-
ulation density, nectar and pollen influx, all of which affect honeybee-comb
interactions. Of these, Harbo (1988) examined the relationship between colony
size, brood production and combs for colonies that were equalized. He found that
those A. mellifera colonies which had produced the largest amount of comb, also
produced the largest number of brood and adult workers. To separate queens from
comb effects, he performed a second experiment using large and small combs as
the variables of interest. Comb effects were significant (queens not) and small

Fig. 2.8 Flow diagram for the stimulation of wax secretion in A. mellifera. The favourable
season sequence should apply to all A. mellifera; but the unfavourable one only to the tropical
races in Africa (Hepburn 1998)
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combs resulted in reduced brood production. But there is more to a colony in a
cavity, and the variables richer than has thus far been assessed.

Harbo (1993) extended his findings to examine the effects of nest cavity (hive)
volume on growth and productivity by adjusting the population density against
volume. In winter, crowded bees consumed less honey per bee and reared less
brood than less crowded colonies. During the flows of spring through autumn, the
crowded colonies produced more honey but less brood than the less crowded ones.
In another experiment, comb effects were tested against space effects. Both
affected brood rearing and honey production. Colonies with combless, extra space
produced less honey and more brood than those with the same amount of comb but
less space (Harbo 1993). These results complement those of Taranov (1959) and
Szabo (1977) who had shown that brood production and comb construction are not
competitive activities: the exclusion of one activity does not accelerate the other.

If creativity in biology is partially the result of the discovery of variables, then
we can take some solace from the status quo of our current knowledge on space
and density. We know that space, volume, density and colony size all affect wax
production. From first principles we also know that gas exchange and heat transfer
weigh heavily in the equation. We also know that a scout can obtain information
about an empty cavity that we translate into a measure of volume. Likewise, we
have a few experimental observations to hand. It will be very rewarding indeed to
see the development of experiments that might, 1 day, integrate them all.
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Chapter 3
Self-Organization of Nest Contents

Abstract The arrangements of the contents of both single, vertical and horizon-
tally arranged parallel combs are very similar among all species of honeybees, and
different areas of the combs are repetitively used for the same functions. They
principally differ in the formation of their patterns, which have been tacitly
assumed for centuries, to derive in some mysterious way as ‘‘in the nature of
bees’’. Camazine (1991) conducted a series of experiments to validate one of two
mutually exclusive hypotheses for the comb patterns of A. mellifera; (1) a blue-
print hypothesis in which patterns develop in some pre-ordained and specified way
intrinsic to bees; or, (2) a self-organization hypothesis (a reaction–diffusion sys-
tem), by which patterns emerge spontaneously from the dynamic interactions
among the processes of placing, and then displacing, the different elements of the
nests. Camazine’s original self-organization hypothesis has been challenged,
modified, and ultimately, supported by rigorous mathematical analyses of this
problem. The model and the self-organization hypothesis appear extremely robust
and parsimonious and remains the prevailing paradigm (Montovan et al. 2013).
Explanations for pattern formation in the single-comb dwarf and giant honeybee
species are perhaps less difficult. Development of an A. florea vertical, single comb
nest is accomplished in 4 months after a swarm settles. In only a few days the nest
has already been partitioned into areas for honey (top of comb), an underlying
pollen layer below, and a central area which both capped and uncapped larval cells
occur. This basic pattern remains until the mature colony swarms some 4 months
later. The major challenge is the construction of the crown comb.

3.1 Introduction

Honeybees are a group of largely wild insects of which only the two medium-
sized, cavity-nesting species, A. cerana and A. mellifera, have successfully been
semi-domesticated to the extent that they can be maintained in artificial cavities
such as woven skeps, clay or log hives or man-made boxes, such as the ubiquitous

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_3,
� Springer-Verlag Berlin Heidelberg 2014
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Langstroth hive (Free 1982; Crane 1999), while the other species are entirely wild.
Nonetheless, the arrangement of comb contents are very similar among all species
of honeybees, whether the nest be a single vertical comb (A. andreniformis, A.
dorsata, A. florea and A. laboriosa), or collections of horizontally arranged parallel
combs (A. cerana, A. koschevnikovi, A. nigrocincta and A. mellifera). For the
latter, brood, honey and pollen are stored in a series of parallel wax combs so that a
characteristic, well-organized pattern develops on the combs, consisting of three
distinct concentric regions: a central brood area, a surrounding rim of pollen, and
an outer large, peripheral region of honey (Fig. 3.1a and b). For the cavity-nesting
species this pattern is most pronounced on the central combs, which intersect a
large portion of the roughly spherical volume of brood (Camazine 1991).

The arrangement and distribution of the contents of European bees’ nests,
A. mellifera, seems to have been basically understood by the middle of the eigh-
teenth century (Dublin Society 1733; Thorley 1744). Indeed, there was a prolif-
eration of texts on honeybees in the early nineteenth century and some of the more
important, subsequently influential, and still pertinent ones are those of Huber
(1814), Dzierzon (1852) and Langstroth (1857). Among the more recent works
describing the natural nests of honeybees and the distribution of their contents are:
for A. andreniformis (Wongsiri et al. 1997); A. cerana (Tokuda 1924, 1935;
Sakagami 1959); A. dorsata (Koeniger et al. 2010); A. florea (Sakagami and
Yoshikawa 1973; Rinderer et al. 1996; Duangphakdee et al. 2013); A. laboriosa
(Underwood 1986) and A. mellifera (Seeley and Morse 1976). Oddly enough,

Fig. 3.1 a Characteristic nest pattern of A. mellifera: centrally located brood, a band of pollen
above and to the side of the brood area and a honey storage region at the periphery (left). b Comb
pattern when little pollen was available with an empty area where pollen was previously stored
(right). White circles—brood; white circles with black dot—pollen; grey areas—honey; and
black—empty cells (Camazine 1991)
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natural (non-beehive) nests of A. mellifera have seldom been investigated, but
Seeley and Morse (1976) did so and also provided a summary of the characteristics
of the nests of A. florea based on data from Benton (1896), Rahman and Singh
(1946), Lindauer (1956), Ruttner (1968), Sakagami and Yoshikawa (1973); as well
as A. dorsata based on data from Benton (1896), Grassé (1942), Rahman and Singh
(1946), Kallapur (1950), Lindauer (1956), Singh (1962), Ruttner (1968), Morse and
Laigo (1969) and A. mellifera (Seeley and Morse 1976).

3.2 Pattern Formation in Combs

3.2.1 Reaction–Diffusion Systems Pattern Formation

It is evident that different areas of the comb are used repeatedly for the same
functions in all honeybee species. It has been tacitly assumed for centuries that the
patterns observable in the arrangement of nest contents in A. mellifera are in some
mysterious way ‘‘in the nature of bees’’; or as Pappus suggested, ‘‘bees have a
certain geometrical forethought by which the most economical container to be
made of wax was, in fact, the hexagonal configuration’’. However, the observa-
tions that pollen and honey are regularly deposited in empty cells within the brood
area during the day, only to be removed to their ‘proper’ places during the night,
led to an especially seminal paper on pattern formation of comb use in honeybees
by Camazine (1991). While Camazine’s ideas are certainly original, they stem
from two sources; his childhood wonderment as to why sand dune ripples looked
so much like patterns of clouds in the sky (so-called cloud streets—Camazine, pers
comm.), and the application of reaction–diffusion equations formulated by Turing
(1952) to explore pattern formation. Turing’s model demonstrates self-organiza-
tion, and remains a classical paradigm in studies of morphogenesis.

Camazine (1991) conducted a series of experiments to validate one of two
mutually exclusive hypotheses: (1) a blueprint or template hypothesis, in which
patterns develop in some pre-ordained and specified way intrinsic to bees; or (2) a
self-organization hypothesis in which patterns emerge spontaneously from the
dynamic interactions among the processes of placing and then displacing the
relevant nest elements. In a series of classically simple and illuminating obser-
vations and experiments, Camazine (1991) noted that the brood pattern is initiated
by the laying habits of the queen, who must take into account the presence of
nearby brood and, perhaps, the comb boundaries. This given, the queen lays eggs
and the bees deposit both nectar and pollen haphazardly among the combs in the
first instance. Possibly informed by the presence of young nurse bees, the queen
does not lay eggs outside the nascent brood area, but continually searches for
empty cells near other eggs or brood.
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Cells in the brood area filled with honey or pollen are preferentially emptied of
their contents. This was experimentally shown by the distribution of cell emptying
from the brood area, which is a function of distance from the nearest brood cell
(Fig. 3.2a and b).

Brood cells emptied of nectar and pollen, are then found by the queen who lays
in them, and so the pattern develops. Camazine and colleagues (Jenkins et al.
1992) then proceeded to develop a computer simulation model to establish pattern-
forming rules, as estimated from the actual experiments. Using the empirical
events from observation hives as the parameter values, they were able to reveal
interacting processes that contribute to pattern formation. The simulation also
produced the final pattern observed in observation hives and confirmed the inter-
pretation of pattern formation (Fig. 3.3a–c). The model and the self-organization

Fig. 3.2 Comb of an A. mellifera nest showing preferential removal of honey and pollen away
from brood: a upper trace made at 19:00 at the end of foraging; b lower trace of the same comb
the following morning at 08:00. Cell symbols as in Fig. 3.1 (Camazine 1991)
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Fig. 3.3 Computer simulation of pattern formation of A. mellifera comb: a day 1; b day 7; c day
22. Cell symbols as in Fig. 3.1 (Camazine 1991)
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hypothesis appear extremely robust and parsimonious. This idea has been further
analyzed mathematically by Jenkins et al. (1992), who derived rate constants for
the removal and re-deposition of honey and pollen in order to achieve their
characteristic bands and positions above the brood area (Fig. 3.4). Camazine’s
approach and interpretations have subsequently been endorsed by Bonabeau et al.
(1997) and Theraulz et al. (2003).

3.2.2 Template Effects?

In the intervening years since the works of Camazine (1991), Bonabeau et al.
(1997) and Theraulz et al. (2003) were published more detailed knowledge of
worker behaviour has been reported. For example, Johnson and Baker (2007)
observed that nectar-receiving bees tend to deposit their nectar loads near the top

Fig. 3.4 Sequence of events in Camazine’s (1991) self-organization model showing the
formation patterns of brood, pollen, and honey, observed in a drawn frame in an observation hive
of A. mellifera. a Pollen distribution when input is low; the concentration of pollen initially
increases at the periphery, but then decreases and is low everywhere; b the brood area has
expanded over the first few days with an increase in honey at the periphery of the comb. (In this
particular model there was a 3-day pollen burst over days 5–7). The interface between honey and
pollen consists of a zone of empty cells due to a low level of pollen; c by day 7, the pollen band
has developed rapidly and a typical pattern of brood, pollen and honey has formed. Honey
concentration is increasing at the periphery of the comb, and the brood area is expanding; d by
the end of day 10, the pattern is intact, but the pollen band is slowly decreasing. Equilibrium is
reached when the brood is surrounded by honey and pollen and the queen can find no empty cells
in which to lay eggs (after Camazine 1991; Jenkins et al. 1992)
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of the comb where the nectar band occurs. Likewise, Dreller and Tarpy (2000)
showed that foragers must have direct contact with the brood and pollen areas to
regulate their foraging for pollen and preferentially deposit pollen in cells near the
brood area. Inevitably, these observations and subsequent analyses required some
refinements. Johnson (2009) re-examined pattern formation on combs in relation to
four groups of bees: the queen, nectar-receiving bees, pollen foragers and nurse
bees. He concluded that the vertical pattern of honey at the top of the comb and
brood at the bottom is owing to a gravity-based template effect, while the band of
pollen depends on both a self-organization effect as well as a queen-based tem-
plate. Johnson’s model is based on the distribution of comb contents in a tree-
dwelling colony, described by Seeley and Morse (1976) and illustrated in Fig. 3.5.

In models, colonies using the more complex scheme (proposed by Johnson
2009), during a period of high nectar inflow is shown in Fig. 3.6. It is followed by
pattern formation obtained by a self-organization model and two template effects
during a period of high nectar inflow shown in Fig. 3.7.

3.2.3 Recent Models

The modifications that Johnson’s (2009) scheme suggests remain open to argument
and debate. In a rigorous mathematical analysis of this problem by Montovan et al.
(2013), these authors support Camazine’s original proposition, that the combined

Fig. 3.5 Characteristic
pattern of comb organization
in a tree cavity occupied by
an A. mellifera nest (Johnson
2009, after Seeley and Morse
1976)
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Fig. 3.6 Mechanisms underlying comb pattern formation in an A. mellifera nest: SO—self-
organization, T1—gravity-based template, T2 queen-based template. Each of the frames (a–
e) shows the pattern at 14 days. The full model (with rain) is shown in (a) so (SO ? T1 ? T2);
b without the queen-based template, pollen is scattered throughout the honey zone (SO ? T1);
c without the self-organizing mechanism, a pollen band does not form, and the brood and honey
areas are indistinct (T1 ? T2); d without the gravity-based template, the pattern remains
concentric as opposed to vertical so that (SO ? T2); e original self-organization model of
Camazine does not lead to pattern formation under realistic parameter settings (SO) (Johnson
2009)

Fig. 3.7 Johnson’s (2009) pattern formation in an A. mellifera nest obtained by self-organization
and two template effects during a period of high nectar inflow: a day 1, b day 4, c day 7, and
d day 14. Cells of honey are yellow, those of pollen red and brood cells black. On day 1, pollen
was scattered about the comb but once brood was present, pollen was shifted to the bottom of the
comb. Nectar was preferentially unloaded near the top of the comb by the nectar-receiving bees.
By day 7 the comb pattern was almost formed except for the band of pollen cells, which had
formed by day 14 (Johnson 2009)
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actions of many individual bees could produce the comb pattern with which we are
familiar, using rather simple but biologically meaningful rules. However, as they
pointed out, the Camazine model does not explain how the comb pattern is
maintained with subsequent generations of brood. In their analyses, their Model 1
is the original Camazine model; in Model 2, an alternate queen movement method
is employed while leaving the remaining rules identical to those of Model 1.
Model 3 uses alternate honey/pollen consumption rules while all other rules are
identical to those of Model 1. Model 4 employs the alternate methods of both
queen movement and honey/pollen consumption (Fig. 3.8). Model parameter
values were varied over a wider range than were used, so that the sensitivity of the
model to choices of parameter values could be assessed. For queen movements,
Montovan et al. (2013) used a Gaussian distribution of directions with a mean
toward the centre of the comb. For honey and pollen they defined the probability of
selecting a particular cell that is linearly proportional to the number of brood cells
within a chosen distance, which includes the idea that nurse bees take more honey/
pollen from cells nearer to brood, without assuming that nurse bees make multiple
trips from the same cell.

The model of Montovan et al. (2013) contains the basic processes that Cam-
azine described, but to check that their models would in fact create the initial
pattern of a compact brood region surrounded by a ring of pollen, they simulated
the first 20 days for all four models. For the Camazine model, their simulations
reproduced Camazine’s results in Model 1, but the desired pattern formed in the
first 20 days gradually dissolved as brood cells are vacated. They found that all the
models were able to form the initial pattern. In a simulation of Model 4, the initial

Fig. 3.8 Simulation of Model 4 beginning with an empty comb but after 20 days the pattern is
maintained when the emerging adults leave their cells (Montovan et al. 2013)
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pattern is not perfect, but a compact brood region forms, as does a ring of pollen.
Models 1 and 4 form similar patterns initially, but Model 1 cannot maintain the
pattern, while Model 4 is able to both create and maintain the pattern. The overall
differences between the four models lie in the ability to maintain a compact brood
region and a pollen ring over time and are apparent in the trajectories of the brood
and pollen metrics through 120 days of simulation for each model (Fig. 3.9). To
conclude this section, Camazine’s work showed a highly developed prescience
when he was able to demonstrate that the centuries-old belief ‘‘in the nature of
bees’’ (which equates to ‘‘a certain geometrical forethought’’ as postulated by
Pappus) as an explanation for patterns in combs, could be bettered.

3.3 Developmental Cycles of Apis florea Nests

When we consider that Camazine’s observations were made on A. mellifera combs
in observation hives, there is a more natural comparison which can be made to the
nests of the dwarf honeybees, A. florea, and we present this material for its heu-
ristic value. A. florea nests are single, exposed combs, vertically attached to one or
two thin branches in trees or bushes throughout Southeast Asia, and have been
described quite thoroughly many times (cf. Hepburn and Hepburn 2011). Analyses
of the structure of these nests have been comprehensively reported in an especially
relevant publication by Sakagami and Yoshikawa (1973), who described and

Fig. 3.9 Trajectories for all four models which illustrates that the combined modifications for
queen movement and honey/pollen removal used in Model 4 provides the best result for A.
mellifera nests (Montovan et al. 2013)
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illustrated the arrangement of honey, pollen, worker and drone brood cells as well
as reproductive queen cells. Further details on the nests of A. florea, the
arrangement and dimensions of cells and their physical relationships to one
another were tabulated by Rinderer et al. (1996).

Although we now have accurate descriptions of the nest structure of A. florea as
reported by Sakagami and Yoshikawa (1973) and Rinderer (1996), virtually all the
nest specimens of A. florea that they and others examined were purchased at
Chatuchak Market in Bangkok. Because of the presence of drone cells at the
bottom of the combs purchased, they were rightly adjudged to be mature nest
specimens. So, these works provide what are literally ‘snapshots’ in time of mature
nests on their day of harvest for market. More recently, Duangphakdee et al.
(2013) photographically documented the chronological growth and development
of A. florea nests at Chom Bueng, Thailand, by newly settled swarms, from their
inception until their final days before reproductive swarming or absconding.

The areas of brood comb in examples of the dwarf, medium-sized and giant
honeybees, all consist of concentric regions in the plane of the comb. However, in
the medium-sized, cavity-nesting honeybees, the use of multiple parallel combs
means that, in a three-dimensional perspective, the concentric rings of sequential
brood combs approximate a sphere, while those of honey and pollen are ovals or
inverted saucers. Because the dwarf honeybees usually construct a single comb,
we use this species to illustrate the chronological changes that occur from the onset
of building to maturity of the comb and its final abandonment as documented by
Duangphakdee et al. (2013). However, the vertical arrangement of specialized
areas is the same as in A. mellifera, as described by Seeley and Morse (1976).

A. florea nests were collected and moved at dusk. They were hung on small
trees, maintaining the vertical position of the combs. Colonies were allowed to
adapt to their new environment and resumed normal activities and foraging. After
few days the brood comb, extending below the crown, was cut away at dusk, and
removed to induce absconding (Woyke 1976; Duangphakdee et al. 2012). The
following day, a new nest site selection process was conducted when the whole
colony took off to a new nesting site. The authors then followed each swarm until
the colony settled in a new nesting tree. Their results are shown in a chronological
series of photographs (Fig. 3.10).

The dimensional growth curves of the nests of two colonies of A. florea show
daily changes in comb length, width and area from inception of the nest to its
maturity and completion (Figs. 3.11, 3.12 and 3.13). Initially, both the lengths and
widths of the nests double in parallel, following a logarithmic form over the first
10 days (Figs. 3.11 and 3.12). Then the rates of change gradually begin to
decrease in subsequent weeks, but nonetheless do so in tandem. In consequence,
the rate of change in the area of the comb yields a linear constant (Fig. 3.13).
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b Fig. 3.10 Development of an A. florea vertical, single comb nest of over 16 weeks once a swarm
settled. By day 4 (b) the nest has already been partitioned into an area for honey (top of comb), an
underlying pollen layer, below which both capped and uncapped brood cells occur. This basic
pattern remains until the mature colony swarms some 4 months later. In the sequence of
photographs shown: a on day 2, the darker wax honey crown is being developed above the brood
area which contains eggs and larvae in a concentric pattern; b by day 4, some of the brood cells
have been capped and more eggs and larvae are in the cells below, maintaining the concentric
pattern; c on day 6 the progression of cell cappings continues as does the expansion of the
uncapped brood area; d by day 8 the concentric rings of capped and uncapped brood increased
and workers began storing nectar in the crown; e on day 16 the oldest patch of brood emerged as
adults, and extensive capping of brood cells continued (note that the brood area does not extend to
the periphery of the comb); f on day 23, the previously empty cells of (e) now contained capped
brood of what will be the second generation of adults, the cells in the area surrounding this
contains newly laid eggs, while the outer band contains capped brood; g–k sequential occurrences
between days 30 and 93, showing the staggered distribution of concentric brood of various ages
and generations with drone cells finally constructed by day 93; l by day 100 drones emerged from
their cells at the bottom of the comb; m on day 107 the drones have left the nest; n by day 114
there are no new eggs, no uncapped brood and only very few capped cells; o on day 121 the
colony absconded (Duangphakdee et al. 2013)

Fig. 3.11 Change in length
of A. florea comb

Fig. 3.12 Change in width
of A. florea comb
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Chapter 4
Intraspecific and Interspecific
Comb-Building

Abstract A. florea was tested to determine whether they would salvage wax from
their own deserted natal combs in preference to other conspecific combs and from
heterospecific facsimiles of other species. Preferences for natal comb were
significantly greater than for non-natal combs, no wax being collected from heter-
ospecific combs. Behavioural variations for wax choice were also assessed using
A. capensis, A. florea, A. cerana and A. dorsata waxes, Japan wax, candelilla wax,
bayberry wax and ozokerite, which were tested in A. m. capensis, A. florea and
A. cerana colonies. A. m. capensis accepted only the beeswaxes. A. cerana
and A. florea accepted the A. cerana, A. florea and A. dorsata waxes, but rejected
A. m. capensis and the other waxes. Comb-building in A. cerana and A. mellifera
mixed-species colonies was examined with foundation made from the waxes of these
species and then given to colonies having either an A. cerana or an A. mellifera queen.
The colonies did not discriminate between the waxes and comb-building was the
combined efforts of both species.

4.1 Introduction

Aside from competition during foraging, nest site selection, and robbing, few other
interspecific interactions among honeybee species have been investigated in any
depth. But, among these, the activities of the Cape honeybee, A. m. capensis, have
become notorious as exemplars of intraspecific parasitism (Moritz et al. 2011);
and, likewise, interspecific social parasitism is widespread in A. cerana (Nanork
et al. 2006), and A. florea (Chapman et al. 2009). There have also been studies of
reciprocal transfers of A. cerana workers with A. koschevnikovi (Koeniger et al.
1996), A. cerana with A. nuluensis (de Guzman et al. 1996), heterospecific queen
rearing with A. cerana and A. mellifera (Oschmann 1965; Ruttner and Maul 1983;
Potichot et al. 1993), interspecific ovarial activation (Hepburn 1994; Tan et al.
2009), communication (Su et al. 2008; Tan et al. 2008), thermoregulation in
A. cerana and A. mellifera mixed-species colonies (Yang et al. 2010a, b, c), and

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_4,
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defense behaviour (Tan et al. 2010). Such heterospecific studies are at a nascent
stage; but the complexity of the behaviours observed produce data that reveal
activities which have survived speciation in honeybees. In this chapter we discuss
a new dimension to such studies relating to the intraspecific and interspecific
utilization of different waxes and of comb-building in mixed-species colonies of
honeybees.

The nature of speciation has been analysed and reconstructed in quite consid-
erable detail, particularly with emphasis on reproductive isolation (Wilson 1971;
Bush 1975; Via 2001). However, many aspects of physiology and behaviour
remain shared among species after speciation, but have been little touched upon,
and their study illuminates the extent to which some important features have been
conserved. For example, it was shown recently that A. cerana and A. mellifera
mixed-species colonies are quite viable (Tan et al. 2006) and, indeed, each can
interpret the waggle dances of the other (Su et al. 2008; Tan et al. 2008). Turning
to beeswax, intraspecific comparisons of the beeswaxes among the races of A.
mellifera show that they can only be distinguished after careful calculation of the
peak-elution patterns of selected compounds (Brand-Garnys and Sprenger 1988;
Fröhlich et al. 2000a), which obviously indicates that speciation within A. melli-
fera is an on-going process. However, there are notable species-specific differences
in beeswaxes among species (Aichholz and Lorbeer 1999). Although the waxes
vary, they all share a complex mixture of homologous neutral lipids in common
(cf. Chap. 16).

4.2 Intraspecific Comb Wax Salvage

The secretion of wax and construction of combs represents a large metabolic
investment by honeybees, so that desertion of the nest, for whatever reason,
constitutes an energetically hefty expenditure (Hepburn et al. 1984; Pirk et al.
2011). Nonetheless, nest desertion by absconding or migrating colonies is a
common feature of tropical honeybees in Africa (Hepburn and Radloff 1998) and
Asia (Oldroyd and Wongsiri 2006; Hepburn 2011). Despite the possible cost
effectiveness of cannibalising wax from a deserted nest and reusing it in the
construction of a new one (Pirk et al. 2011), this behaviour is thus far only known
for three species of honeybees, A. andreniformis (Duangphakdee, pers. obs.;
Wongvilas, pers. obs.), A. florea (Akratanakul 1977; Dutton and Free 1979;
Wongsiri et al. 1997; Hepburn et al. 2009, 2010), and A. m. capensis (Hepburn and
Radloff 1998).

Inasmuch as A. florea will accept heterospecific beeswaxes inserted into their
nests (Hepburn et al. 2009), Hepburn et al. (2010) conducted experiments on
absconding A. florea colonies to determine whether these bees would preferentially
salvage wax from their own, original natal comb over that of other conspecific
combs; and, whether they would salvage wax from crown comb facsimiles of
A. florea combs fashioned from the combs of A. cerana, A. dorsata, and
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A. mellifera. Because A. florea colonies also tend to nest near one another
(Rinderer et al. 2002; Wattanachaiyingcharoen et al. 2008), this demographic
characteristic invites competition for accessible, free-standing, empty combs, the
wax of which is a valuable and metabolically expensive resource (Hepburn et al.
1984; Pirk et al. 2011).

Hepburn et al. (2011) studied A. florea colonies that occur naturally in a small
wood of about 3.65 ha, at King Mongkut’s University of Technology, Chom
Bueng, Thailand. The occurrence of these non-experimental colonies constitutes
possible intercolonial competition for wax salvage among A. florea colonies. Over
two seasons, A. florea colonies were collected, three or four at a time, moved at
dusk, and each nest was suspended under its own open-sided bamboo shelter at the
edge of a copse. The following day, about a thousand workers from each colony on
the crowns of the combs were marked with a dot of craft paint, one unique colour
per colony. At dusk the same day, the brood comb extending below the crown was
cut away and removed to induce absconding. The comb crown is strictly a honey
store, which prior to absconding, is virtually emptied of honey to provide fuel for
the ensuing absconding flight (Hepburn et al. 2011). The next day, the colonies
were continuously observed until they absconded and settled in a new tree, after
which compass directions and the distances flown were measured for each colony.

In the first experiment, as soon as a colony absconded, two additional empty
A. florea comb crowns were placed adjacent to the original crown (about 10 cm
apart) of the recently absconded nest. The relative positions of the three crowns
were assigned using a different set of random numbers for each colony and set of
comb crowns. Within an hour of absconding and settling elsewhere, colonies
issued foragers which returned to their original nest sites to scavenge wax. One
hour after absconding, the three experimental crowns at each shelter were checked
and the numbers of colony-specific colour-marked bees on the combs were
counted; this was repeated three times at 30 min intervals. Then the positions of
the combs relative to one another were changed again on the basis of random
numbers, and the numbers of marked bees arriving at each comb were again
counted.

Foragers from six colonies which had absconded returned to their natal nests to
salvage wax. When these wax-salvage foragers reached the shelter and encoun-
tered three adjacent but different A. florea comb crowns, including their own
original natal one, their preferences for the combs from which they salvaged wax
differed significantly. Some of the colour-marked foragers reconnoitred all three
combs but only landed on and recovered wax from their own original natal combs.
Foragers from one-third of the colonies collected wax from all three combs. In two
wax-scavenging episodes, foragers retrieved more wax from the non-natal combs
than their own natal ones (Table 4.1). It is worth noting that some unmarked
A. florea foragers also salvaged wax from these combs, but because these indi-
viduals could not be linked to a specific colony source, such bees were not
counted. Some of these bees could have been unmarked bees from the natal colony
that absconded; however, among them were bees whose departing flight paths
were different from the compass directions in which the test colonies had flown
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after absconding. These bees were designated as ‘free-lance’ wax-scavengers from
other colonies in the vicinity.

The results from this experiment demonstrate that A. florea wax-salvaging
foragers from different colonies differed significantly as to whether they would
cannibalize wax from non-natal A. florea combs; some did, others not. Given that
the hydrocarbons of comb waxes vary among colonies of the same species and that
A. cerana and A. mellifera worker bees can discriminate intraspecifically between
combs of different colonies (Breed et al. 1988, 1995; Sasaki et al. 2000; Wilde
et al. 2001), Hepburn et al. (2010) interpreted this data to indicate that (1) A. florea
has just as a refined level of discriminatory ability as do the other two species; and,
(2) that the observed differences in wax-salvage behaviour probably reflect genetic
differences for this trait in A. florea. When two A. florea non-natal comb crowns
were placed with the natal one, many returning marked foragers indiscriminately
cannibalized wax from all three combs. At the same time, there were other for-
agers, the so-called ‘free-lance’ wax scavengers derived from other nests in the
vicinity that retrieved comb crown wax. It appears that a deserted A. florea nest is a
resource worth securing by any colony of this species in the surrounds.

4.3 Interspecific Wax Salvage

On completion of the above tests with three A. florea comb crowns, a second
experiment was conducted; but this time A. florea comb crowns were tested
against facsimiles made from A. cerana, A. dorsata, and A. mellifera combs. Test
specimens of A. cerana and A. mellifera combs were prepared from frames of
drawn combs by cutting away about 3 cm of drawn comb and adhering this to the
top bars of whole frames. A. dorsata combs were cut into 3 cm strips which were
wax-melted onto bare frame top bars. Thus, all combs were about 3 cm high and
12 cm wide, very similar to an A. florea crown when the top bars of the test combs

Table 4.1 Preferences of six, wax-salvaging A. florea colonies from natal and non-natal combs.
Numerical values represent the sum of wax-scavenging events (Hepburn et al. 2010)

Combs

Colony Natal Non-natal G-
value

df P-value

1 106 0 232.9 1 \0.0001
2 112 0 246.1 1 \0.0001
3 95 0 208.7 1 \0.0001
4 6 19 1.0 1 0.3102
5 2 0 4.4 1 0.0361
6 13 62 9.7 1 0.0019
Total 334 81 702.8 6 \0.0001
Heterogeneity G 312.9 5 \0.0001
Mean ± SD 56.7 ± 53.7 13.5 ± 24.9
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were inverted to simulate the A. florea crown combs. The positions of the four wax
crowns were again assigned randomly. Procedurally, this experiment was exactly
like the first experiment. In both experiments none of the comb specimens had
been used for brood rearing, were about of the same light colour, and therefore,
probably of the same age, and were collected in the same area.

In this experiment, wax-salvaging by A. florea foragers from the experimental
crowns of A. florea, A. cerana, A. dorsata and A. mellifera was observed. In
separate trials of five different colonies, the number of paint-marked A. florea bees
that salvaged wax from A. florea crowns was 47.2 ± 32.8, while paint-marked
A. florea foragers did not retrieve waxes from the crowns of A. cerana, A. dorsata
or A. mellifera (Table 4.2). The five colonies differed significantly in the numbers
of wax-salvaging bees on A. florea crowns compared to the other species combs.
Some unmarked A. florea foragers salvaged wax from the A. cerana crown, and
approached but did not salvage wax from the A. dorsata and A. mellifera crowns.
Because these bees were unmarked, they were excluded because of the possibility
that such individual bees were not from the test colonies.

In this experiment the results were significant in that paint-marked A. florea
foragers did not salvage wax from A. cerana, A. dorsata, or A. mellifera crowns.
This indicates an unequivocal sensory capacity of A. florea foragers to distinguish
between A. florea and non-A. florea waxes. However, the fact that unmarked
A. florea foragers also salvaged wax from A. cerana comb suggests a greater
behavioural plasticity than indicated just by the experimental colonies.

When the data of these experiments are juxtaposed to similar ones of hetero-
specific wax utilization within combs (Hepburn et al. 2009), some context-specific
anomalies appear. In an experiment with heterospecific waxes, small squares of
beeswax foundation fashioned from comb waxes of A. florea, A. cerana, A. dorsata
and A. mellifera colonies were inserted in ‘windows’ cut in the middle of A. florea
combs. All the A. florea colonies unequivocally accepted the wax inserts of A. cer-
ana, A. dorsata and A. florea and built on them, but rejected the A. mellifera wax
inserts. However, in this experiment, paint-marked A. florea foragers did not salvage
wax from the combs of A. cerana, A. dorsata or A. mellifera. This contrast obviously

Table 4.2 Preferences of five A. florea wax-salvaging colonies for conspecific A. florea as well
as A. dorsata, A. cerana and A. mellifera crowns. Numerical values represent the sum of wax-
scavenging events (Hepburn et al. 2010)

Crown combs

Colony A. florea A. dorsata A. cerana A. mellifera

1 7 0 0 0
2 62 0 0 0
3 22 0 0 0
4 89 0 0 0
5 56 0 0 0
Total 236 0 0 0
Mean ± SD 47.2 ± 32.8 0 0 0
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indicates that sensory discrimination of waxes by A. florea is exercised in the field
but not in the nest; a context in which it should be unnecessary in the absence of
heterospecific nest parasitism by other honeybee species.

4.4 Interspecific Wax Discrimination

Because A. mellifera can distinguish olfactory differences between combs of dif-
ferent colonies (Fröhlich et al. 2000b) and different ages of the same species
(Breed et al. 1998), questions arise as to what extent is there flexibility for wax
choice among honeybee species? Do they discriminate among waxes that they
might naturally encounter (as in the Southeast Asian species), compared with
waxes foreign to them? Finally, what are the Euclidean distances based on
chemical composition of beeswaxes of different sister-groups, and are these sim-
ilarities and differences related to wax choice in different species of honeybees?

Although A. andreniformis (Duangpakdee, pers. obs.; Wongvilas, pers. obs.),
A. florea (Akratanakul 1977; Hepburn et al. 2009, 2010) and A. m. capensis
(Hepburn and Radloff 1998), are known to scavenge wax conspecifically from
abandoned combs, there have not yet been any reports of heterospecific salvage.
To assess behavioural flexibility for wax choice using several beeswaxes, plant and
mineral waxes as the test materials, Hepburn et al. (2009) used the Cape honeybee,
A. m. capensis, colonies in South Africa, and A. cerana and A. florea colonies in
Thailand. A. m. capensis, A. florea, A. cerana and A. dorsata beeswaxes, three
plant waxes (Japan wax—ex: Toxicodendron, candelilla wax—ex: Euphorbia, and
bayberry wax—ex: Myrica) and ozokerite, a mineral wax, were moulded into
small sheets of wax foundation (inserted in the grooves of normal frame top bars),
or, were cut into small squares and inserted in ‘windows’ cut from the host combs.

Photographs were taken to document the results once the combs were drawn.
All four kinds of beeswax were accepted by colonies of A. m. capensis and cells
were constructed on them (Fig. 4.1a). (As an aside, the honeyguides that damaged
the combs shown in Fig. 4.1 are specialist feeders on beeswax and have the
enzymic capacity to digest it (Downs et al. 2002; Diamond and Place 2008). The
Asian orange-rumped honeyguide also consumes beeswax (Cronin and Sherman
1976; Underwood 1992), but no physiological studies have been reported on its
digestive capacity). Both the Japan and bayberry waxes were gnawed away and
removed by the bees, while candelilla and ozokerite waxes remained untouched
(Fig. 4.1b; Table 4.3). The A. cerana colonies accepted the strips of A. cerana,
A. florea and A. dorsata wax and extended their combs on these; however, they
either gnawed or avoided the wax of A. m. capensis as well as all plant and mineral
waxes (Table 4.3).

After 1 week the A. florea colonies had repaired the wax inserts in their combs.
However, they did not refashion the larger cell base to florea-size, but constructed
new cell walls much thicker than normal so that cell diameter was a close approxi-
mation to normal size. Over subsequent weeks, all the A. florea colonies had accepted
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(a)

(b)

Fig. 4.1 a Comb construction by A. m. capensis on foundation sheets made from (left to right)
the waxes of A. m. capensis, A. cerana, A. m. capensis, A. florea, A. dorsata, A. cerana, and A. m.
capensis; b Comb construction by A. m. capensis on foundation sheets made from (left to right)
the waxes of A. m. capensis, Japan wax, A. m. capensis, bayberry, A. m. capensis and Japan wax.
The obvious damage to the combs in a) was inflicted by the Lesser Honeyguide, Indicator minor,
feeding on them (Hepburn et al. 2009)

Table 4.3 Reactions of A. m. capensis, A. cerana and A. florea honeybees to thin sheets of
different beeswaxes, plant and mineral waxes (Hepburn et al. 2009)

Waxes Host colonies

A. m. capensis A. cerana A. florea

Beeswax A. cerana Accepted builds Accepted builds Accepted builds
A. florea Accepted builds Accepted builds Accepted builds
A. dorsata Accepted builds Accepted builds Accepted builds
A. m. capensis Accepted builds Gnawed/untouched Gnawed

Plant wax Bayberry Gnawed Untouched Not tested
Japan wax Gnawed Untouched Not tested
Candelilla Untouched Untouched Not tested

Mineral wax Oxokerite Untouched Untouched Not tested
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the A. cerana and A. dorsata foundation wax inserts (Fig. 4.2a). One colony accepted
the A. mellifera wax, but the other two simply gnawed away at the wax. A. cerana
colonies readily and equally accepted the waxes of only three species (A. cerana,
A. dorsata and A. florea), and partially or completely rejected that of A. m. capensis
(Table 4.3, Fig. 4.2b). Based on a parsimonious cluster analysis (cf. Chap. 16, Fig.
16.3), the giant honeybee group (A. dorsata and A. laboriosa) is clearly segregated
from the other species, as are the dwarf species (A. andreniformis and A. florea),
while A. mellifera is placed close to its sister-group, A. cerana.

Given the ubiquitous nature and abundance of surface waxes throughout the
plant kingdom (Kolattukudy 1976), it is perhaps surprising that elaborate glands
for wax synthesis and secretion evolved in honeybees in the first place (Hepburn
et al. 1991). This is particularly curious as many other apoid bees utilize various
plant exudates for building their nests (Roubik 1992). Nevertheless, all Apis
species have such glands, but their product of secretion, beeswax, has also changed
with speciation, there being only 13 out of 82 chromatographic elution peaks
shared in common across all species (Aichholz and Lorbeer 1999, cf. Chap. 16).
The plant and mineral waxes were uniformly rejected, possibly because they lack
some or all of the 13 shared compounds present in all beeswaxes and/or are
actually repellent for other reasons (Sackin 1998). The plant waxes often contain
terpenoid compounds, which are known honeybee repellents (Hamilton 1995).
Given that the alkanes, monoesters and diesters, hydroxymonoesters, hydroxydi-
esters are shared in common within all beeswaxes, these compounds could be
interpreted as the ‘essence’ of beeswax, which may be necessary and sufficient to
induce bees to build comb.

The rejection of the A. m. capensis wax by A. cerana and A. florea is difficult to
account for, but could possibly be due to the presence of a series of saturated fatty
acids, C22–C36, all of which are absent from A. cerana, A. florea and largely from
A. dorsata wax. Indeed, using the proboscis extension reflex technique, Fröhlich
et al. (2000b) showed that A. mellifera workers can recall and distinguish the fatty
acids and hydrocarbons of wax. It is also pertinent to mention cell size in relation to
the foundation strips of wax given to the bees in this experiment. The A. m. capensis
cell size used in making the moulds was about 4.8 mm in width; however, the cells
of A. florea are 2.9 mm and A. cerana 4.3 mm. Inasmuch as both A. florea and
A. cerana readily accepted the A. cerana, A. dorsata and A. florea wax foundation
made to the A. m. capensis cell size (4.8 mm), then rejected the A. m. capensis wax,
cannot be attributed to differences in cell size.

Considering the Euclidean distances of the beeswaxes, the dwarf and giant
honeybees are distinct groups, but A. mellifera is only slightly skewed away from
A. cerana. It is somewhat curious that both A. cerana and A. florea accepted the
A. dorsata wax, which, based on chemical cladistics for wax, is the most distant
from both. Perhaps this would appear to be a small discrepancy in light of the
currently prevailing phylogenies for Apis based on nesting sites (Lindauer 1956),
morphometrics (Alexander 1991), DNA sequences (Arias and Sheppard 2005) and
behaviour (Raffiudin and Crozier 2007). In any event, the close proximity of the
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beeswax cluster groups to those based on DNA and morphometrics suggests that
the wax glands were a highly conserved feature during honeybee evolution.

Previous studies on comb-building in A. mellifera have shown that some very
simple building rules (Darchen 1954 et seq.; Hepburn and Whiffler 1991) which,
coupled to the physico-chemical properties of beeswax as a building material (Pirk
et al. 2004; Buchwald et al. 2006), can parsimoniously explain several aspects of
comb-building behaviour. Indeed, regulation of behaviour through self-organisa-
tion (Bonabeau et al. 1997; Boomsma and Franks 2006; Detrain and Deneubourg
2006), specifically in honeybee societies, can be used to interpret behaviours
including comb construction (Belic et al. 1986; Hepburn 1998), the arrangement of
food-storing and brood-rearing in the combs (Camazine et al. 1990; Camazine
1991), and the regulation of food collection behaviour (Jenkins et al. 1992).

(a)

(b)

Fig. 4.2 a Comb construction by A. florea on foundation ‘windows’ made from (left to right) the
waxes of A. dorsata, A. m. capensis and A. cerana; b Comb construction by A. cerana on foundation
‘windows’ made from (left to right) the waxes of A. florea, A. m. capensis and A. dorsata (Hepburn
et al. 2009)
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4.5 Comb-Building in Mixed-Species Colonies

Mixed-species colonies of honeybees offer us a valuable opportunity to investigate
the relationships within and between the two species and provide us with a new
perspective to examine the theories of self-organisation in honeybees and inves-
tigate the evolution of behaviour. Division of labour in mixed-species colonies
remained an intriguing issue, which was not previously considered until quite
recently with experiments by Yang et al. (2010c). They examined the comb-
construction behaviour of mixed-species colonies of A. cerana and A. mellifera to
answer several questions: (1) Will mixed-species colonies accept each other’s
waxes? (2) Will colonies of pure A. cerana accept A. mellifera wax and vice versa?
(3) Given that the bees are presented with beeswax foundation of different cell
base sizes, are these accepted as such, or are they modified during comb-building?
(4) Do A. cerana and A. mellifera workers co-operate heterospecifically in comb-
building or do they form separate, conspecific festoons? (5) Under the various
conditions above, what cell sizes would emerge in the newly constructed combs?
And (6) once constructed, how are these cells used in the economy of the nest?

4.5.1 Organisation of Mixed-Species Colonies and Wax
Foundation

Yang et al. (2010c) established mixed-species colonies of both A. cerana and
A. mellifera workers: three colonies were headed by A. cerana queens, and
reciprocally, three colonies were headed by A. mellifera queens. Frames of sealed
brood about to emerge as young adults of each species were placed in the colonies
of the other species (Tan et al. 2006). Observations were made on the wax-building
behaviour when the newly emerged workers of the two species were about
10–18 days old, the peak age of wax secretion (Rösch 1927; Hepburn et al. 1984;
Seeley 1995). Pure A. cerana and A. mellifera colonies with the same age cohort of
workers were also selected as control colonies, which were equalised for size,
number of combs, adult bees, nectar and pollen stores and brood. In these
experiments, beeswax was extracted from both A. cerana and A. mellifera combs
and used to make small sheets of beeswax foundation of the two worker cell sizes:
A. cerana, about 4.75 mm in diameter (Ruttner 1988), and A. mellifera, 5.35 mm
in diameter (Winston 1987), using silicon rubber moulds (Hepburn et al. 2009).
Both A. cerana and A. mellifera cell-size foundation was introduced into pure
A. cerana and pure A. mellifera colonies. The experiments on cell size and wax
discrimination, and comb-building cooperation were conducted with colonies of
A. cerana and A. mellifera at an apiary at the King Mongkut’s University of
Technology, Chom Bueng, Thailand. The four types of beeswax foundation sheets
(two wax types and two cell sizes) were fixed on the top bars of frames, and their
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relative positions in the hives determined by random number assignment; they
were then inserted into the centre of the hives.

Video-recordings were made of comb-building activity for the test and control
colonies at 10 s intervals three times a day and every day for the replicates
(Table 4.4). On replaying the video clips, detailed information was obtained on:
(1) how many workers of each species were engaged in which type of comb-
building; (2) how many starting sites were used to extend the building of new
combs; (3) whether the festoon bees formed a mixed-species building chain and
cooperated with each other in comb-building. (4) how many workers of each
species were in each festoon; and (5) when comb building was complete. When the
foundation sheets had been extended beyond their original lengths by the addition
of several cm of new wax, the combs were removed from the hives and replaced
with new top bars with the same four kinds of foundation (Yang et al. 2010c).

4.5.2 Cell-Size and Wax Discrimination

Pure A. cerana colonies ignored all beeswax foundation and began building new
combs either from the top bar, or from the lower edges of the foundation sheets
(Fig. 4.3a). By contrast, the pure A. mellifera colonies accepted both the A. cerana
and A. mellifera foundation sheets and built cells on both cell sizes (Fig. 4.3b). In
the two types of mixed-species colonies, all four types of foundation were accepted
(Fig. 4.3c, d); workers of both species were seen building cells on the foundation
(Fig. 4.4, Table 4.5). None of these mixed-species colonies showed any preference
to a particular type of foundation with respect to wax type or cell size.

4.5.3 Cell-Size Modification of Foundation Sheets

All the A. mellifera cell-size sheets of foundation were built to their original size
without any modification (Table 4.5); but the A. cerana cell-size foundation sheets
were modified in all colonies, except for the pure A. cerana colonies. Some of
these cells were squeezed to make space for enlarging neighbouring cells. The
percentages of combs that had modified cells in the test and control groups are
shown in Table 4.5. In A. mellifera queen-headed mixed-species colonies, all the
A. cerana foundation sheets were modified, and in the pure A. mellifera colonies,
nearly all were modified which was significantly different to the A. cerana queen-
headed mixed-species colonies and pure A. cerana colonies (Yang et al. 2010c).
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4.5.4 Freely-Built Combs

On completion of the comb-building trials using different species, waxes and cell
sizes on the artificial foundation sheets, the workers from the four types of colonies
were observed starting to build new combs at several sites (Table 4.6). Pure
A. mellifera colonies and A. mellifera queen-headed mixed-species colonies had
significantly more festoons at new comb-building sites than pure A. cerana and
A. cerana queen-headed colonies (Table 4.6). In A. cerana queen-headed mixed-
species colonies, workers of both species were seen working together in festoons,
although significantly more A. mellifera workers (57.9 ± 6.2 %) were involved
than A. cerana workers (42.1 ± 6.2 %). Similarly, in the A. mellifera queen-headed
mixed-species colonies, significantly more A. mellifera workers (67.5 ± 4.8 %)

Fig. 4.3 Comb built by an A. mellifera queen-headed, mixed-species colony. Combs built in the
four types of colonies: a Pure A. cerana; b Pure A. mellifera; c A. cerana queen-headed; and
d A. mellifera queen-headed colony. Abbreviations on the top bars are: CC, A. cerana cell-size
foundation made from A. cerana wax; CM, A. cerana cell-size foundation made from A. mellifera
wax; MM, A. mellifera cell-size foundation made from A. mellifera wax; MC, A. mellifera cell-
size foundation made from A. cerana wax. Cell direction patterns of newly built combs:
V vertical; H horizontal; T tilted. AC3, an example comb built by a pure A. cerana colony
(Colony 3); AM1; an example comb built by a pure A. mellifera colony (Colony 1); CMX3, an
example comb built by an A. cerana queen-headed, mixed-species colony (Colony 3); MMX2, an
example comb built by an A. mellifera queen-headed, mixed species colony (Colony 2) (Yang
et al. 2010c)
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than A. cerana workers (32.5 ± 4.8 %) were engaged in comb-building in the
festoons (Table 4.6). In total, significantly more workers were engaged in comb-
building in the mixed-species colonies than in the pure A. cerana and pure
A. mellifera colonies (Table 4.6).

As for irregular cells on the new combs, pure A. cerana and A. mellifera
colonies built significantly fewer irregular cells (0.8 % and 2.7 %, respectively),
than did the mixed-species colonies (9.1 % and 10.8 %, respectively); most of
which were located at the seams of combs which had been started at different sites

Fig. 4.4 Comb-building by a
mixed-species, wax-building
chain of A. cerana and A.
mellifera workers (Yang et al.
2010c)

Table 4.5 Percentages of A. cerana cell size foundation with modifications (Yang et al. 2010c)

A. cerana cell-size
foundations

A. mellifera cell-size
foundations

Colony type Number Percentage
with
modified
signs (%)

Number Percentage
with
modified
signs (%)

Pure Apis cerana (N = 3, n = 12 replicates) 24 0 24 0
Pure Apis mellifera (N = 3, n = 12 replicates) 24 83.3 24 0
A. cerana queen-headed mixed colony (N = 3,

n = 14 replicates)
28 10.7 28 0

A. mellifera queen-headed mixed colony (N = 3,
n = 10 replicates)

20 100 20 0

N is the number of pure colonies and n is the number of repetitions
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(Table 4.6). The A. cerana queen-headed mixed-species colonies showed signifi-
cantly greater variation in the patterns of cell orientation on the newly built combs
than A. mellifera queen-headed mixed-species colonies, pure A. cerana and A.
mellifera colonies; different festoons on one comb built patterns different to those
built on other combs (Table 4.6). A. mellifera queen-headed, mixed-species col-
onies built new combs mainly in vertical and horizontal patterns (Fig. 4.3d); in
pure A. cerana and A. mellifera colonies, the patterns of cell orientation were more
homogeneous and mainly vertical (Fig. 4.3a, b; Table 4.6).

The different mixed-species colonies built significantly different sized cells
(Table 4.6). The largest cells were built by A. mellifera queen-headed mixed-
species colonies. The cells built in the pure A. mellifera colonies and A. mellifera

Table 4.6 Characteristics of freely-built combs, mean ± SD (Yang et al. 2010c)

Parameter A. cerana queen-
headed mixed
colonies (N = 3,
n = 14 replicates)

A. mellifera queen-
headed mixed
colonies (N = 3,
n = 10 replicates)

Pure A. cerana
colonies
(N = 3,
n = 12
replicates)

Pure A.
mellifera
colonies
(N = 3, n = 12
replicates)

Number of
festoons

2.3b ± 0.5 4.2a ± 1.4 1.9b ± 0.9 3.9a ± 1.1

Number of A.
cerana
workers on
the festoons

61.4 ± 13.4 36.8 ± 10.7 108.0 ± 29.1 –

Number of A.
mellifera
workers on
the festoons

84.6 v 16.1 75.6 ± 16.3 – 90.3 ± 25

Total number of
two species
of workers
on the
festoons

146.1a ± 22.0 112.4b ± 24.5 1-8.0b ± 29.1 90.3b ± 25.0

Percentage of
irregular
cells (%)

9.1a ± 3.6 10.8a ± 4.7 0.8b ± 0.5 2.7b ± 1.7

Patterns of
newly built
combs:

V ? H: 29 %
V ? H ? T: 22 %
V ? T: 21
V: 14 %; T: 7 %
V ? H ? R: 7 %

V ? H: 60 %
V: 40 %

V: 75 %
V ? H: 17 %
T: 8 %

V: 83 %
V ? H: 17 %

V = vertical
H = horizontal
T = tilted
R = rosette
Cell size of

newly built
combs (mm)

5.41b ± 0.27 5.93a ± 0.61 4.38c ± 0.06 5.74a, b ± 0.61

Means within one row followed by the same letter are not significantly different (Tukey multiple
comparisons: p [ 0.05). N is the number of pure colonies and n is the number of repetitions
(Yang et al. 2010c)
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queen-headed mixed-species colonies were similar to A. mellifera drone cells
(European type, 6.0–6.3 mm), whereas in the A. cerana queen-headed mixed-
species colonies, the cells had a diameter of 5.41 ± 0.27 mm, which is like the
normal A. mellifera worker size cells. The pure A. cerana colonies built cells
4.38 ± 0.06 mm in size, which is the normal A. cerana worker size cell.

Fig. 4.5 Utilisation of combs built on two types of cell size foundation in pure A. cerana
colonies; A. mellifera size cells (left) were used for storing food, while the A. cerana size cells
(right) were used for brood rearing (Yang et al. 2010c)

Fig. 4.6 Utilisation of combs built on two types of cell size foundation in pure A. cerana
colonies; A. mellifera size cells (left) were used for drone brood rearing (with typical capping
apertures), while the A. cerana size cells (right) were used for rearing worker brood (Yang et al.
2010c)
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4.5.5 Utilisation of the Newly Built Combs

In their experiments, Yang et al. (2010c) inserted both A. cerana cell size
(4.75 mm in diameter) and A. mellifera cell-size (5.35 mm diameter) foundation
strips into pure A. cerana and pure A. mellifera colonies, with the following
results. Pure A. cerana colonies accepted both foundation types and built cells
without altering the original cell base; while pure A. mellifera colonies accepted
both foundation wax types but changed the A. cerana cell size to their normally
larger cells, with the inclusion of many irregular cells.

Once the control combs had been constructed, A. cerana colonies differed from
the A. mellifera colonies in the subsequent use of these cells. The pure A. cerana
colonies used the A. mellifera size cells either for food storage (Fig. 4.5) or drone
brood rearing, while the A. cerana size cells were normally used for rearing worker
brood (Fig. 4.6). In pure A. mellifera colonies, queens mainly laid eggs in both
A. mellifera and A. cerana size cells, but they all showed a preference for
A. mellifera size cells and laid eggs in these cells first and more regularly
(Fig. 4.7).

4.5.6 General Comb-Building

It is common knowledge that cavity-dwelling honeybees build multiple, parallel
combs and that this parallelism is recognised as a building rule (Darchen 1954;
Hepburn 1986; Hepburn and Muller 1988). Comb-building bees work in a dark

Fig. 4.7 Utilisation of combs built on two types of cell size foundation in pure A. mellifera
colonies, the brood cells on the A. mellifera cells (left) are already capped but the larvae on the
A. cerana cell size foundation (right) still need about three more days until capping, suggesting
that the queens first laid eggs on the left side and only laid eggs in the A. cerana size cells
somewhat later (Yang et al. 2010c)
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cavity or hive where there is no central source of information. When construction
begins, the workers cling together in elongated chains or festoons, forming a dense
cluster that facilitates an equable temperature for wax secretion and manipulation
(Hepburn 1986). Numerous comb-building workers with active wax glands engage
in the task of comb construction. But, instead starting to build at a single site,
several festoons begin at independent sites, constructing starting strips of cells
several cells (hence combs) simultaneously, and only later do they connect these
using irregular transitional cells (Hepburn 1986; Hepburn and Whiffler 1991). In
this case, the parallelism rule can only be achieved indirectly, at the finishing stage
of comb-building, with many irregular cells and seam connections between several
new combs started at separate sites (Hepburn and Whiffler 1991).

4.5.7 Comb-Building in Mixed-Species Colonies

A. cerana and A. mellifera workers cooperate heterospecifically in the same fes-
toons in comb-building (Yang et al. 2010c); but it is somewhat strange that in the
pure A. cerana colonies, none of the four types of foundation (foundation made
from A. mellifera wax in both A. mellifera and A. cerana worker sell sizes and
foundation made from A. cerana wax both in A. cerana and A. mellifera worker
size cells) were accepted, although two of the four foundations were embossed
with normal A. cerana size cell. In sharp contrast to this, in the pure A. mellifera
colonies, workers were seen building cells on both types of wax foundation and of
both cell sizes. These results indicate that A. mellifera workers are more tolerant of
cell size factors in wax foundation. This contrast is revisited in both types of
mixed-species colonies where more A. mellifera workers than A. cerana workers
were seen building comb, irrespective of the species of host queen.

However, interestingly, A. cerana workers did engage in comb-building on
foundations of both waxes and the two cell sizes in the both types of mixed-species
colonies (Table 4.6). This certainly suggests that comb-building workers A. melli-
fera can somehow stimulate A. cerana workers to start building comb. A comb-
building stimulus appears reciprocal because in pure A. mellifera colonies, while
83.3 % of the A. cerana cell size foundation sheets were modified and expanded to
A. mellifera cell size, only 10.7 % were modified in mixed-species colonies headed
by A. cerana queens. In the A. cerana queen-headed mixed-species colonies, more
A. mellifera workers were engaged in comb-building festoons, so it is not surprising
that the cell sizes were similar to normal A. mellifera worker-sized cells.

It is interesting to note that in an A. cerana queen-headed mixed-species colony,
the festoons were formed predominately by A. mellifera workers with fewer
A. cerana workers joining them. However, the combs built in the mixed-species
colonies did have more irregular cells than were observed in any of the pure
A. cerana or A. mellifera colonies. This seems to indicate that the A. cerana
workers also play a role in determining final cell-size. Although they did cooperate
in festoons, the two species cannot really perform the comb-building tasks
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harmoniously. The fact that the combs in the pure A. mellifera colonies and
A. mellifera queen-headed colonies mixed-species were built to normal A. melli-
fera drone-sized cells may be related to the season in which in the experiment was
conducted.

In conclusion, A. cerana workers as colonies did not accept any type of
beeswax foundation, but as individuals were stimulated by A. mellifera workers to
engage in comb-building. So, the results are consistent with the idea that honeybee
comb-building behaviour is an example of self-organisation. It was also confirmed
that in the mixed-species colonies, these two closely related honeybee species did
in fact cooperate in comb-building, even though irregular cells arose through their
joint efforts. It can also be inferred that, although the comb-building workers are
poorly informed and lack a central controller (Pratt 2004), comb-building is really
a task that can only be finished by smaller groups, in which individuals cooperate
closely to achieve progress. This might explain, in part, why A. mellifera workers
do not dominate the comb-building effort.

The results presented here, based on mixed-species colonies, reinforce the
conclusion that this experimental method is extremely useful for testing underlying
mechanisms that evoke or suppress certain behaviours. Such an experimental
context has been successfully used to elucidate disruption of social networks as in
ovarial activation (Tan et al. 2009), stimulation of social networks, dance language
(Tan et al. 2008) and retinue behaviour towards queens (Yang et al. 2010a). The
results from the comb-building experiments provide additional evidence for the
value of mixed-species colonies as experimental probes for investigating pre- and
post-speciation behaviour in honeybees.
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Chapter 5
Communication by Vibrations
and Scents in the Comb

Abstract Communication on honeybee combs includes both distance and direction
in the case of waggle dances. Potential recruits attending a dancer emit vibrations
which elicit a response from the dancer to give the emitter a sample of nectar.
Tooting and quacking by queens are both airborne sounds and substrate vibrations
which are carried mainly by the fundamental frequency component. Bees recognize
these signals mainly by their temporal structure and comparisons of the threshold,
emission level, and attenuation with distance, which suggests that they are used only
within a restricted area of the comb. When waggle-dancing honeybees move on
comb, they produce vibratory movements that indicate the location of the waggle
dancer and the pulsed vibrations are increased during waggle phases, so amplifying
the signals for remote dance followers. Because sound intensity decreases with the
density of the medium and with distance, beeswax is a medium for sound trans-
mission. Pheromones in comb serve as slow-release systems with long time
constants and include transmissions of colony odour, queenrightness, cell capping,
colony odour, kin recognition, footprint pheromones, wax-salvaging behaviour etc.
The specific dance sites that occur on combs are due to chemical tagging. Masking
colony odour occurs when receiver bees are conditioned to the same comb source as
introduced bees, which are accepted. A series of only a few methyl esters produced
by queens and workers are sufficient to induce capping of mature brood; but capping
worker brood may depend on the depth of larvae in comb cells and not just ratios of
ester emissions. Nonetheless, these results are not mutually exclusive in principle.

5.1 Introduction

The buzzing of honeybees has accompanied mankind through the ages and even
highly-specialised sounds such as the piping of queens were known since ancient
times (Free 1982; Crane 1999). Yet, formal studies on sounds produced by hon-
eybees were first recorded only in 1609 by Charles Butler, polymath of his times,

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_5,
� Springer-Verlag Berlin Heidelberg 2014
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who transcribed the first musical notation of the piping of honeybee queens (Pirk
et al. 2013). Some 300 years later, the morphology of the auditory senses of
honeybees was described (Snodgrass 1910; McIndoo 1922). Subsequently,
Hansson (1945) reported that honeybee sounds, inaudible to humans, can indeed
be recorded with high amplification, following which, Wenner (1962a) observed
that workers emit pulsed sounds of about 200 Hz during the waggle phase of the
waggle dance. Wenner (1962b) also demonstrated that a caged honeybee queen,
installed in an observation hive already containing a virgin queen, piped in
response to artificial piping, which was played to it through the substrate. Then,
Simpson (1964) showed that honeybee queens breathed continuously while piping,
and were able to pipe with all spiracles except one blocked, so the sound could not
have been produced by air entering or leaving the spiracles. He concluded that it is
produced by operating the flight motor without spreading the wings, and sound is
radiated partly by the substratum, to which the vibrations are communicated by
pressing the thorax against it.

Charles Butler’s work was more than two decades before any real headway into
the acoustical analysis of sound, which only began in 1636, when Mersenne for-
mulated principles, now laws, which mathematically described the frequencies of
oscillations of stretched strings. (These laws still apply in the construction of
pianos, harps etc.). Incidentally, this extraordinary man associated with Descartes,
Pascal, de Roberval and Fabri de Peiresc in his day, all of whom worked before the
publication of the first journals of the Royal Society in London and the Académie
des Sciences in Paris (Bernstein 1996).

Returning to honeybees, sound reception finally took a quantum leap with the
introduction of laser Doppler vibrometry in the last half century. In this short
review, we trace the experimental development of honeybee communication using
the comb as a substrate. Communication of sounds, signals or cues arising from
honeybee combs include mechanical as well as chemical information. Indeed,
following the discovery of dance language, its mode of actual transmission has
long remained enigmatic (von Frisch 1967; Michelsen 2012). However, when
potential honeybee recruits attend a dancing forager, they periodically emit
vibrations against the combs which elicit a response from the dancer to give the
emitter a sample of nectar (Michelsen et al. 1986a; Sandeman et al. 1996). When
honeybee foragers perform waggle dances, they transmit both distance and
direction as vibrations that are transmitted through the wax substrate of their
combs.

The roles of pheromones and volatile odours are of extraordinary importance in
the combs of bees where they mainly serve as reservoirs and slow-release systems.
These encompass cell capping, colony odour, kin recognition, footprint phero-
mones, wax-salvaging behaviour etc. Of these, probably the oldest known of the
systems of honeybee scents is that of colony odour, which was noted from at least
since the 19th century (Bethe 1898) and has been more recently summarised in a
paper by Kalmus and Ribbands (1952). Further contributions to the identification
of nestmate recognition cues were demonstrated by Juska (1978); that queens
secrete a substance from their tarsal glands (footprint pheromones) and as they
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move about, they effectively tag regions of the comb which convey information
that the colony is queenright. This is a parsimonious way to propagate a general,
integrative signal. The real biological significance is that footprint pheromones
inhibit the construction of queen cells at the bottom of the combs. The idea of
‘colony odour’ in honeybees has been developed particularly by Breed et al.
(1988a, et seq.) who showed that colony odour is soon acquired by newly emerged
worker bees. Some of the recognition cues are of genetic origin and therefore
acquired prior to adult emergence. Nonetheless, genetic or relatedness differences
between bees of different colonies can be completely masked as shown in cross-
fostering experiments. Breed et al. (1988b) concluded that previous results
showing that worker honeybees are recognized on the basis of environmentally
acquired odours (= colony odour), do not actually contradict their results. Rather,
bees probably use whatever cues are available for recognition. When environ-
mental odour sources are carefully controlled, cues remain that allow for dis-
crimination of nestmate versus non-nestmate individuals.

5.2 Vibrations

Not long after Hansson (1945) reported that honeybee sounds, inaudible to
humans, can be recorded with high amplification, Wenner (1962a) observed that
worker honeybees emit pulsed sounds of about 200 Hz during the straight run
segment of the waggle dance. He then suggested that these pulsed sounds could
well be the means by which the distance component is conveyed to other honeybee
workers. He then demonstrated that both the sound production time and the
number of pulses in the straight run phase of the waggle dance are also capable of
carrying distance information. Since the ratio of the sound pulse rate to waggle rate
is approximately 2.5:1, the sound is not an incidental result of the waggling of the
abdomen by the dancing bees (Wenner 1962a). The straight run time and number
of sound pulses present in the straight run portion of the waggle dance were found
to be inseparable on the basis of available data. Either of these two components
was found to be a better possibility for transmitting distance information than any
of the other components of the dance (Wenner 1962a). He further concluded that
in the waggle dances: (a) the time of waggling during the straight run; (b) the
number of waggles produced during the straight run; (c) the time of sound pro-
duction during the straight run, or, (d) the number of sound pulses produced during
the straight run are the most likely possibilities for conveying information about
distance of food sources from the nest.

Similar vibrations, the tremble or stop dance, are made by returning foragers
who have difficulty in off-loading nectar to house bees (Kirchner et al. 1988,
2003). The signal here may be a means of negative feedback, reducing further
forager recruitment (Seeley 1992; Kirchner 1993; Nieh 1993) and/or as a means of
recruiting more nectar-receiver bees (Seeley 1992). Finally, queen piping is
mediated through vibration of the combs (Michelsen et al. 1986b); this, together
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with the wing vibrations of dancers, is perceived by the Johnston’s organ of the
workers. Other bee-comb interactions of a reciprocal nature involve the trans-
mission of vibrations (sounds) for communication.

One of the events that occur among bees attending a dancing forager is that
periodically a worker will press her thorax against the comb and vibrate. This often
elicits a response from the dancer to give the emitter a sample of nectar (Michelsen
et al. 1986a). The tremble or stop dance works acoustically in the same way
(Kirchner 1993). A third example is that of queen piping, in which the quacking
element emitted by virgin queens still in their cells is transmitted through the wax
(Michelsen et al. 1986b). Indeed Wenner (1962b) was able to show that a caged
honeybee queen installed in an observation hive which already contained a virgin
queen, piped in response to artificial piping which was played to it through the
substrate.

5.2.1 Queen Honeybees

As far as we can determine, the first attempts to record the piping (tooting and
quacking) sounds of A. mellifera queen honeybees were those of Charles Butler,
who transcribed these sounds into musical notation (Figs. 5.1 and 5.2). Charles
Butler wrote of the swarming of bees and noted that sounds of ‘piping’ occur 7 to
11 days after swarming, which may be followed by another swarm (Butler 1609).
Piping is a sound composed of two different signals made by queen bees; namely
‘tooting’ and ‘quacking’ (Michelsen et al. 1986c). A queen bee recently emerged
from her cell will toot and this is followed by the quacking signal made by queens
still confined in their cells (Michelsen et al. 1986a).

Butler (1609) transcribed these sounds onto a treble clef musical score,
denoting high pitch, and noted that the most common result of tooting and
quacking was the production of the musical harmonies of a major third or perfect
fifth (Figs. 5.1 and 5.2). A major third is equal to an increase of four semitones
from the starting note, while a perfect fifth is equal to an increase of seven
semitones from the starting note—this is equal to four or seven frets on a guitar,
respectively. This, Butler determined only by ear. Furthermore, he transcribed the
sound in triple time in the tradition of the musical culture in the 17th century; all
music was written in triple time as a testament to the Christian belief in a Holy
Trinity (Stanford and Forsyth 1937).

The extraordinary musical notation provided by Butler (1609, 1634) finally
became tested and verified some three and a half centuries later in the acoustical
measurements of A. mellifera by Michelsen et al. (1986c). They examined the
sonic structure of the piping sound and noted that tooting syllables begin at a
frequency of 340 Hz and increase to 500 Hz, while the quacking (responsive)
syllables remain relatively constant at 300 Hz. Using the quacking syllable
(300 Hz) as a basis, the major third and perfect fifth harmonies for this syllable are
377.976 and 449.492 Hz respectively. This falls within the frequency range for
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tooting syllables of 340 to 500 Hz observed by Michelsen et al. (1986a).
Furthermore, this range of fundamental frequencies corresponds to the pitch used
by alto singers (147–659 Hz—Bozhidar 2006), thus supporting Butler’s (1609) use
of the treble clef in his transcription.

Michelsen et al. (1986a) recorded and measured tooting and quacking signals
emitted by the queens as airborne sound and as substrate vibrations of the combs
by means of a microphone and a laser vibrometer, respectively. The fundamental
frequency component is larger than the harmonics when the signals are measured
as vibration velocity, and they argued that the signals are carried mainly by the
fundamental frequency component. The frequencies emitted depend on the
queens’ age, and the tooting syllables contain a frequency sweep. The fundamental

Fig. 5.1 Musical score of an A. mellifera queen ‘‘shows a four line staff with the letter G on the
second line from the bottom indicating that this is a treble clef. There are no bar lines but the two
semibreve rests at the beginning of the staves indicate that we are in a triple metre, and indeed the
text states that the bees ‘sing’ in triple time. The notation indicates that the two most common
results of the simultaneous piping and quacking of rival queens are the musical intervals of either
a perfect fifth or a major third’’… ‘‘Quacking is the responsive sound of rival queens who have
not yet emerged from their cells, and piping is the regal identification of a virgin queen soon after
she has emerged from the cell in which she developed’’ (Butler 1609)—Figure and text
commentary, the National Library of Scotland
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carrier frequencies of the toots and quacks overlap, but the tooting syllables have
longer rise times than the quacking syllables.

Recordings of the vibrations of cells in which queens were confined allowed
Michelsen et al. (1986a) to measure the threshold for the release of quacking in
these queens evoked by artificial toots and by natural toots from emerged queens.
Artificial toots with a long syllable rise time are more effective in releasing
quacking responses than toots with a short syllable rise time. These observations
suggest that the bees recognize these signals mainly by their temporal structure
(Michelsen et al. 1986a). A comparison of the threshold, emission level, and
attenuation with distance, suggests that these and other vibration signals are only
used by honeybees for local communication within a restricted area of the comb.
Therefore, we can conclude that, while not precisely correct, Butler’s (1609)
musical transcription three centuries ago on the piping sounds produced by rival
queen bees was certainly very accurate (Pirk et al. 2013).

In the experiments of Michelsen et al. (1986b) the airborne sound emitted from
the combs and the vibration velocity of the comb surfaces were recorded with a
microphone and a laser vibrometer as shown in Fig. 5.3. The laser light was focused
at a spot of highly reflective paint on the comb. Comb vibrations in the direction of
the laser beam caused Doppler shifts in the frequency of the reflected light, and the
output voltage of the instrument is linearly related to the instantaneous vibration
velocity. The recorded sound and vibration signals were stored on an instrumen-
tation tape recorder and on the disc drive of a computer which allowed a detailed
control of the functions and internal memories of a frequency analyser. Graphs of

Fig. 5.2 Butler’s (1634)
edition presents a two-part
madrigal for four voices
incorporating melodic
elements based on the actual
sounds produced by
A. mellifera bees. The music
has been printed in the
manner of a part-book to be
read by the Mean (soprano)
and Tenor sitting on one side
of a table and by the Bassus
and Countertenor facing them
on the other side (Butler
1634)—Figure and text
commentary, the National
Library of Scotland
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the signals were also made by transferring time samples from the memory of a
digital oscilloscope through the computer to a plotter (Michelsen et al. 1986b).

When the signals were measured as vibration velocity, the fundamental fre-
quency component was larger than the harmonics, so they concluded that the
communication signals are mainly carried by the fundamental frequency compo-
nent. The frequencies emitted varied with the ages of the queens (Fig. 5.4), and the
tooting syllables contained a frequency sweep, which probably explain previous,
diverse frequency values reported in the literature (Figs. 5.5 and 5.6).

5.2.2 Worker Vibrations

Considerable further progress in understanding the significance of the airborne
elements associated with the waggle dance has been reported (Michelsen et al.
1987, 1988, 1992). More recently, these findings have been extended by Nieh and
Tautz (2000) who noted that waggle dancing honeybees produce vibratory
movements that may facilitate communication by indicating the location of the
waggle dancer. Previously, an important component of these vibrations had not

Fig. 5.3 Experimental set-up for measuring A. mellifera queen sounds by (Michelsen et al.
1986b), after Michelsen and Larsen (1978), for explanation see text
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Fig. 5.4 Relationship
between queen age and
fundamental frequencies of
tooting (o) and quacking (+)
in A. mellifera. The frequency
of tooting was computed
from the last section of
syllables (Michelsen et al.
1986a)

Fig. 5.5 Tooting and
quacking recorded as
vibration velocity on the
comb surface in A. mellifera.
a toot, b quack, c a quack
released by a toot (black bar).
Note the different time
structures of the quacks in
(b) and (c). The upper time
scale applies only to (a), the
lower to (b) and
(c) (Michelsen et al. 1986a)

Fig. 5.6 Fine structure of
tooting (a) and quacking
(b) syllables in A. mellifera.
a At the beginning of each
tooting syllable the frequency
increases. b Frequency is
nearly constant in the
quacking syllables. Note
different rise times between
(a) and (b) (Michelsen et al.
1986a)
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been detected in the comb. They developed a highly sophisticated method of
fine-scale behavioural analysis that allowed them to analyse separately the comb
vibrations near a honeybee waggle dancer during the waggle and the return phases
of her dance (Figs. 5.7 and 5.8).

Nieh and Tautz (2000) simultaneously recorded honeybee waggle dances using
digital video and laser-Doppler vibrometry, and performed a behaviour-locked
Fast Fourier Transform analysis on the vibrations in the substrate comb. Nieh and
Tautz (2000) discovered significantly higher amplitude, 200–300 Hz, vibrations
during the waggle phase than during the return phase, but no significant differences
in the neighbouring frequency regions between 100–200 Hz and 300–400 Hz.
They recorded peak waggle phase vibrations from 206 to 292 Hz. The maximum
measured signal–noise level was +12.4 dB during the waggle phase (mean
+5.8 ± 2.7 dB). The maximum vibrational velocity, calculated from a filtered
signal, was 128 lm s-1 peak-to-peak, corresponding to a displacement of
0.09 lm s-1 peak-to-peak at 223 Hz. On average, they measured a vibrational
velocity of 79 ± 28 lm s-2) peak-to-peak from filtered signals. These signal
amplitudes overlap with the detection threshold of the honeybee (Fig. 5.9).

Tautz et al. (2001) noted that A. mellifera foragers performing dances on the
combs are apparently able to attract dance-followers from distances across the
combs that are too remote for tactile or visual cues to play a role. An alternative
signal could be the vibrations of the comb at 200–300 Hz generated by dancing
bees but which, without amplification, may not be large enough to alert remote
dance followers back to where the signal originated (Fig. 5.10). The phase reversal
occurs across walls 2 and 3, walls 2b and 3b, walls and 2c and 3c (Tautz et al.
2001). Tautz et al. (1996) reported an unusual behaviour of waggle dancers in that
they actually stride across the comb, which the authors interpreted as a mechanical
means of increasing the pulsed vibrations that occur during waggle phases.

Fig. 5.7 Artificial tooting
(450 Hz vibration of comb)
releases quacking when the
rise and delay is 100 ms
(a) but not when it is 10 ms
(b). Recordings were made
from the surface of a confined
A. mellifera queen’s cell
(Michelsen et al. 1986a)
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Fig. 5.9 Fast Fourier Transform spectra of comb vibrations produced by an A. mellifera waggle
dancer 1 cm from the edge of the comb. Waggle phase spectrum, solid line; return phase
spectrum, dotted line. The laser was positioned at 30�, 18 mm away from waggle dancer. Arrow
indicates peak waggle dance frequency between 200 and 300 Hz. The 200 Hz is an equipment-
generated frequency peak used to calibrate signal levels (Nieh and Tautz 2000)

Fig. 5.8 Apparatus for measuring waggle dance vibrations by A. mellifera workers: (h) obser-
vation hive, (e) hive entrance, (l) laser vibrometer, (v) digital video camera, (s) switch for passing
a 1 kHz sound pulse to the video camera and simultaneously illuminating a light-emitting diode,
(f) function generator, and (t) vibration dampening table. The laser vibrometer head was mounted
on the same vibration-dampening table (Nieh and Tautz 2000)
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Subsequently, Tautz et al. (2001) reported an equally unexpected property of the
comb when subjected to vibrations of about 200 Hz in that it effectively amplifies
vibratory signals to remote dance followers. They found that at a specific distance
from the origin of an imposed vibration, the walls across a single comb cell
abruptly reverse the phase of their displacement and move in opposite directions to
one another.

Behavioural measurements showed that the distance from which the majority of
remote dance followers are recruited coincides with the location of this phase-
reversal phenomenon relative to the signal source. They reasonably proposed that
effective amplification of the signal by a phase-reversal phenomenon occurs when
bees straddle a cell across which the phase reversal is expressed. Such a bee would
be subjected to a situation in which the legs were moving towards and away from
one another instead of in the same direction. In this manner, remote dance fol-
lowers could be alerted to a dancer performing in their vicinity (Fig. 5.11). (As an
aside it is worth noting that Seeley et al. (2005) recently tested plastic combs and
beeswax foundation and found the former markedly poorer in transmitting the
250 Hz vibrations produced by dancing bees; but, nevertheless comb built with
plastic foundation proved a suitable substrate for waggle dance communication).

The possible roles of vibrations in the economy of honeybee colonies also
include the recent proposal by Bergman and Ishay (2007) that social hornets and
honeybees exploit ultrasonic acoustic resonance properties of cells to achieve
accurate structures in combs; however, their experimental data do not extend to
honeybee combs. It is evident that the analyses of the vibrations and sound signals
of dancing bees are highly variable, so that from this perspective, dancers are only
providing a rough indication as to where the goal is situated.

Using and entirely different approach, Tsujiuchi et al. (2007) investigated the
pedicel of the antenna to determine the mechanical and neural response charac-
teristics of antennae and Johnston’s organ to acoustic stimuli. Their results

Fig. 5.10 Diagram on A. mellifera comb of showing the location of the stimulus probe and the
three rows of cell walls from which measurements were taken. The cell rows are oriented along
the same horizontal axis as they would be in the hive. The large arrow shows the point of
application of the lateral sinusoidal displacement to the top rim of a cell wall. The power stroke of
the stimulus is the direction of the arrow, thus ‘pulling’ the cell walls on the left and ‘pushing’ the
cell walls on the right. The return stroke of the probe allows the comb to move. No phase
reversals were found to occur across cells on the ‘pull’ side of the stimulus (Tautz et al. 2001)
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indicated that the neurons in the antennae and Johnston’s organ of mature hon-
eybees are best attuned to detect 250–300 Hz sounds generated from a distance
during waggle dances. Furthermore, the Johnston’s organ neurons can preserve
both frequency and temporal information of acoustic stimuli including the sounds
generated during waggle dances.

Fig. 5.11 Comparisons of A. mellifera combs measured for displacement velocities—Vwall of
cell walls at different distances from the stimulus. a Time course of the stimulus and movement of
the wall opposite (Wall 1). There is no phase lag but the wave form is already distorted.
Vstimulus = velocity of stimulus. b A sequence of Wall 1 excursions compared with those of
Wall 2. The displacement of Wall 2 (dotted line) exhibits a small phase lead over that of Wall 1
(solid line). c The small phase lead of Wall 2 over Wall 1 advances suddenly so that the
displacements of Walls 2 and 3 are about 180� out of phase. d One cell further along the line from
the stimulus (Walls 3 and 4) the cell wall displacements are again in phase with one another. e The
small phase lag between Walls 62 and 63 is introduced by the finite conduction velocity of the
signal across the comb. f Displacement velocities in the ‘‘pull’’ direction between Wall-1 and -2.
No phase reversal was found in this direction at any distance from the stimulus (Tautz et al. 2001)
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Because Tsujiuchi et al. (2007) found that the responses of the Johnston’s organ
neurons were found to be age-dependent they concluded that dance communica-
tion is only possible between aged foragers. The waggle dances of honeybees
roughly encode the distance and direction to a food source in the duration and the
body angle during the waggle phase. The recent results of measurements by Ai and
Hagio (2013) showed that there is indeed a neurophysiological connection
between the cervical setae of a waggle dancer, via three thoracic ganglia that feeds
back to Johnston’s organ, providing independent evidence supporting the inter-
pretations of Tsujiuchi et al. (2007).

Michelsen (2012) summarized his thoughts in a recent essay on how honeybees
obtain information about direction by following dances. Several sensory modali-
ties including touch, vision, hearing, substrate vibrations and air flow have been
proposed and experimentally analyzed to establish their possible roles in this
regard. Michelsen himself invested a quarter of a century in studying the ways in
which sounds and air flow generated by dancing bees could influence other worker
bees. When foragers dance, they vibrate their wings and act as dipoles and the
unexpectedly large sound pressures and air flow that they generate decreases
rapidly with distance from their source, clearly reducing their range in effective
communication.

In an earlier study, Michelsen (2003) produced a robotic honeybee dancer that
could recruit foragers to certain positions in the field, but it was less effective in
attracting recruits than normal bees, probably because the oscillating air flow
caused by the wings’ vibrations and wagging movements are too complicated to
transmit the information. Subsequent measurements with lasers and anemometers
showed that the vibrating wings cause an air jet behind the dancer’s abdomen
which is in a narrow plane, parallel to the comb, and might convey information
about direction to bees behind the dancer. He also reported that the narrow air jets
may co-occur with a broad flow of air, which seems ideally suited for transporting
dance pheromones. A particularly telling point here is that both narrow and broad
flows can be switched on and off by the dancer.

There are many other isolated instances of vibrations emitted by workers, the
significance of which is not entirely clear. Among these interesting cases are
observations on sound production as a means of defense in Apis cerana (Koeniger
and Fuchs 1972; Fuchs and Koeniger 1974), dorso-ventral abdominal vibrations
among A. mellifera honeybees Fletcher (1975), vibratory activities of successful
A. mellifera foragers (Schneider 1986), and studies of vibration signals as a form
of modulatory communication in the vibratory activities of A. mellifera honeybee
colonies (Hyland et al. 2007).

There are also some observations on worker piping to relate. While worker
piping had previously been associated with queenlessness and disturbances to
colonies, Pratt et al. (1996) reported that A. mellifera workers pipe by pressing the
thorax to the comb, spreading the wings slightly and lifting the abdomen towards
the wings, which vibrated noticeably as the bee emitted an audible wail. Pipers
wandered throughout the hive for up to 2.5 h, stopping every few seconds to pipe,
which lasted about 1 s. The sound showed little frequency modulation, and a
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fundamental frequency of 330–430 Hz. It appeared to be produced by wing muscle
vibrations and to be transferred onto the comb by pressing the thorax against the
comb. Piping in this context may serve as a foraging-related signal, although its
receivers and the information it transmits remain unknown.

An equally interesting set of observations are those of Sen Sarma (2002), who
described a novel defence response by A. florea in which the emission of an initial
warning signal from one individual (‘piping’) is followed by a general response
from a large number of bees (‘hissing’). Piping is audible to the human ear, with a
fundamental frequency of 384 ± 31 Hz and lasting for 0.82 ± 0.35 s. Hissing is a
clearly audible, broad-band, noisy signal, produced by slight but visible move-
ments of the bees’ wings. Hissing begins in individuals close to the piping bee,
spreads rapidly to neighbours and results in an impressive coordinated crescendo
occasionally involving the entire colony. Piping and hissing are accompanied by a
marked decrease, or even cessation, of worker activities, such as forager dancing
and departures from the colony. Whereas hissing of the colony can be elicited
without piping, the sequential and correlated piping and hissing response is spe-
cific to the presence of potential predators close to the colony (Sen Sarma 2002).
It is suggested that the combined audio-visual effect of the hissing might deter
small predators, while the cessation of flight activity could decrease the risk of
predation by birds and insects which prey selectively on flying bees.

These observations complement those of Kastberger et al. (2013) who recently
showed that the giant honeybees, A. dorsata, utilize a ‘Mexican wave-like’
shimmering behaviour in coordinated cascades across the nest surface. While the
time–space properties of these emergent waves are response patterns which have
become of adaptive significance for repelling enemies visually. They further
showed that the mechanical impulse of these patterns, measured by laser Doppler
vibrometry, generate vibrations at the central comb of the nest at a natural fre-
quency of 2.156 ± 0.042 Hz, which is twice the average repetition rate of the
shimmering waves. Kastberger et al. (2013) then analyzed the Fourier spectra of
the comb vibrations and proposed two possible explanations for the compound
physical system of the bee nest: (1) in an ‘elastic oscillatory plate model’, the
comb vibrations set off supra-threshold cues to other bees situated close to the
comb; or (2) in the ‘mechanical pendulum model’, the comb vibrations are sensed
by bees throughout the whole curtain enabling mechanoreceptive signalling across
the nest and also through the comb itself.

The results of Kastberger et al. (2013) showed that weak forces, (general
quiescence or diffuse mass flight activity) cause a harmonic frequency spectrum of
the comb, driving the comb as an elastic plate. However, the shimmering waves
provide sufficiently strong forces to move the nest as a mechanical pendulum.
Finally Kastberger et al. (2013) concluded that this vibratory behaviour may
support the colony-intrinsic information hypothesis, that the mechanical vibrations
of the comb provoked by shimmering have the potential to facilitate immediate
communication of the momentary defensive state of the honeybee nest to the
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majority of its members. In closing this section, it seems reasonable to assume that
other instances of communication by vibrations will be discovered in other Asian
species of honeybees (Kirchner 1993).

5.3 Scents

In all of the above examples, transmission of vibrations through a medium depends
on the density, elasticity and temperature of the substrate. For practical purposes,
temperature and density can be taken as constants in the honeybee nest. Because
elasticity is not a constant means that the greater the stiffness, the higher the speed
of transmission. Because sound intensity decreases with the density of the medium
and with distance, an essentially anhydrous, low density wax is an ideal solid
biological medium for sound transmission. Kirchner (1993) indicated some
important differences in communication by sounds and pheromones. Vibrational
signals allow for the speedier transmission of a signal, a temporal coding element,
and localization of the message through rapid attenuation of the signal. Phero-
mones and other chemical signals are pervasive in distribution and, because they
follow the laws of diffusion, there is a long time constant for the life of the signal
(Kirchner 1993). Perfect examples of these effects lie in colony odour and intranest
transmission of queenrightness.

A classic illustration of this paradigm was exemplified by Seeley (1979) who
showed that when worker bees come into contact with the queen they acquire
queen substance which is subsequently transferred to other workers. The queen
facilitates dispersal of the pheromone by remaining stationary, during which time
workers come into close contact. Workers that have made extensive ([30 s) queen
contact function as ‘messengers’ dispersing queen substance, walking among and
antennating with their nestmates and receiving frequent inspections by them. To
paraphrase Seeley (1979), the bee-to-bee surface transport model for queen sub-
stance transmission by workers is supported by: (1) the higher frequency of an-
tennations and inspections by nestmates of messenger bees relative to control bees;
(2) the close correlation of messenger bees between the duration of their contact
with the queen and the number of inspections by nestmates; and (3) the low
frequency of food donations compared to nestmate antennations by messenger
bees in the 30 min following their contact with the queen. Messenger bees, ana-
lyzed by gas chromatography, lacked any detectable trace of (E)-9-oxodec-2-enoic
acid. Naumann et al. (1992) confirmed Seeley’s interpretations by showing that
some of the queen’s mandibular gland pheromonal components secreted on her
body are acquired by workers in her retinue. Previously unexposed, naïve workers
having contact with retinue bees acquire the signal themselves. However the signal
is also spread in footprints from the passage of the queen and workers onto the
combs in which it diffuses and is slowly but eventually lost from the system
(Naumann et al. 1992).
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5.3.1 Waggle Dance Scent-marking: Probable Cause?

One of the most curious and interesting discoveries in the dance communication
field of honeybees in the past decade or so is the work of Tautz (1996) and Tautz
and Lindauer (1997). Having seen that the delivery of forage from the field and the
further recruitment of new foragers are associated with transmission of sound
through the comb, they asked if there were specific sites for waggle dances. Tautz
discovered that foragers which danced on empty areas of comb recruited three
times as many dance followers as bees that danced on areas of capped brood.
Clearly the recruitment process could be enhanced if there were particular dance
sites that were mutually recognizable to both active dancers and dance followers,
especially because dancing bees are commonly found on the lower comb near the
entrance of observation hives (Tautz 1996).

Table 5.1 Dances performed by 20 A. mellifera marked dancers on the combs of a two-frame
observation hivea

Date/Time Dances on upper
frame

Dances on lower
frame

11 September 1995
14:00–14:10 0 10
14:10–14:20 Exchange of frames
14:20–14:30 15 2
14:30–14:40 Exchange of frames
14:40–15:10 3 29
15:10–15:20 Exchange of frames
15:20–15:50 42 7
15:50–16:00 Exchange of frames
16:00–16:30 4 32
12 September 1995 Both sides of each frame

accessible to the bees
26 (front) 11 (front)

10:20–10:50 0 (rear) 2 (rear)
10:50–11:00 Exchange of frames
11:00–11:30 13 (front) 34 (front)

5 (rear) 0 (rear)
11:30–13:30 No exchange
13:30–14:00 1 22
14:00–14:10 Exchange of frames
14:10–14:40 21 6
12 September 1995
11.30–11:40 17 0
11:40–11:50 Exchange of frames
11:50–12:20 2 61

a Columns show the dates and durations of the observations and numbers of dances observed on
upper and lower combs. On 12.09.95, bees were allowed access to both sides of the combs. At
11:30 on the same day the bees were removed from the hives and then allowed to return but the
combs were not exchanged (Tautz and Lindauer 1997)
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The existence of specific dance sites on combs was elegantly demonstrated by
Tautz and Lindauer (1997) using a two-frame observation hive with the entrance
half way up the side. After the bees had been trained to an unscented sugar solution
in a nearby feeder, the locations of dancing bees were noted for several days.
Foragers were then marked and allowed to visit the feeders and return to dance in
the hive. After a while the feeders were closed and all of the bees were shaken out
of the hive and the positions of the two combs were switched; the former upper
comb became the bottom comb and vice versa. The bees were then allowed back
into their hive, the feeders were reopened and the sites of the dancers on the combs
recorded. All dances performed by the 20 marked dancers were recorded before
and after switching the positions of the upper and lower combs during seven such
switches in subsequent days. From the total series of seven comb position switches
in nearly 90 % of the 365 dancing episodes, the dancers went to the exact site on
the specific comb on which the initial dance had first been performed, irrespective
of the position (upper or bottom) of the comb in the hive after being switched
around (Table 5.1).

Tautz and Lindauer (1997) considered the possibility that the bees might use
spatial cues, but noted that even after combs were switched around, the bees
walked over the combs until they located the site of the initial dance before
recommencing dancing. They suggested that the rediscovery of a specific dance
site would be most parsimoniously explained by a chemical marker (such as a
queen’s footprint pheromone), that would allow site reinforcement throughout the
day but which would fade at night, so that new locations for new dances sites
might change with changing conditions in the nest. By the same token, many of the
recently discovered volatiles (cf. mechano-chemical changes for brood capping)
could serve as cues for dance recruits, if they too seek the same dance site after
switching the combs.

This could hold important implications in the analysis of patriline performance
in the division of labour. The possibility of comb scent-marking needs be only part
of the system for the recruitment of new foragers, because shortly after, Tautz et al.
(2001) showed that an alternative signal could be the vibrations of the comb
generated by dancing bees, but which, without amplification, may not carry far
enough to alert remote dance followers. They then described that an unexpected
property of honeycomb subjected to vibrations at around 200 Hz could represent
an effective amplification of the vibratory signals for remote dance followers
(Fig. 5.12).

5.3.2 Comb and Scents

The mechanism for colony odour masking was pursued in an experiment by Breed
et al. (1988b), when he introduced previously comb-conditioned (acquired home
colony odour) bees into related colonies of comb-naïve bees, the former were
rejected (Fig. 5.12). However when the receiver bees were conditioned to the same
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comb source as the introduced bees, the latter were accepted (this principle of
odour conditioning has been common practice in beekeeping (Dyer 1781; Newby
1832; Wighton 1842; Cale 1946) as well as in swine husbandry for centuries
(Coburn 1890). Whatever their origin, bees that were conditioned to the same
comb source were more readily acceptable than bees from between comb type
transfers. Although Breed did not specifically control for individual worker bee
odours, perhaps owing to genetic differences, it is tacitly assumed that any such
scent would have been over-ridden and masked when bees from different colonies
were conditioned to the same comb, hence becoming mutually acceptable. This
interpretation is indirectly but strongly supported by the fact that Michelsen et al.
(1989) always had to ‘condition’ their robotic dancing bees to stave off attacks.
Moreover, Breed et al. (1998) repeated the experiments of Kirchner et al. (1989)
with neutral paraffin wax and other paraffins to which he added scent to some and
others not, and they obtained the same results as in the first experiment.

It remains uncertain if the observed effects derive in part from genetically-based
differences in the chemistry of the source combs and/or the possible passive
adsorption of environmental odours into the waxes (remembering that waxes are
virtually sponges for the adsorption of volatiles). Nonetheless the two possibilities
are not mutually exclusive. A common mechanism could well be an interaction
between shared pools of adsorbed chemical volatiles from the epicuticle of the
bees as well as from the combs. This would explain how flower scent volatiles
alter ‘colony odour’ after different foraging plant species availability changes
through the year (Ribbands 1953). Similarly in an interesting recent study,

Fig. 5.12 Comparisons of odour effects on A. mellifera workers in the presence of wax (same
versus different odour) were significant; odour effects without wax were not significant. Data
expressed as percentages and sample size given in brackets (Breed et al. 1988a)
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Couvillion et al. (2013) performed experiments which clearly showed that
recognition errors in nestmate discrimination behaviour are context-dependent in
A. mellifera. The significance of ‘context’ also occurs in the context of interspe-
cific wax discrimination (cf. Chap. 4).

Comb waxes mediate several other kinds of behaviours as well (Free 1987). For
example, Fergusson and Free (1981) found that the odour of comb alone was a
sufficient stimulus for worker bees to release scent from the Nasanov gland, a source
of a cluster-inducing pheromone (Free 1987). This is consistent with the fact that
honeybees prefer old combs to new ones, possibly because they have been doped
with footprint pheromones (Free 1987). Comb volatiles also stimulate increased
foraging (Rinderer and Hagstad 1984); but bioassays on the possible stimulatory
effects of oxygenated comb volatiles proved equivocal (Blum et al. 1988).

5.3.3 Capping Brood Cells

The case of capping brood also involves a particularly interesting scenario as seen
from two different but not incompatible perspectives; that of pheromones and/or
mechanical stimuli. Le Conte et al. (1990) established that there is a series of only
a few methyl esters (methyl palmitate, ethyl palmitate and methyl linolenate),
which are normal constituents of pheromones produced by queens and workers
(Free 1987), that alone are sufficient to induce the capping of brood cells con-
taining mature larvae (Figs. 5.13, 5.14, 5.15). The compounds are actually mul-
tifunctional and differing ratios both modulate the feeding behaviour of worker
bees or lead to capping their cells (Trouiller et al. 1991; Trouiller 1993; Le Conte
et al. 1995a).

In the case of queen cells, the developmental progress of the larvae is constantly
signalled by the ester ratios. This was confirmed unequivocally by using substitute
‘dummy’ larvae doped with pheromone (Le Conte et al. 1995a). Following the
capping of the doped dummy queens, their continued acceptance in the colony
depends on their ability to emit the ‘correct’ esters (Fig. 5.16). The results recall
those on the inhibition of queen cell construction in the experiments of Boch and
Morse (1979).

Nonetheless, signal specificity remains a vexing concern, because at any given
time a variable percentage of the uncapped larval population could be emitting
capping signals of varying ester ratios. These might only indicate that there is an
area of brood comb requiring capping. Goetz and Koeniger (1992) argued that if
capping depends entirely on pheromones then brood cells should be capped
according to larval age. Alternatively, if capping can be advanced in time by
artificially decreasing the depth of the cells, or delayed by increasing it, then the
size of larvae in relation to the depth of their cells could be important in triggering
capping behaviour. Experimentally they artificially modified the distance of larvae
from their cell openings by increasing or decreasing the depth of cells (Figs. 5.17
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Fig. 5.13 Capping of A. mellifera brood cells containing lures. Lures were doped with an ester
or mixture of esters at concentrations of 10-1, 10-2, 10-3, 10-4, 10-5, and 0 (controls). Cells
were observed 12 h (a) and 36 h (b). Experiment was repeated 10 times with 3 colonies at
concentrations of 10-2 (black bars), 10-3 (white bars) and 10-4 (grey bars). MO = methyl
oleate; EO = ethyl oleate; ML = methyl linoleate; EL = ethyl linoleate; MN = methyl linole-
nate; EN = ethyl linoleate; MP = methyl palmitate; EP = ethyl palmitate; MS = methyl
stearate; ES = ethyl stearate; while 3A and 10E are mixtures of the compounds placed in empty
cells (Le Conte et al. 1990)
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Fig. 5.14 Brood cell capping in A. mellifera following the application of a mixture of 10 esters
on worker larvae of the same age. An amount of 0.25 ll was spread on each larva and the
experiment was repeated 5 times with 5 different colonies. The results were significantly different
except at 20 h. MO = methyl oleate; EO = ethyl oleate; ML = methyl linoleate; EL = ethyl
linoleate; MN = methyl linolenate; EN = ethyl linoleate; MP = methyl palmitate; EP = ethyl
palmitate; MS = methyl stearate; ES = ethyl stearate; while 3A and 10E are mixtures of the
compounds placed in empty cells (Le Conte et al. 1990)
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and 5.18). Their results suggested that worker bees might respond by capping cells
according to distance and not age, hence ratios of ester emissions.

Subsequently, Le Conte et al. (1994) revisited this apparent contradiction. They
had previously shown that worker bees will cap cells containing paraffin dummies
doped with an ester blend of mature larvae (Le Conte et al. 1994). They then
proceeded to a more thorough analysis of ester concentration, the position of the
larvae in the cells, the effects of ester blends on worker capping and of queen cells.
Their results showed that capping activity depended on the ester concentrations,
which again suggested that the presence of larvae is mediated pheromonally. The
position of the larvae (distance from cell opening) could still influence worker
capping behaviour because by changing the distance of the larva from the cell

Fig. 5.15 Amounts of the ten fatty acids found on young and old A. mellifera worker larvae (Le
Conte et al. 1994)

Fig. 5.16 Acceptance of A. mellifera queen cells including paraffin lures with fatty acid esters at
concentrations of 10-2 and 10-3 (w/w). MP = methyl palmitate; EP = ethyl palmitate;
MS = methyl stearate; ES = ethyl stearate; ML = methyl linoleate; EL = ethyl linoleate;
MO = methyl oleate; EO = ethyl oleate; MLN = methyl linolenate; ELN = ethyl linoleate;
J9 = a mixture of all compounds found on workers; JT = mixture of all compounds on queen
pupae; and LS = mixture of all compounds on queen pupae (Le Conte et al. 1995b)
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opening, the available head-space of pheromone could be altered. In tests of blend
discrimination, dummies doped with the young larval blend of ethyl esters were
not capped, dummies with the mature blend of methyl esters induced capping in
A. mellifera. These results were also confirmed in A. cerana (Zeng et al. 2010).

Le Conte et al. (1994) conducted further experiments on queen cell construction
and capping in dequeened colonies, in which the effects of both larval position in
the cells and pheromonal blends were measured. More queen cell construction
occurred when dummies were doped with the young larval blend and positioned at
the bottom of the cells. Thus, the results from both the capping of worker cells and
queen cell construction experiments indicated that worker bees can, and do, dis-
criminate between young and mature larvae by scent, the bouquets of the ester

Fig. 5.17 Longitudinal
section of an A. mellifera
comb where:
1 = measurement obtained
with a probe; and 2 = after
correction for depth of
pyramidal cell base (Goetz
and Koeniger 1992)

Fig. 5.18 Longitudinal
sections of an A. mellifera
comb: a the base of a cell is
removed; and b the cavity is
filled with wax to the desired
depth. L = cell depth,
Dl = amount of elongation
(Goetz and Koeniger 1992)
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blends as well as the position of larvae in their cells. The combined results of
Goetz and Koeniger (1992) and those of Le Conte et al. (1990, 1994) are not
mutually exclusive in principle, but suggest that additional experiments are needed
to investigate the possible interrelationships of the variables.
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Chapter 6
Wax Secretion, Comb Construction
and the Queen

Abstract Discovery of queen substance led to the experimental dissection of the
importance of these chemical signals in comb construction, especially because
more combs are produced in the presence of mated queens than with virgin queens,
whose pheromonal bouquets substantially differ. In a series of experiments,
Whiffler and Hepburn (1991a) showed that bees secrete the same amount of wax
whether queenless or queenright, with either mated or virgin queens, and living or
dead. Moreover, removing mandibular glands or restricting workers access to the
pheromones of queens has no effect on wax secretion. Similarly, wax secretion
does not significantly differ among colonies with caged or division board queens,
with intact mandibular and abdominal tergite glands or not. The actual secretion of
wax is independent of queen status. However, comb-building differs because
colonies headed by mated queens construct significantly more comb than queen-
less colonies, results consistent with other studies on A. mellifera and A. cerana.
Collectively, these results indicate that the bouquet of the queen’s mandibular
gland cannot alone fully explain enhanced comb-building by queenright workers.
Whatever the source of the comb-building stimulus, its effect requires direct
contact with the queen because most comb is always built when workers have full
access to a mated free-running, physical and chemical queen; and, little comb is
built when the colony has access only to the ‘chemical’ or ‘physical’ queen. The
independence of wax secretion, as opposed to comb-building, from the phero-
monal influence of the queen (Whiffler and Hepburn 1991a) was subsequently
confirmed in experiments by Ledoux et al. (2001).

6.1 Introduction

That the queen may have a specific relationship to the synthesis and secretion of
wax as well as to comb-building has been moot for a few centuries. Indeed, de
Réaumur (1740) was the first to note that a caged colony of queenless bees con-
structed comb after 2 days confinement. However, he had given the bees some

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_6,
� Springer-Verlag Berlin Heidelberg 2014
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queen cells and, unfortunately, we do not know how long the bees had been
queenless prior to their incarceration or whether they had been given any other
brood. A far more instructive experiment was performed by Schirach (1770), who
observed that on the loss or removal of a queen, a colony would construct
emergency queen cells over some of the worker cells containing eggs or larvae,
and new queens would be reared from them. This important result was confirmed
in numerous experiments by Huber (1814), and is the basis for the queen-rearing
industry of today. Huber also knew that queenright colonies normally construct
queen cells in the spring, as a prelude to reproductive swarming. So queen cells
may be constructed in the presence or absence of a queen. These somewhat
ambivalent results led Huber (1814) to another experiment, in which a hive was so
divided that about half of the bees were in direct contact with their queen, while
the other half had access only to the odour and sounds of the queenright half of the
colony. In this situation, the ‘queenless’ half of the colony began the construction
of queen cells, the other half did not.

Turning to comb construction, the first recorded observations relating the queen
to comb construction are those of Huber (1814), who noted that queenless bees
construct little comb, a point confirmed often since for A. mellifera (Gundelach
1842; Dreischer 1956; Goetze and Bessling 1959; Darchen 1968) and A. cerana
(Rajashekharappa and Channabasavanna 1979). These observations, coupled to the
demonstration that pheromones of the queen also suppress ovarial development in
workers (Butler 1954; Pain 1955), suggest that the queen and/or her pheromones
may well affect the secretions of wax and the construction of combs by worker
bees (Darchen 1956a, b, 1957; Hepburn 1986). Suppression of queen cell con-
struction and ovarial development require direct physical contact between workers
and queen (Müssbichler 1952; Butler 1954; de Groot and Voogd 1954; Pain 1954;
Verheijen-Voogd 1959), effects that have been attributed to her pheromones
(cf. Free 1987; Slessor et al. 1988, 1990). Furthermore, the bouquets of mated and
virgin queens differ within and between honeybee races of A. mellifera (Crewe and
Velthuis 1980; Crewe 1982, 1988), and comb construction varies with queen
quality in both A. mellifera (Darchen 1956a, b, 1957; Verheijen-Voogd 1959) and
A. cerana (Rajashekharappa and Channabasavanna 1979).

While the production of queen cells is of obvious importance to the honeybee
colony, so too is the regulated construction of comb cells in which to rear brood
and to hold stores. For example, Gundelach (1842) observed that when queenless
bees were caged and given honey, they secreted wax scales within 2 days, but did
not construct combs in the absence suitable young larvae from which to rear
queens. Against this, Dreischer (1956) found that a queenright and a queenless
colony of the same size both produced comb, but the former was fourfold greater
than the latter. The same kind of experiment has been performed several times on
various races of A. mellifera with the same results (Darchen 1956a, 1957; Free
1967; Jay and Jay 1983; Hepburn et al. 1984). This provides the historical back-
ground from the 18th to the mid-20th century. It can be noted that virtually all of
this research pertains to A. mellifera, as does most of the discussion in this chapter,
with an occasional reference to A. cerana. This is simply the state of play with

106 6 Wax Secretion, Comb Construction and the Queen



respect to queens and comb-building in Apis. However, it is worth noting that the
mandibular gland pheromones A. andreniformis, A. florea and A. dorsata queens
have now been identified (Plettner et al. 1997), so hopefully further progress with
field experiments on queens and comb-building with these species will soon be
conducted.

6.2 The Queen: A Necessary Stimulus for Comb-Building?

Following the discovery of queen substance (Butler 1954; de Groot and Voogd
1954; Pain 1954), the slow experimental dissection of the importance of these
chemical signals in comb construction began. For example, because of the ever-
present group effects which influence the behaviour of workers, it was desirable to
know how the relative size of a colony might relate to comb production by
A. mellifera. Darchen (1956b, 1957) investigated how comb production was
related to different stocking rates under different queening conditions. He formed
colonies of 6-day-old bees and to some he gave normal, mated and laying queens,
to others virgin or dead queens and, finally, some remained queenless. The results
of these experiments are given in Table 7.1. They show that a queenright colony of
only 50 bees is just sufficient for comb construction, given a live queen. Even a
dead queen could stimulate some construction by 200 bees, but 1000 queenless
bees produced no comb at all (the latter point being confirmed by Frichot-Riera
1961) (Table 6.1).

In terms of the expected efficacy of the pheromones, it is not obvious why fewer
than 200 bees headed by the corpse of a queen would not construct combs, while
more than this number did. In any event, this led Darchen (1956b, 1957) to attempt
to separate the signals of the queen from her physical presence. He encased a queen
in such a way that the workers of a small colony could smell but not touch her
(a technique used to great advantage by Müssbichler 1952). In this experiment, like
that of Huber (1814), the bees did not construct combs. In a different experiment,
Darchen confined a queen so that her head was accessible to one group of bees and
the rest of her body accessible to a different group of bees. Those bees having access
to the head of the queen (and to the queen substance of the mandibular gland) began
to construct combs, while the bees lacking such access did not.

Comb-building in relation to the queen has also been studied in the Asian
honeybee, A. cerana, by Rajarhekharappa and Channabasavanna (1979) who
established replicate colonies (size not stated) from queenright stock. One pair of
these colonies was made queenless, each of a second pair was given a virgin
queen, and each of a third pair was given a mated, laying queen. Performance was
measured as the area of comb built over 10 days. On final examination, the
queenless bees and those headed by virgin queens had both produced the same
amount of comb, 89 cm2/colony; those headed by mated queens had produced, on
average, 341 cm2/colony: nearly four times as much. On the l0th day of their
experiment, Rajarhekharappa and Channabasavanna gave mated queens to those
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colonies which had previously been queenless and to those with virgin queens. The
colonies formerly headed by mated queens were now made queenless. After
2 days, the now queenless bees (which had constructed a great deal of comb when
queenright), had not constructed comb while the now queenright colonies both
produced about the same amount of comb.

In these experiments more combs were always produced in the presence of a
mated queen than was obtained under virgin queens, possibly implying phero-
monal differences between virgin and mated queens. In a recent study of the
pheromones of queens, Crewe (1982) showed that the pheromonal bouquets
substantially differ between virgin and mated queens in three races of A. mellifera,
so there is good reason to believe that large scale comb construction in A. cerana,
like A. mellifera, depends upon the full pheromonal bouquet such as is obtained
from mated queens or from egg-laying workers that have become pheromonally
false queens.

6.3 Comb-Building Experiments by Whiffler
and Hepburn (1991a)

6.3.1 Queenright and Queenless Colonies

Whiffler and Hepburn (1991a) reported the results of experiments to further
investigate the relationship of queen state and source of pheromones (head or
abdomen) in the secretion of wax and the building of combs by worker honeybees.
All experiments were performed with queenright honeybee colonies (A. m. capensis

Table 6.1 Comb construction by A. mellifera of different colony sizes given mated, virgin, dead
queens or under queenless conditions (Darchen 1956b, 1957)

Colony size (no. of bees) Queenless Dead queen Virgin queen Mated queen

Queen conditionsa

0–25 None None None None
26–50 None None None None
51–75 None None Construction Construction
76–100 None None Construction –
101–200 None None – Construction
201–300 None Construction Construction
301–400 None Construction Construction
401–500 None – – –
501–600 None – – –
601–700 None – – –
701–800 None – – –
801–900 None – – Construction + egg laying
901–1000 None – – –
a From Darchen (1956b, 1957). Dashes indicate that no tests were made for conditions stated
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and A. m. scutellata) in five-frame nucleus hives containing: 1 frame of brood, 2 of
honey and pollen and 2 empty frames for comb construction. Colonies were rou-
tinely dequeened early in the morning and requeened in the evening. Each colony
had access to feeders. Each treatment ran for 1 week after which colony size was
estimated by weighing the bees, newly constructed combs and samples of festoon
bees were collected from each colony. The percentages of bees bearing wax scales
were recorded and the wax scales of individual bees and constructed combs were
weighed. Queens were decapitated and their heads analyzed using standard gas
chromatographic techniques (Crewe 1982), and identification of compounds of the
secretions was made by comparison of the retention times with those of authentic
standards.

The experimental methodology largely consisted of comparing free-running
queens with other queens in cages or division boards, a well established technique
(Müssbichler 1952; Ribbands 1953; Free 1987; Hepburn 1986). In the first
experiment, queenright colonies were dequeened. After a week all samples were
collected and reciprocal exchanges of queens were performed for both subspecies.
A week later, the queenright A. m. capensis colonies were requeened with virgin
A. m. capensis queens. This experiment showed that the percentage of festoon bees
with wax scales and the weights of the scales did not significantly differ among the
queenright and queenless colonies or between races (Table 6.2). The amount of
raw wax available for comb-building was essentially the same for queenright and
queenless bees. In the reciprocal transfer of queens, A. m. capensis colonies with
A. m. scutellata queens, there was significantly less wax/bee than colonies in the
reverse arrangement (Table 6.2). The queenless colonies constructed significantly
less comb than queenright ones in both A. m. capensis and A. m. scutellata colonies
(Table 6.2). No differences in the amount of comb constructed arose in the

Table 6.2 Festoon bees with wax scales, weights of the scales per bee, comb construction and
colony size of A. m. capensis and A. m. scutellata colonies with differing queenship status
(Whiffler and Hepburn 1991a)

Treatmenta n Colony size % Bees bearing
wax

Wax/bee
(lg)

Comb weight
(lg)

Queenship status in
experiment _X� SD

A. cap/A. cap 4 9355 ± 3622 67 ± 15 473 ± 66 2745 ± 591
A. cap/Q’less 4 3793 ± 1481 55 ± 14 576 ± 250 325 ± 402
A. scut/A.scut 9 9205 ± 3441 75 ± 13 576 ± 128 3494 ± 1562
A. scut/Q’less 4 7399 ± 3842 73 ± 5 622 ± 70 1129 ± 721
A. cap/A. scut 4 6371 ± 3025 61 ± 18 470 ± 68 3240 ± 1061
A. scut/A. cap 4 6992 ± 3058 77 ± 3 639 ± 52 3925 ± 668
A. cap/Virgin Q 4 6464 ± 4664 47 ± 1 358 ± 75 1039 ± 870
a A. cap/A. cap = A. capensis colonies with mated A. capensis queen; A. cap/Q’less = queenless
A. capensis colonies; A. scut/A. scut = A. scutellata colonies with mated A. scutellata queen;
A. scut/Q’less = queenless A. scutellata colonies; A. cap/A. scut = A. capensis colonies with
mated A. scutellata queen; A. scut/A. cap = A. scutellata colonies with mated A. capensis queen;
A. cap/Virgin Q = A. capensis colonies with virgin A. capensis queen
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reciprocal transfer of queens between races (Table 6.2). Colonies headed by A. m.
capensis virgin queens constructed comb equivalent to that of queenless colonies
(Table 6.2). The amounts of 9-ODA, 9-HDA and 10-HDA in the mandibular
glands did not significantly differ within or among queens for both races. There
were no correlations between the amounts or ratios of pheromones and any of the
other variables measured.

6.3.2 Free-Running and Confined Queens

In another experiment, Whiffler and Hepburn (1991a) tested queenright A. m.
capensis colonies to compare the effects of free-running queens, queens confined
in either single or double layered gauze cages (as in Müssbichler 1952; Butler
1954), dead queens and queenless colonies. Here the percentage of festoon bees
with wax scales and the weights of wax scales did not differ significantly among
the colonies (Table 6.3). Colonies with dead queens, caged queens (single or
double-layered cages) and queenless colonies constructed significantly less comb
than those headed by free-running, mated queens (Table 6.3). There were no
significant differences in mandibular gland acids of the queens (Table 6.4), nor
were the pheromones correlated with any of the construction variables measured.
Variations in colony size were not significant. The percentage of festoon bees with
wax scales and the weight of the scales did not significantly differ among
queenright and queenless colonies or between races.

6.3.3 Division Board Experiments

In an experiment using division boards, Whiffler and Hepburn (1991a) placed
queenright colonies of A. m. capensis in five-frame nucleus hives (in pairs), but
with their entrances in opposite directions. Each colony was transferred to one side
of a ten-frame Langstroth hive divided in half using a division board with a hole
near its top. Each half of the hive had separate and opposite entrances. Queens
were placed in the hole, giving one colony access to the head and thorax, and the
other colony only the abdomen. After dequeening, the paired colonies were given
(never their own) living or dead queens of all permutations of living queens with/
without mandibular glands and with/without occluded abdominal tergite glands.
Mandibular glands were surgically excised after anaesthesure on ice (Gary 1961),
and abdominal tergites occluded with varnish (Velthuis 1970). Four other com-
pletely different colonies were each given a queen in a division board that only
extended downwards one-third of the distance between the top and bottom of the
Langstroth hive, such that all the worker bees had access to both the head and
abdomen of the queen.
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In this experiment, the percentage of festoon bees with wax scales did not
significantly differ among colonies having access to the whole live queen, or only
to her head or abdomen (Table 6.5). The amount of wax/bee did not significantly
differ among colonies with free-running queens (Table 6.5). Given access only to
the head of a queen, colonies with intact queens bore more wax/bee than those
with queens that lacked mandibular glands (Table 6.5). Those bees with access
only to the abdomen of the queen were equivalent to those with normal, whole
queens (Table 6.5). Despite large variations, there were no significant differences
in comb constructed in the various permutations of queens (with/without man-
dibular glands and with/without abdominal tergal glands) when the workers had
access to the whole queen (Table 6.5). Among division board colonies, those bees
with access to only the abdomen of the queen (intact or not) constructed no comb,
while those with access to only the head (mandibular glands present or not) did not

Table 6.3 Percentages of festoon bees with scale wax, weights of scales comb construction and
colony size in caged queen experiments with A. m. capensis queens (Whiffler and Hepburn
1991b)

Treatment n Colony size % Bees
bearing wax

Wax/bee (lg) Comb weight
(lg)

1. Double caged queen 3 5255 ± 2188 78 ± 18 696 ± 462 0
Free queen 3 4142 ± 6165 54 ± 10 819 ± 264 312 ± 448

2. Single caged queen 5 3876 ± 2307 64 ± 20 636 ± 245 0.3 ± 0.6
Free queen 5 4946 ± 2992 73 ± 17 491 ± 210 189 ± 336
Dead queen 3 3571 ± 1803 54 ± 11 869 ± 103 125 ± 109

3. Free queen 3 1761 ± 1655 58 ± 10 801 ± 463 572 ± 189
Queenless 3 4487 ± 2757 63 ± 25 564 ± 329 0

Total of free queens 19 5127 ± 3770 65 ± 15 630 ± 457 609 ± 1183

Table 6.4 Distribution of mandibular gland components of mated A. m. capensis and A. m.
scutellata queens (Whiffler and Hepburn 1991b)

Queen n % Composition of the components presenta Total (lg/head)

9-ODA 9-HDA 10-HDA

Experiment 1
A. capensis 4 73 ± 26 16 ± 27 11 ± 21 70 ± 12
A. scutellata 9 51 ± 49 43 ± 55 15 ± 11 143 ± 68
Experiment 2
A. capensis
Double caged queens 3 46 ± 3 54 ± 3 0.5 ± 0.1 61 ± 0
Single caged queens 5 59 ± 14 29 ± 18 12 ± 17 103 ± 124
Free queens 3 55 ± 1 44 ± 14 0.8 ± 0.1 60 ± 11
a 9-ODA 9-oxo-2-decenoic acid; 10-HDA 10-hydroxy-2-decenoic acid; 9-HDA 9-hydroxy-2-
decenoic acid
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differ significantly in the amount of comb constructed (Table 6.5). Finally,
significantly more comb was constructed by colonies having access to a whole
queen (glands present or not) than by any colony having access to only part of the
queen (Table 6.6).

Queens with intact mandibular glands tended to have more total queen sub-
stance acids than queens whose mandibular glands had been extirpated
(Table 6.6). Although the queens lacking both mandibular and tergal glands ten-
ded to have relatively higher percentages of 9-ODA than intact queens, the indi-
vidual titres are actually quite small in terms of total acid recovered (Table 6.6).
The amounts of 9-HDA and 10-HDA did not differ significantly among the various
queens. However, more 10-HHDA and 10-HDA were associated with the abdo-
men than with the heads of queens (Table 6.6). In the division board part of the
experiment, queens with intact mandibular glands tended to have more 9-ODA
than queens without mandibular glands. Queens without mandibular and tergal
glands had significantly more 10-HDA than the other division board queens
(Table 6.6). There were no significant differences between the colonies for 9-HDA
(Table 6.6). Queens with intact mandibular glands (with/without tergal glands)
had significantly more 9-ODA than queens without mandibular glands (Table 6.6).
The percentage composition of these pheromones in the abdomens of the division
board queens was also measured, but only small amounts of queen substance
substance acids were found (Table 6.6). No correlations between any of the
pheromones (from the head or abdomen) and the comb construction variables were
found.

Table 6.6 Distribution of mandibular gland components of A. m. capensis queens in division
board experiments (Whiffler and Hepburn 1991b)

Treatmenta n Percentage distribution of the components
measured

Total (lg/head)

9-ODA 9-HDA 10-HDA 10-HHDA

Free queens
+m/+t 9 69 ± 32 23 ± 28 6 ± 10 2 ± 5 150 ± 376
-m/+t 7 28 ± 20 33 ± 34 14 ± 16 25 ± 29 6 ± 7
+m/-t 7 66 ± 31 21 ± 19 10 ± 17 3 ± 4 14 ± 14
-m/-t 6 78 ± 5 4 ± 5 11 ± 8 7 ± 2 0.1 ± 0.1
Queens in division boards
+m/+t 3 72 ± 48 26 ± 45 1 ± 1 1 ± 2 12 ± 18
-m/+t 3 32 ± 29 26 ± 45 2 ± 4 40 ± 33 5 ± 7
+m/-t 3 83 ± 12 9 ± 14 2 ± 2 5 ± 4 9 ± 12
-m/-t 3 71 ± 14 9 ± 10 16 ± 10 5 ± 5 2 ± 3

a Symbols for the free queen entries as in Table 6.5. Division board queens as follows: +m/+t
colonies with access to only head and thorax but head and tergal glands intact; -m/+t colonies
with access to head (without mandibular gland) and thorax only but tergal glands intact; +m/-t
colonies with access to intact head and thorax only but tergite occluded; -m/-t colonies with
access to head (without mandibular gland) and thorax only, and tergite occluded. 9-ODA 9-oxo-2-
decenoic acid; 9-HAD 9-hydroxy-2-decenoic acid; 10-HDA 10-hydroxy-2-decenoic acid; 10-
HHDA 10-hydroxy-decanoic acid
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The percentages of festoon bees bearing wax and the amounts of wax borne by
these bees did not differ significantly among groups with the exception of colonies
led by virgin queens without mandibular glands and whose abdominal tergal
glands were occluded (Table 6.7). The colonies with mated queens constructed
significantly more comb than the other colonies. Although colonies headed by
intact virgin queens constructed more comb than was constructed in almost all of
the permutations of the virgin queen colonies, there were no significant differences
among any of the virgin queen colonies (Table 6.7). No comb was constructed by
colonies having virgin queens in division boards (Table 6.7). All of the queens
with intact mandibular glands had significantly greater amounts of pheromones
than queens without mandibular glands; but there were no significant differences in
the percentages of pheromones among the various queens (Table 6.8). There were
no colony size effects.

6.3.4 General Conclusions from the Experiments
of Whiffler and Hepburn (1991a, b)

The results from many field colonies showed that festoon bees bore the same
amount of wax scales, whether queenless or queenright, with either mated or virgin
queens, living or dead (Whiffler and Hepburn 1991a). Moreover, removing glands
or restricting worker access to the pheromonal sources of the queen had no effect on
the amount of wax scales on the festoon bees (Figs. 4.5 and 4.7). Similarly, the
amount of wax recovered from individual festoon bees was the same in colonies

Table 6.7 Festoon bees with wax scales, scale weight, comb constructed and colony size in
colonies headed by A. m. capensis virgin queens (Whiffler and Hepburn 1991b)

Treatmenta n Colony size % Bees bearing wax Wax/bee (lg) Comb weight (lg)

+m/+t control 6 10909 ± 4103 70 ± 20 426 ± 130 3947 ± 2753
+m/+t 6 9221 ± 5316 80 ± 10 379 ± 99 1653 ± 1660
-m/+t 5 7574 ± 3619 81 ± 15 480 ± 89 3211 ± 4646
+m/-t 3 5489 ± 3631 81 ± 10 392 ± 136 958 ± 1659
-m/-t 3 9443 ± 8100 – – 0
dq 13 8479 ± 3902 71 ± 5 298 ± 50 291 ± 665
q- 2 10541 ± 8512 70 351 33 ± 47
+m 4 3379 ± 2823 73 ± 24 2540 ± 45 0
+t 4 3777 64 494 0

a +m/+t control mated queen, with intact mandibular and tergite glands control; +m/+t mated
queen with intact mandibular and tergite glands; -m/+t virgin queen, with mandibular and
abdominal tergite glands present; +m/-t mated queen, with mandibular and abdominal tergite
glands absent; -m/-t virgin queen, mandibular and abdominal tergite glands absent; dq dead
virgin queen, glands intact; q- queenless; +m virgin queen, colonies with access only to intact
head and thorax; +t virgin queen, colonies with access only to intact abdomen
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preparing to swarm and in moving swarms (Hepburn 1988; Hepburn and Whiffler
1988). That A. m. scutellata workers with an A. m. capensis queen bore significantly
more wax/bee than was recorded in the reverse arrangement is regarded as anom-
alous. The data overwhelmingly support the conclusion that the actual secretion of
wax by workers is not influenced by queen status. The percentage of bees bearing
wax scales was the same whether the bees were queenright or queenless, and
whether headed by their own queen or one of a different race (Table 6.3). Similarly,
the percentage of bees bearing wax did not significantly differ among colonies
whose queens were caged or held in division boards, whether the mandibular and
abdominal tergal glands were intact or not (Tables 6.2, 6.4, 6.5).

While the percentage of festoon bees bearing wax and the mass of wax actually
borne by bees are independent of queen status, comb-building is entirely different.
Colonies headed by mated queens constructed significantly more comb than did
queenless colonies of both A. m. capensis and A. m. scutellata (Table 6.3). These
results are entirely consistent with those of all other similar studies on A. mellifera
(Gundelach 1842; Darchen 1957; Goetze and Bessling 1959; Verheijen-Voogd
1959; Jay and Jay 1983), and A. cerana (Rajashekharappa and Channabasavan-
na1979). Because the mandibular gland bouquets of A. m. capensis virgin queens,
unlike those of other races, approximate those of mated queens (Crewe 1988; and
Tables 6.5 and 6.7), colonies headed by mated and virgin queens may construct
similar amounts of comb. However, colonies headed by virgin A. m. capensis queens
constructed as little comb as did queenless A. m. capensis colonies (Tables 6.1, 6.2,
6.6). This result is the same as that obtained for both A. mellifera (Verheijen-Voogd
1959) and A. cerana (Rajashekharappa and Channabasavanna1979). Collectively,
these results indicate that the bouquet of the mandibular gland of the queen cannot
alone fully explain enhanced comb-building by qeenright workers.

Whatever the source of the comb-building stimulus, its effect requires direct
contact with the queen (Table 6.2) because more combs are built when workers
have full access to a free-running, mated queen (both a physical and chemical—
pheromonal—queen). Indeed, a queen moving around the nest maybe essential to

Table 6.8 Distribution of mandibular gland components of A. m. capensis virgin queens
(Whiffler and Hepburn 1991b)

Treatmenta Percentage of the components measured Total (lg/head)

n 9-ODA 9-HDA 10-HDA

+m/+t control 6 71 ± 29 28 ± 28 0.8 ± 1 34 ± 33
+m/+t 6 81 ± 21 0 19 ± 21 70 ± 110
-m/+t 5 87 ± 22 0 13 ± 22 8 ± 4
+m/-t 3 65 ± 5 14 ± 16 21 ± 12 116 ± 153
-m/-t 3 64 ± 32 0 36 ± 32 2 ± 2
dq 13 72 ± 26 1 ± 2 27 ± 24 10 ± 9
+m 4 43 ± 51 0 24 ± 41 4 ± 4
a Symbols under treatment are the same as those in legend for Table 6.7. 9-ODA 9-oxo-2-
decenoic acid; 9-HAD hydroxyl-2decenoic acid; 10-HAD 10-hydroxy-2-decenoic acid
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its means of chemical communication (Velthuis 1976, 1985, 1990). Little comb is
built when the colony has access to only the ‘chemical’ queen (double-layered
caged queen) or the ‘physical’ queen (=dead queen). The limitations of the
‘chemical’ queen are further indicated by the fact that there were no significant
differences in the percentage composition of mandibular gland secretions of the
various queens.

In summary, the results indicate the likelihood that pheromones of the queen,
whether from the mandibular glands or elsewhere in the head, acquired through
contact chemoreception, stimulate comb construction in honeybees. Chemore-
ception is as important for comb-building as it is for the inhibition of ovarial
development in worker bees (Verheijen-Voogd 1959; Velthuis 1970) and for
emergency queen cell construction (Butler 1960). It is also evident that the queen
has little effect on wax secretion, a physiological process aptly described in the
19th century as the ‘involuntary’ secretion of wax (Gundelach 1842). The inde-
pendence of wax secretion, as opposed to comb-building, from the pheromonal
influence of the queen (Whiffler and Hepburn 1991a) was also confirmed in a
different set of experiments by Ledoux et al. (2001).

6.4 Comb-Building Experiments of Ledoux et al. (2001)

Apparently unaware of the earlier work by Whiffler and Hepburn (1991a, b),
Ledoux et al. (2001) reinvestigated the role of the queen in comb-building. They
investigated the influence of the queen and her pheromonal signals on comb-
building using four groups of A. mellifera colonies as follows: (1) 8 colonies with
mated queens; (2) 8 others with virgin queens; (3) 8 others queenless but con-
taining a synthetic queen substance pheromone dispenser and finally (4) 8 colonies
lacking queens and pheromone dispensers. After 10 days the combs produced and
the sizes of the wax scales were measured. Ledoux et al. (2001) estimated mean
wax scale size per A. mellifera worker bee for colonies with mated queens, others
with synthetic queen substance dispensers, others with virgin queens as well as
queenless colonies (Fig. 6.1) which again confirm the results of Whiffler and
Hepburn (1991a) on the physiological independence of wax secretion from any
pheromonal effects of the queen. Their results clearly show that the colonies with
mated queens constructed significantly more comb by area (Fig. 6.2) and weight
(Fig. 6.3) than the other colonies (Fig. 6.4). Ledoux et al. (2001) also reconfirmed
that queenless workers build substantially less comb and usually drone size cells
indicating that both cell size and the quantity of comb built are mediated through
the queen. These results have been observed many times previously for A. melli-
fera (Dreischer 1956, Goetze and Bessling 1959, Darchen 1968, Whiffler and
Hepburn 1991a).

116 6 Wax Secretion, Comb Construction and the Queen



6.5 Perception of Queenrightness

The construction and the repairs of combs is the very last step in the elaboration of
wax by bees. Clearly manipulations of wax must be preceded by the entrainment
and development of the wax gland system itself, and then by the actual secretion of
wax. In the various experiments described above, attempts were made to assay the

Fig. 6.1 Mean wax scale size/bee obtained from colonies headed by mated queens (Q), virgin
queens (VQ), queen pheromone dispenser (QMP) and queenless (QL) A. mellifera colonies
(Ledoux et al. 2001)

Fig. 6.2 Mean comb area constructed by colonies headed by mated queens (Q), virgin queens
(VQ), queen pheromone dispenser (QMP), and queenless (QL) A. mellifera colonies (Ledoux
et al. 2001)
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Fig. 6.3 Mean weight of comb constructed by colonies headed by mated queens (Q), virgin
queens (VQ), queen pheromone dispenser (QMP), and queenless (QL) A. mellifera colonies
(Ledoux et al. 2001)

Fig. 6.4 Comparison of queen substance components between mated and virgin A. mellifera
queens. Q mated queen, VQ virgin queen, A 9-ODA, B 9-HDA, C HOB, D HVA (Ledoux et al. 2001)
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role of the queen or of queen-like odours in the separate development of each of
the three phases. Knowledge in these areas is fragmentary. Although Dreischer
(1956) did not mention the size of her colonies (they must have been smallish to
have been kept in observation hives), she found that the histological development
of the wax glands (measured as the height of the epidermis) were more or less the
same in bees from either queenright or queenless colonies. The more precise
experiments and measurements of Goetze and Bessling (1959) also showed that
there were no significant differences in the extent of wax gland development in
small (100) queenright or queenless colonies of bees. Dreischer, Darchen, Goetze
and Bessling and Free all worked in apiaries, so that queenless bees were never
physically far removed from normal queenright colonies. Thus the possibility of
shared pheromones was not entirely precluded (an effect well known in pallet
beekeeping.

How a honeybee queen is perceived by the workers of her colony has long been a
question of considerable interest. In one such study on wax glands, Hepburn et al.
(1984) compared the development of the wax glands of 12-day-old bees taken from
queenright and queenless colonies of 500 bees each. The queenless colonies were of
two kinds: some, although kept in their own hives, shared an environmental
chamber with queenright colonies; the other queenless bees were kept well isolated
from queenright bees in a room in which bees had never been kept. Under these
conditions, there was no significant difference in the development of the wax glands
between the queenright bees and those queenless bees sharing the compartment;
however, the wax glands were significantly less well-developed in those queenless
bees which had been kept apart. The matter of the actual secretion of wax, after
development of the glands and before comb construction, has always been extre-
mely difficult to assess in a direct experimental way.

If a given bee of suitable age is examined and found to lack wax scales, their
absence does not necessarily indicate that the bee is not actively secreting wax—it
may have just contributed wax scales to the building effort. Nonetheless, Goetze
and Bessling (1959) tried to assess secretory activity by measuring the standing
crop of scales in 6-, 12- and 20-day-old bees taken from queenright and queenless
colonies. The queenright bees bore a 40 % greater mass of wax than did the
queenless ones. More convincingly, on the 20th day of the experiment,
the queenright bees had constructed about 20 % more comb (713 mg) than the
queenless bees (586 mg). In the absence of any analysis of the pheromones of
these bees, one would most likely conclude that the rates of secretion of wax, as
well as comb construction, are modulated by queen pheromones. It would appear,
then, that young bees are capable of developing their wax glands in the absence of
the queen bouquet, but that the extent of this development might be slightly
enhanced by her presence. Given developed wax glands, the same would be true
for the rate of secretion. Comb construction itself depends greatly upon the quality
or ‘state’ of the queen. All things being equal, some egg-laying-workers and virgin
queens stimulate comb construction, but not to the same extent as mated queens,
which strongly indicates the importance of the relative composition of the queen-
like scent as the driving force in comb construction.
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The perception of ‘‘queenness’’ by bees had led Darchen (1956b, 1957) to
believe that there is a construction pheromone which lingers on after the death of a
queen. He and his colleagues (Chauvin et a1. 1961) and another worker (Frichot-
Riera 1961) prepared crude ether/acetone extracts of queens and were able to
induce comb construction in the absence of a queen by giving bees these com-
pounds on filter paper. That the perception of these compounds is by smell is
supported by two observations. When the extracts were combined in a candy or,
indeed, if the queens themselves were added to a candy paste and fed to the bees,
the bees did not construct combs. Nonetheless, the possible significance of the
tactile properties of the queen cannot be ignored, as was shown in the experiments
of Müssbichler (1952) and other workers.

Finally, Darchen (1956b, 1957) extended his experiments to comb-building by
queenless bees; he used 5,000 and 15,000 workers in two different colonies. His
results are quite interesting (Table 6.9). The 5,000 queenless bees began to con-
struct combs after two weeks had passed and the presence of laying-workers had
been confirmed. In the case of the 15,000 bees, virtually the obverse result was
obtained (Table 6.9). These seemingly anomalous results can now be satisfactorily
interpreted with respect to queen substance or pheromones, following a brief
digression on laying-workers.

Although Riem (1770) was apparently the first to observe that worker bees
sometimes lay eggs, it was the redoubtable Huber (1814) who established time and
again that some workers lay eggs in the absence of a queen. Moreover, he had
shown that the ovaries of such bees were more developed than those of ordinary
workers which did not lay eggs. This has been confirmed many times and it has
also been shown that ovarian development, in the absence of a queen, proceeds
independently of age (Perepelova 1928), but is certainly subject in some way to
group effects (Hess 1942). Nonetheless, laying-workers certainly occur in perfectly
normal queenright colonies of the Cape honeybee, A. m. capensis (Onions 1912).
An historical account of the research related to the origin of laying-workers is
beyond our present needs and the subject has been adequately reviewed over the
years (Ribbands 1953; Velthuis et al. 1965; Visscher 1989; Hepburn 1994).

Following the discovery that ‘queen substance’ is actually a collection of
several different compounds (Boch et al. 1979), Crewe and Velthuis (1980) were
able to recover these same chemicals from worker bees. Moreover, they were able
to recognise two kinds of laying-workers in pheromonal terms: those that develop
all the components of a queen-like bouquet and thus function as false queens, and
those that retain the characteristic aroma of worker bees (Table 6.10). These
classes cannot yet be readily resolved with the ‘anatomical’ and ‘physiological’
laying worker classes mooted by Perepelova (1926), but actually occur in a graded
spectrum of such bees (Hepburn 1994). These important results of Crewe and
Velthuis (1980) allow us some latitude in explaining Darchen’s (1956b, 1957) final
experiments on comb construction by queenless bees. We note, referring to
Table 6.10 that the appearance of laying-workers coincided with comb construc-
tion in the one case, which would be consistent with the development, in at least
one of those laying-workers, of a queen-like complement of chemical signals.
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On the other hand, in the queenless colony of 15,000 bees that initially produced
combs and then curtailed their operations, we would surmise for the sake of
consistency that a pheromonally acceptable false queen was present over the first
10 days, following which its queen-like bouquet waned—just as is thought to be
the case in queen cell construction under supersedure conditions.

In yet another study of comb-building, Yang et al. (2010) reported the results of
studies on comb-building in mixed-species, A. cerana and A. mellifera, colonies of
honeybees in which three colonies of mixed workers in one group were given
A. cerana queens, and three others A. mellifera queens. Three additional colonies
of each species headed by their own queens served as controls. Although they were

Table 6.9 Comb construction by queenless A. mellifera colonies (Darchen 1956b, 1957)

A. Colony of 5,000 bees
Experimental

days
1–13 15 16 17 18–19 20–21 22–23 24 25

Comb (cm2) 0 11 46 60 124 226 76 32 25
B. Colony of 15,000 bees
Experimental

days
1–2 3–4 5 6 7 8 9 10–11 12 13 14 15 16

Comb (cm2) 270 89 126 78 44 28 62 96 12 5 13 5 3

Table 6.10 Mandibular gland substances in A. mellifera workers and queens and workers in
relation to activation of the ovaries (Crewe and Velthuis 1980)

Group a Total acids
(lg/head)

Components present (%)

1 2 3 4 5 6 7

A 4 individuals 1.5 100.0
10 individuals 3.0 87.0 13.0
1 individuals 4.3 78.4 15.7 5.9
2 laying workers 4.5 81.4 13.6 5.1

B 3 laying workers 5.4 65.2 34.8
7 laying workers 6.0 80.3 12.2 7.5
1 laying worker 22.5 52.5 7.8 12.0 18.3 9.4

C 17 A.cap/A.cap 61.5 42.4 3.0 6.8 33.9 14.0
3 A.cap/A.mell 22.4 5.5 0.5 7.7 76.2 10.0

D 7 1-day queens 136.7 61.8 1.8 7.0 26.5 2.3 0.6
5 mated, laying queens 197.2 12.1 7.9 32.2 2.4 36.1 6.9 2.3

a Groups are as follows: A 2 laying-workers and 15 other workers (chosen at random) from an
isolated group of 50 A. m. mellifera workers; B 11 laying-workers from a colony of queenless
A. m. mellifera workers; C individual A. m. capensis workers from groups of either 5 A. m.
capensis workers (A. cap/A. cap) or one A. m. capensis and 4 A. m. mellifera workers (A. cap/A.
mell); D A. m. mellifera queens of different ages. Abbreviations for the compounds present are as
follows: 1 = (E)-10-hydroxy-2-decenoic acid; 2 = 10-hydroxydecanoic acid; 3 = (E)-9-
hydroxy-2-decenoic; 4 = (E)-9-oxo-2-decenoic acid; 6 = 8-hydroxyoctanoic acid; 7 = methyl
p-hydroxybenzoate (tentative) (Crewe and Velthuis 1980)
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interested in the nature of comb-building (numbers of each species of workers in
festoons, cell sizes, etc.) under the different treatments (which is discussed else-
where (cf. Chap. 3). What is germane here is that both species of workers engaged
in comb-building whether headed by conspecific or heterospecific queens. This
was despite some obvious differences in the relative composition of the mandib-
ular glands of A. cerana and A. mellifera queens.

6.6 Comb-Building Experiments of Maisonnasse
et al. (2010)

Maisonnasse et al. (2010) reinvestigated the role of queen substance in comb-
building in A. mellifera, and noted that although pleiotropic effects on colony
regulation are accredited to queen substance, it does not elicit the same range of
worker response observed in the presence of a queen, suggesting that yet other
compounds may come into play. They tested the hypothesis of a pheromone
redundancy in honeybee queens by comparing the effects of queens with and
without mandibular glands on a variety of worker behaviours, of which here we
only consider the comb-building experiments. The experiments by Maisonnasse
et al. (2010) confirmed that 9-ODA is uniquely produced in the queen mandibular
glands and suggested the existence of another source of the production of HOB
and 9-HAD, as found in A. m. capensis and A. m. scutellata queens by Whiffler and
Hepburn (1991a).

Maisonnasse et al. (2010) asked whether queens lacking mandibular glands
were as effective as normal queens in regulating ovary activation, comb con-
struction and retinue behaviour. Maisonnasse et al. (2010) tested the effects of
queens lacking mandibular glands and normal queens on comb construction in
cage experiments. Three different groups were tested: cages with normal queens
(MG+: positive control); queenless cages (QL: negative control); and cages with
demandibulated queens (MG-). After 2 weeks, the combs from each cage were
collected and the number of cells counted. The mean diameter of 20 cells per
treatment cage was determined, and divided into two categories according to their
size. In addition, the number of queen cells was counted in the different groups.
Three replicates were performed giving a total of 125 data sets. Maisonnasse et al.
(2010) found that comb size significantly increased in the presence of queens
(MG+, MG-) compared to QL, however no differences were detected between the
two types of queens. Workers reared with MG+ and MG- queens built worker-
sized cells that did not differ, but QL workers built drone-sized cells. No queen
cells were constructed in either MG+ or MG- groups; however, QL workers
constructed one to three queen cells per cage.

These results clearly show that demandibulated queens retain their full regu-
latory functions, which is in agreement with the studies of Velthuis and Van Es
(1964) and Velthuis (1970). The data of Maisonnasse et al. (2010) suggest that
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queen substance is not solely responsible for the regulation of colony function by
the queen. In addition, by testing the effect of mandibular gland removal on the
composition of 9-ODA, 9-HDA and HOB, they showed that demandibulated
virgin queens were as effective as normal virgin queens in regulating colony
function. Interestingly, workers in MG- group produced worker-sized cells, and
built a large number of cells, as in the MG+ group, in contrast to the QL group in
which workers constructed a small number of drone-sized cells. Thus, their results
indicate that comb construction is also regulated by queen chemicals other than
‘classical’ queen substance.

In the absence of queens, A. m. capensis workers that reproduce via thelytokous
parthenogenesis , and A. m. scutellata that reproduce via arrhenotokous parthe-
nogenesis, build only worker or drone cells respectively, but queenless hybrid
colonies produce both or only worker cells (Neumann et al. 2000). This would
support the idea that comb construction can be regulated by chemicals other than
queen-derived substances that are also produced by some workers. However, since
A. m. capensis workers develop queen-like pheromonal bouquets high in 9-ODA
(Simon et al. 2001), the construction of worker cells in those queenless colonies
could also be due to this pheromone.

All the experiments on comb construction (excluding queen cells) lead us to
believe that the presence of certain chemicals, formerly designated as ‘queen
substance’, result in the construction of considerably more comb than is produced
in their absence, whether the chemicals come from a queen or a false queen
(laying-worker). Nonetheless, one still observes that some bees will secrete wax
and construct comb whether these signals are present or not. A pheromonal basis
for construction was suggested by Darchen (1956b, 1957). The subsequent iden-
tification of these substances by Boch et al. (1979) and their recognition in both
queens and workers (Crewe and Velthuis 1980) provide a platform for a further
analysis of these compounds in relation to wax synthesis and comb-building. The
pheromonal quality of a queen is obviously important and it seems inescapable
that some vehicle, in addition to olfactory perception of a ‘queen’, is required. The
construction of emergency queen cells appears to work in exactly the same way
(Huber 1814; Müssbichler 1952; Verheijen-Voogd 1959).

6.7 The Construction of Queen Cells

At first sight it may appear that secretions from the mandibular glands in living
queens are necessary to stimulate comb-building, because significantly more combs
are constructed by bees with access to whole queens having intact mandibular
glands than bees whose queens lacked them (Fig. 6.4). The results of the division
board experiments do not fully support this idea because workers having access to
only the head of a queen constructed similar amounts of comb whether mandibular
glands were present or not (Table 6.4). It is possible that some pheromonal
secretions of the queen’s head other than those of the mandibular glands, provide a
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comb-building stimulus. Any contribution from possible secretions from their
abdomens is doubtful because no combs were built when workers only had access
to the abdomens of queens (Table 6.4). This interpretation would be consistent with
observations that queens without mandibular glands still maintain control of colony
behaviour (Gary and Morse 1962; Velthuis and van Es 1964; Velthuis 1970; Butler
et al. 1974; Free 1987), and with others that challenge the role of the queen’s
mandibular gland (Slessor et al. 1990).

That the queen may have a specific relationship to the synthesis and secretion
of wax as well as to comb-building has been moot for several centuries. Indeed, de
Réaumur (1740) was the first to note that a caged colony of queenless bees had
constructed comb after 2 days confinement. However, he had given the bees some
queen cells and, unfortunately, we do not know how long the bees had been
queenless prior to their incarceration, or whether they had been given any other
brood. A far more instructive experiment was performed by Schirach (1770) who
observed that, on the loss or removal of a queen, a colony would construct
emergency queen cells over some of the worker cells containing eggs or larvae,
and new queens would be reared from them. This important result was confirmed
in numerous experiments by Huber (1814) and is the basis for the queen-rearing
industry of today. Huber also knew that queenright colonies normally construct
queen cells in spring in preparation for reproductive swarming. So queen cells may
be constructed in the presence or absence of a queen.

These somewhat ambivalent results led Huber (1814) to another experiment in
which a hive was so divided that about half the bees were in direct contact with
their queen, while the other half had access only to the odour and sounds of the
queenright half of the colony. In this situation, the ‘queenless’ half of the colony
began to construct queen cells, the other half did not. In a slightly different
experiment, Huber (1814) simply placed a queen in a cage and inserted it in a
colony of bees. All the workers were able, in theory, to feel the queen through the
cage with their antennae. In this case, no queen cells were constructed. Huber’s
results have subsequently been confirmed by Lehnart (1935) and their complexity
extended by the work of Müssbichler (1952). The latter author added the refine-
ment of dividing the colony with a screen through which the queenless half of the
colony could reach the queen with their antennae. Nonetheless, these bees began to
construct queen cells. If, as in Huber’s experiment, the queen was simply caged
among the bees, no queen cells were built. However, if a caged queen was placed
on one side of a screen, thus dividing a colony in half, those bees on the opposite
side of the screen, away from the queen, began the construction of queen cells.

That the absence of a queen may provoke the building of queen cells (Schirach
1770; Huber 1814), coupled with the results of Müssbichler (1952), suggest a
restriction in the flow of some material from the queen. This inevitably leads us to
consider: (1) the means by which workers are aware of their queen; (2) how the
presence or absence of a queen affects the behaviour of workers; and (3) what
precisely do the worker bees do with respect to wax secretion or the building of
emergency cells. Within a few hours after the loss of a queen, a general agitation
spreads amongst the workers (Huber 1814; Fell and Morse 1984; Skirkevicius
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2004), the rate at which this happens being apparently related to the size of the
colony. When disturbed, such bees make a noise by vibrating their wings and they
also release a scent. All this kind of behaviour is however suppressed if such
queenless bees are given a dead queen. Fell and Morse (1984) quantified some of
the changes associated with the removal of a queen. The rate of queen cell con-
struction is at first high and then rapidly declines (Fig. 6.1). Similar results were
obtained with A. m. capensis (Hepburn et al. 1988) (Fig. 6.5).

Queen cell construction is inversely related to scenting behaviour (an index of
the degree of agitation) of the queenless colony (Skirkevicius 2004). All these
observations on the construction of queen cells in the face of apparent emergency
(and others on the suppression of ovarial development in workers) finally led to
experimental confirmation of the increasingly pervasive idea that a queen secretes
substances, the presence or absence of which modifies the behaviour of the worker
bees (Butler 1954; Pain 1954; Voogd 1955). The importance of queen substance to
building is dramatically illustrated in the experiment by Darchen (1960) in which a
small colony of several hundred bees, which had been queenless for 3 months,
began the construction of comb only 2 days after the introduction of a dead queen.

In an entirely different set of experiments, Lensky and Darchen (1962) intro-
duced two caged queens (presumably having twice the amount of queen substance)
into a small colony, but the workers soon began the construction of queen cells. In
a second experiment they placed three queens (2 old and 1 young one) into such a
colony and again queen cells were constructed. Finally, three young caged queens
did not inhibit the construction of queen cells. Earlier experiments with A. melli-
fera similar to these were performed by Melnik (1951) and another by Kovtvn
(1949) with the opposite result. Finally, it has been shown that certain anxiolytic
drugs enhance queen cell construction in queenless bees (Leonard and Darchen
1978).

Fig. 6.5 Mean number of queen cells begun each day after removal of an A. mellifera queen, but
before the emergence of a new queen. N = 13 for days 1–9, n = 12 on day 110, n = 11 for day
11, and n = 9 for day 14 (Fell and Morse 1984)
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The interpretation of all these results is difficult in the absence of any
measurements of queen substance. Such signals might have come from laying
workers (discussed below), and then there are the possible synergistic effects of
workers in the even distribution of queen substance. Even though it has been
shown that the presence of a queen sometimes inhibits queen cell construction, an
effect specifically attributed to 9-ODA secreted by the queen (Butler and Callow
1968; Boch and Lensky 1976; Lensky and Slabezki 1981), an explanation for
switching on or off queen cell production under emergency conditions or other-
wise, based solely on the constituents of queen substance, is inadequate (Winston
et al. 1990, 1991). Nonetheless, Grozinger et al. (2003) demonstrated that queen
mandibular pheromone caused changes in gene expression in the brain of adult
worker honeybees, and that these changes can be correlated to downstream
behavioural responses induced by queen mandibular pheromone. Their data
demonstrate that queen substance regulates expression of several hundred genes
either transiently or chronically. Clearly, pheromone-mediated gene expression
could be expected to modulate worker behaviour in the inhibition of queen cell
construction.

Other queen cell constructions, probably more common in nature, have
received less attention than has the emergency queen cell. The little concrete
information available on the construction of queen cells for the purposes of
reproductive swarming or supersedure has been summarised by Ribbands (1953)
and Butler (1957, 1974). Of the former, we know that comb construction abates
and that queen cell construction begins despite the fact that one of the queen
substances, 9-ODA, appears in quantities that are indistinguishable in swarming
and non-swarming queens (Seeley and Fell 1981). Obviously the presence of a
single component of the queen signal is neither necessary nor sufficient to explain
the commencement or cessation of either comb construction or the building of
queen cells. As to queen cell construction for supersedure, it is commonly believed
to be related to a decline in the production of essential queen substances, but there
is no experimental evidence to support this idea. Moreover, were this true, it is
likely that supersedure is only quantitatively different from queen cell construction
under emergency conditions (Ruttner 1983).

It has long been supposed that new queens are not produced by workers if
adequate amounts of queen mandibular gland pheromone are present and circu-
lating among the bees (Butler 1954; Butler and Simpson 1958; Winston et al.
1989, 1990, 1991). However, only relatively recently, Naumann et al. (1993)
explored the possible transfer and dissemination of queen pheromone by com-
paring populous colonies with other less populous ones. They used synthetic queen
substance containing tritiated 9-keto-2(E)-decenoic acid, as a marker component
of queen substance. Considering their results, we think that colony crowding does
not significantly affect the dissemination and transportation of queen substance and
that their data better support their alternate sub-hypothesis: that queen-rearing
could be associated with changes in the thresholds of the worker bees at swarming
time.
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Chapter 7
The Significance of Brood

Abstract Differences in colony size among Apis species are not equated to the
ratio of drones to workers or associated comb construction. Oviposition-related
cell inspections reveal that a queen’s decision to lay a fertilized egg or not, is
determined by a specific stimulus generated on cell inspection. Uncapped or sealed
queen cells are correlated to a reduction in the number of new cell constructions,
possibly pheromonally mediated. Relative increases in the physiological activity
of the wax glands in queenright bees are related to the age of the workers. Capped
brood and broodlessness dampen the development of wax glands, while the
presence of open brood stimulates their development as under queenright condi-
tions. Queenright bees produce much more comb than queenless bees; while
queenless, broodright bees construct more comb than queenless, broodless bees.
The amount of wax produced is a linear function of the number of young bees in a
colony, but the greatest amount of wax produced/bee, relative to colony size,
occurs in small colonies. Bees prevented from brood-rearing produce the same
amount of wax as those engaged in both comb-building and brood-rearing. Col-
onies precluded from comb construction rear no more brood than those engaged
both in brood-rearing and comb-building. The proportion of drone comb depends
on the amount of drone comb present and the number of adult drones present in a
colony, and is positively correlated to the number of workers. The combination of
queenright and broodright colonies appears to be a more powerful stimulus than
any other for comb-building.

7.1 Introduction

Honeybee brood nests of are obviously essential to the existence and propagation
of honeybee species. Firstly, there is the matter of choosing a suitable site for both
open-air and cavity-nesting species (cf. Chap. 2), the subsequent organization of
the contents of nests on a cyclical and seasonal basis in which sex ratios of queens,
drones and workers vary enormously (cf. Chap. 3). As noted by Koeniger (2011),

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_7,
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it may be energetically cheaper and more profitable to produce cheap, expendable
drones than more expensive queens, although the cost of rearing queens and drones
and maintaining them is only slightly different. In Apis, the ratio of queens to
drones ranges in A. florea from 1:57 and about 1:500 in A. dorsata (Koeniger
2011), and raises questions, perhaps unanswerable, about a ‘conflict over sex
ratios’.

In any event, there are large variations in colony size among Apis species,
differences which are not equalized by a colony’s decision on its ratio of drones to
workers and the corresponding necessary modifications in comb construction.
There are two notable exceptions where there are no differences in cell diameter
between worker and drone cells, the giant honeybees, A. dorsata and A. laboriosa.
The construction of cells is discussed elsewhere (cf. Chap. 12), but here we review
the basic biological traits which go hand-in-hand with the development of brood in
relation to cell types: parthenogenesis, the meaning of brood, efficacy of brood,
drone brood and brood-rearing in relation to honey storage.

7.2 Parthenogenesis

That queen honeybees lay eggs in worker-sized cells from which female worker
adults emerge; and, conversely, that queens lay eggs in drone-sized cells from
which drones eventually emerge, was for many centuries an incomprehensible
puzzle, a conundrum of great proportions. The eventual solution to this problem
involved two important discoveries: (1) honeybee queens were capable of par-
thenogenesis, and (2) queens could control the release of fertilized or unfertilized
eggs during oviposition. The immediate history of these discoveries is a fasci-
nating story of claims and counterclaims that ran through the pages of Eichstädt
Bienenzeitung for a decade or so in the mid-19th century. In 1845, Jan D _zierzon
(Fig. 7.1) published the results of his careful studies on the eggs of honeybees and
how they arose. In short, he discovered parthenogenesis. This idea finally became
accepted as a reality following collaboration between D _zierzon and von Siebold, a
university Professor of Zoology at the Maximilians-Universität in Munich, who
unequivocally confirmed the occurrence of parthenogenesis in some butterflies and
honeybee queens (D _zierzon 1847; von Siebold 1856).

The above account of parthenogenesis in honeybee queens is based on research
on European A. mellifera, but applies to all the other species of honeybees, with
the exception of Cape honeybee, A. m. capensis workers, in which thelytokous
parthenogenesis occurs in both queenless and queenright colonies. Aside from the
many peculiar traits in the Cape honeybee (Hepburn and Crewe 1991), a cyto-
logical analysis of this phenomenon was conducted by Verma and Ruttner (1983),
who demonstrated that egg diploidy is restored by the fusion of the two central
meiotic products. Thelytoky has been shown to be controlled by a single major
gene (Lattorff et al. 2005).
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The significance of this on comb-building by A. m. capensis was the discovery
of the following experimental results. Neumann et al. (2000) dequeened and
removed all brood from 26 A. m. capensis and A. m. scutellata colonies and their
natural hybrids. Neumann et al. (2000) found that A. m. capensis laying workers
were thelytokous, and all A. m. scutellata arrhenotokous. Of the hybrid colonies
42.1 % produced only female offspring while none produced only male offspring.
A. m. capensis colonies built only worker cells and A. m. scutellata only drone
cells. Hybrid colonies produced either both cell types or only worker cells,
according to the mode of laying worker reproduction. These results unequivocally
demonstrate that the mode of worker reproduction in queenless, broodless colonies
holds important consequences for cell construction, even if the mechanisms pro-
ducing these effects have not yet been demonstrated.

7.3 Oviposition by Queens

The second remaining problem was an explanation for how a queen could control
the sex of egg she laid and in which kind of cells. Reaching the answer to this
problem was also a protracted one, which has been clearly described and discussed
by Gessner and Ruttner (1977) who demonstrated that the spermathecal pump
musculature controls the release of spermatozoa or not. Nonetheless it still
remained to determine how queens could measure cell sizes. In extended obser-
vations on the behaviour of egg-laying queens, Koeniger (1970) noted that during
the course of cell inspection, before actually depositing an egg in a cell queens
introduce their two forelegs and head into the cells. Under the not entirely natural
conditions of an observation hive, the queen lays one egg following two such
inspections. No differences in this behaviour were observed between drone or
worker cells. It appears that the decision to lay an egg in a cell or not is predicated

Fig. 7.1 Jan D _zierzon (16
January 1811–26 October
1906), was a pioneering
Polish apiarist who
discovered parthenogenesis
in honeybees, A. m. mellifera,
and also designed the first,
successful movable-frame
hive before von Berlepsch
and Langstroth developed
their hives
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on an inspection of the cell. It is equally probable at such a moment that the size of
cell (worker or drone) is taken into account by the queen. A method to interfere
with these inspections was developed by placing small, square pieces of adhesive
tape around the tibiae of the queen’s the forelegs (Koeniger 1970).

The behaviour of the queen, even with the tape appendages appeared normal in
every respect; she continued to oviposit and was fed and groomed by the workers.
To assess the affects this method had on the queens’ ability to distinguish cells,
Koeniger (1970) presented drone cells to three A. mellifera control queens, in
which drone eggs were laid. Only drone pupae were recovered from the drone
cells. Subsequently, adhesive tape squares were attached to the tibiae of the
queens’ forelegs, and she was given a new set of drone cells. When these drone
cells were examined only worker pupae were found. When the tape was removed,
the queens laid only drone eggs in the drone-sized cells.

Following this, the role of the possible use of the queen’s forelegs in drone cell
recognition was further investigated by again taping the tibiae of the forelegs and
allowing the queens access to drone cells. In this test 89 % of the eggs laid were
worker eggs. Koeniger (1970) then performed a series of gradual amputations of
both leg segments through trochanters, femora and tibiae, and found that 78, 18
and 3 % respectively of the pupae found in drone cells were workers. After
amputation of one foreleg, only 0.3 % of the pupae developing in drone cells were
workers. Koeniger concluded that the queen’s decision to lay a fertilized or non-
fertilized egg is determined by a specific stimulus generated when the queen
inspects the drone cells with her forelegs. So, it is highly probable that queens use
their forelegs essentially as a pair of inside calipers and actually measure cell size
(Figs. 7.2, 7.3, 7.4).

7.4 The Meaning of Brood

As in many other areas of animal husbandry, the ancient truths of apiculture collect
like clichés that grow into aphorisms. Thus, it is widely known that honeybees
expand their nests at the onset of spring with warmer temperatures and the abun-
dance of nectar and fresh pollen for brood-rearing (Butler 1609; Koch 1957, 1959,
1961). Unfortunately, this ‘old truth’ hides a horrible conundrum in which the role of
brood as a stimulus for wax production lies hidden among many other complex and
interdependent factors. Hence, bees build in response to the queens’ need for
available cells in which to lay eggs (Huber 1814). Bees never build combs if they
lack a queen; or, if queenless, they lack brood from which to rear a new one
(Gundelach 1842). Finally, the great D _zierzon (1848, 1861) tells us that as soon as
breeding commences, the bees also produce wax; if breeding is interrupted, wax
production is discontinued immediately, even under the most favourable conditions.

Against all of these claims, De Layens (1887) actually recommended that comb
construction can be enhanced by the removal of brood from colonies for which
comb construction is require so as to obviate the shunting of honey and the rearing
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Fig. 7.2 An A. mellifera
queen, having inspected a
cell, has placed her abdomen
into a recurved position to
enter the cell and oviposit
(photo courtesy of Niko
Koeniger from Koeniger
1970)

Fig. 7.3 An A. mellifera
queen inspecting a cell with
head and forelegs (photo
courtesy of Niko Koeniger,
from Koeniger 1970)

Fig. 7.4 An A. mellifera
queen ovipositing in a worker
cell (photo courtesy of Niko
Koeniger, from Koeniger
1970)
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of larvae. It merely implies that ‘brood’ has different meanings in differing con-
texts, and that the stimulatory efficacy of brood may well vary with circumstances.
This is amply demonstrated, as it so happens, in at least three ways in the
experiments on comb construction by Dreischer (1956), Taranov (1958, 1959) and
Free (1967), and in an entirely different way, by Fell and Morse (1984) with
respect to queen cell construction.

In a study by Fell and Morse (1984) quite clearly there was a rapid decline in the
rate of new queen cell construction of (cf. Fig. 6.4). In earlier work on the con-
struction of queen cells, under both swarming and emergency conditions, Fell and
Morse (1984) had shown that the presence of queen cells, containing uncapped
larvae as well as sealed queen cells, is correlated with a reduction in the number of
new cells or comb construction. To this we can add that, while worker bees cut away
the apex of a queen cell before her emergence, the cappings of drone or worker cells
are left intact. These authors suggested that both a reduction in new queen cell
construction and the absence of re-working capped brood cells might both be
mediated through a negative feed-back system driven by pheromones. Unfortu-
nately, these intriguing ideas have not been further experimentally investigated.

Dreischer (1956) compared queenright and queenless A. mellifera colonies in
late summer, usually a time of sparse comb-building. She introduced some
marked, newly emerged bees each day into her colonies and subsequently sampled
these bees of known age throughout her experiment. The progression of life in a
queenless colony was divided into periods of differing social conditions as follows:
(1) with both open and closed brood, then, as the brood became capped; (2) with
sealed brood only, after the emergence of that brood; (3) entirely broodless; and
finally (4) the presence of laying workers coupled with the open brood which they
had produced. The daily addition of newly emerged, marked bees allowed for the
appearance of bees of comparable age to occur in each of the different social
situations defined for queenless bees. The queenright colony contained both open
and sealed brood but presumably lacked laying workers. Dreischer then measured
the course and extent of development of the ovaries, hypopharyngeal glands, wax
gland epithelium and corpora allata for each condition of the colonies.

She found that the relative increase in height (a morphological indication of
physiological activity, hence function—Rösch 1927, Boehm 1961, 1965), of the
wax gland epithelium in bees of the queenright colony was related to the ages of
the bees in just the same way as had been previously shown by Rösch (1927).
Considering those bees from the queenless hive, in all four different social con-
ditions, the initial increase in the epithelium progressed just as it did in the
queenright bees and there was no significant difference in the height of the epi-
thelium for the 11- to 15-day-old age group (encompassing the normal peak of wax
secretion—cf. Chap. 15). However, following the peak height of the epithelium
(at roughly 2 weeks of age), two entirely different patterns emerged among the
queenless bees during the ensuing 2 weeks of a worker’s life.

In the cases where queenless workers had uncapped brood, there was a decline in
the epithelium of the wax gland, but at a slower rate of decrease than in the
queenright bees (Fig. 7.5a, b). In the queenless bees with only sealed brood, or were
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entirely broodless, the height of the wax gland epithelium did not regress at all; in
fact, it slowly increased over the next fortnight to higher levels than those obtained
at the normal 11–15-day peak in the queenright bees (Fig. 7.5c, d), the glands
possibly remaining active. The same was true of the hypopharyngeal glands; the
development of which normally precedes that of the wax glands (Rösch 1927).

A comparison of the bees of the queenless colony with open brood and those of
the queenright one, showed the same general trend; the wax gland epithelium of
both developed more or less apace and declined in the same way (Fig. 7.5). The
same results were obtained in other experiments on queenright but broodless A. m.
scutellata, colonies (Hepburn et al. 1984). While the significance of a queen is
fairly obvious, one is not required for gland development in workers, given open
brood. The role of worker brood in the isolated case is shown by comparing curves
b, c and d in Fig. 7.5. Capped brood and broodlessness have precisely the same
effects on the development of the wax gland (and also on the ovaries, hypopha-
ryngeal gland, and corpora allata), while the presence of open brood stimulates the
development of the wax glands in a pattern similar to that obtained under
queenright conditions. The discovery of a brood pheromone that is chemically
distinct from any of those elaborated by queens (Koeniger and Veith 1984; Le
Conte et al. 1990) adds interest, if not clarity, to the observations.

7.5 Efficacy of Open Brood

The efficacy of open brood as a stimulus for wax production has been shown in a
different way in some experiments by Free (1967), although his actual intention
was to study drone cell production. During a late English summer, Free established

Fig. 7.5 Changes in height of the wax gland epithelium with age in A. mellifera: a queenright
colony; b queenless colony with open and capped brood; c queenless colony with only capped
brood; and d queenless and broodless colony (Dreischer 1956)
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an apiary with six colonies, from which all combs had been removed. Each colony
was given four test frames as building sites. Every few days the nests were
examined and the combs built were photographed so that the number of cells
constructed could be counted. Free (1967) managed the colonies as queenright for
a few days, then queenless and broodless for a few days, and finally queenless and
broodright for a few more days. The results of his experiment are shown in
Table 7.1. When queenright, the bees produced more than twice as much comb, on
average, as they did when they were queenless. Subsequently, when queenless but
broodright the same colonies also constructed more than twice as much comb as
they had done when they were queenless and broodless.

In an earlier experiment, Taranov (1959) had shown that the amount of wax
produced was a linear function of the number of young bees present in a colony, at
least for colonies of less than about 2.5 kg (Fig. 7.6). He also showed that the
greatest amount of wax produced, relative to colony size, occurred in small col-
onies in which wax production went hand-in-hand with brood care (Fig. 7.7). In
view of these results, Taranov questioned the inter-dependency of brood-rearing
and wax production as competitive activities; does the increased work-load of wax
production interfere with the nursing of young larvae, or does an increase in one
function go hand-in-hand with the other?

Taranov explored these relationships by setting up three queenright colonies,
each with about 10,000 young bees of the same age. The first colony was given
empty frames, the second frames of drawn combs, and the third frames of drawn
combs from which about one-third of the combs had been cut away. The first
colony was kept broodless and could ‘concentrate’ on comb production; the sec-
ond colony had no space to build additional comb, but enjoyed ample space for
brood-rearing; and the third colony had some space for comb construction as well
as brood-rearing. The colonies were supplied with pollen and were fed a 60 %

Table 7.1 Effects of the presence or absence of a queen and brood on comb cell production in A.
mellifera (Free 1967)

Experiment 1

Colony 1 Colony2 Colony3

Treatment Cells built Treatment Cells built Treatment Cells
built

26–28 Aug Queenright 1921 Queenright 2250 Queenright 4206
28–31 Aug Queenless 0 Queenless 635 Queenright 3316
31 Aug–3 Sept Larvae added 1646 Larvae added 4750 Queenless 3737
3–7 Sept Larvae added 4213

Experiment 1 Experiment 2

Treatment Cells built Treatment Cells built Treatment Cells
built

26–28 Aug Queenright 4206 Queenright 2042 Queenright 2440
28–31 Aug Queenright 3827 Queenless 1367 Queenless 1921
31 Aug–3 Sept Queenless 0 Larvae added 1812 Larvae added 3120
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honey solution for 2 months. The results of this experiment were quite striking.
Those bees prevented from brood-rearing produced the same amount of wax as did
the colony engaged in both comb-building and brood-rearing (Table 7.2). Simi-
larly, the colony precluded from comb construction reared no more brood than did

Fig. 7.6 Wax production as a function of the number of young bees in an A. mellifera colony is
linear for colonies up to 2.5 kg (Taranov 1959)

Fig. 7.7 Wax production by A. mellifera colonies of different sizes but all brood-rearing. Solid
line = wax production linear for colonies of up to 3 kg (r2 = 0.97); broken line = brood
production as a function of colony size (replotted from data as published by Taranov 1959)
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the bees engaged in both brood-rearing and comb construction. Exclusion of either
function did not lead to the accelerated development of the other one.

Taranov also measured the height of the wax gland epithelium in 12-day-old
bees from these three colonies and from a fourth which produced neither wax nor
had brood to care for, with the results shown in Table 7.3.

7.6 Drone Brood

Some years ago, Allen (1958, 1963), Free (1967) and Free and Williams (1975)
investigated factors that determine, at least in part, the rearing and rejection of
drones by A. mellifera honeybee colonies. The proportion of drone cells built was
greatest in May, June and July although colonies continued to build drone comb
long after they had ceased to rear drones. The proportion of drone comb built by a
colony also depended on the amount of drone comb already present. The amount
of drone brood and the number of adult drones present in a colony was positively
correlated to the number of workers. Removing drone brood from colonies
encouraged drone production; adding drone brood diminished drone production. A
large percentage of eggs were sometimes laid in drone cells before the end of
April, although few were reared. The proportion of drone brood was at its maxi-
mum in May and June. A colony could be forced to evict its drones by preventing
the workers from foraging, and in autumn eviction could be greatly delayed by
providing additional forage or removing the queen.

Table 7.2 Wax production and brood-rearing in A. mellifera (Taranov 1959)

Colony Main work of the bees Experiment 1 Experiment 2 Total

Wax production (g)
1 Produced wax only 333.2 387.4 711.6
2 Reared brood only — — —
3 Produced wax ? reared brood 465.2 336.9 802.1

Brood rearing (No. larvae)
1 Produced wax only — — —
2 Reared brood only 26,525 1,261 39,135
3 Produced wax ? reared brood 25,740 12,675 38,415

Table 7.3 Development of
the wax gland epithelium in
colonies of A. mellifera with
12-day-old bees under
differing nest conditions
(Taranov 1959)

Nest conditions Wax gland epithelium
height (lm)

1. Comb building 85
2. Brood rearing 76
3. Comb buildingand brood rearing 103
4. No building, nor brood rearing 40
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7.7 Brood-Rearing and Honey Storage

A final set of experiments elucidates our understanding of brood and wax pro-
duction, and comes to us somewhat serendipitously. Cerimagic (1969) investigated
the possibility of swarm prevention through the elimination of comb-building. He
tested ten sister-queenright colonies of about 30,000 bees each over two successive
spring seasons in Yugoslavia. In converting Cerimagic’s original data into a wax-
brood experiment, we have re-designated his ‘controls’ as the experimental group
and vice versa. He gave 12 frames of foundation to one group of five colonies; to
another control group of five colonies he gave fully drawn, old combs. In each
case, as the brood chambers became filled, he supplied an empty box atop the
brood chamber. Thus the experimental colonies were able to both construct combs
and rear brood, the controls only the latter. All the colonies were able to forage
during the nectar flow.

The trend in the results he obtained was very similar to those of Taranov
(Table 7.2). There were no significant differences between the experimental and
control colonies with respect to the amount of brood reared or honey stored.
However, the experimental colonies produced nearly a kilogram of wax in each
season, while the controls constructed no combs. Because all the colonies were
headed by sister-queens (nature of matings unknown), genetic variation ought to
have been minimal, in which case one would not have expected any large dif-
ferences in the foraging abilities of the two groups. The combined measurements
and experimental observations of Dreischer (1956), Taranov (1959), Free (1967)
and Cerimagic (1969) revealed that the role of brood as a stimulus for the
development of wax glands and subsequent secretion and comb construction, all
juxtaposed against the queen as a stimulus. The data show, rather convincingly,
that ‘brood’ means different things, depending upon the presence of a queen and, if
there is no queen, upon whether or not the brood is uncapped or sealed. Similarly,
the combination of a colony being queenright and broodright appears to be a more
powerful stimulus than any of the other conditions investigated to date. What
remains most puzzling about all this experimental data is the likely fate of energy
that comes into these various situations.

Brood is a spectacular instance of how a wax production stimulus varies in
duration, intensity and quality. The amount of time required for the development of
a particular cycle of brood has been experimentally shown to vary with temperature
(Milum 1930; Haydak 1970) and, by inference, with season as well. The avail-
ability of food is in part a function of season, with the effects that more brood
(Nolan 1925) and heavier bees are associated with large influxes of pollen into the
summer nest (Levin et al. 1954), but at a lower intensity than in spring (Todd and
Bishop 1941). Against this, bees may be heavier in fall than in summer (De Groot
1953), owing to a change in the ratio between those that feed and those that are fed.

The ratio of brood to the adult population varies throughout the year. The
production of brood is enhanced during nectar flow (Nelson and Sturtevant 1924),
by the quality of the queen (Nolan 1925) and, of course, by the honeybee race.
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This seemingly endless flow of variables forms a web of interactions that are not
easily encompassed in feed-back loops and which do not clearly explain how the
development of brood is related to the activities of the adult work force. None-
theless, a understanding for this problem emerges from Ribbands (1953) who
noted that changes in the proportions of brood and foraging bees are likely to have
two combined effects: firstly, the proportion of foragers may be expected to vary
inversely with brood, and secondly, brood consumes a substantial quantity of food.
When these effects are considered, nectar influx increases sharply with colony size.
Both effects undoubtedly influence the secretion of wax and the building of combs,
but the ways in which they do so have not as yet been measured.
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Chapter 8
The Role of Pollen in Honeybee Colonies

Abstract The nutrients that workers derive from pollen provide all the proteins,
lipids, vitamins, and minerals required for brood-rearing; the primary consumers
of pollen are nurse bees which feed the brood. The greatest net increase in nitrogen
content of bees is obtained when bees are fed their normal diet based on pollen.
The most rapid rates of growth in young workers occur during the first week after
eclosion and pollen must be available for the normal development of the wax
glands, and subsequently comb construction. Under temperate zone conditions the
relative abundance of pollen-rich flowers in spring drives brood-rearing. Likewise,
increased access to pollen or protein resources is positively correlated with worker
longevity. The amount of pollen required increases proportionately with the
quantity of brood. Pollen-fed bees produce more comb than pollen-deprived bees.
Pollen foraging seems to be regulated by at least three mechanisms: young larvae,
stored pollen, and empty space. The amount of brood is a positive stimulus; while
the quantity of stored pollen acts as an inhibitory stimulus for pollen foraging
activity. Brood pheromone affects pollen foragers but not nectar-foraging behav-
iour. Camazine (1991) argued that the pattern of comb contents could be generated
by a self-organizing algorithm of three simple rules: (1) the queen lays eggs in the
centre of the comb; (2) workers deposit pollen and nectar at random; and (3) bees
preferentially remove pollen and nectar from the brood nest relative to the honey
storage area. Subsequent theoretical work supports this view.

8.1 Pollen and Brood

Although the importance of pollen is generally well known to beekeepers of any
honeybee species, it should be noted that all of the published literature on pollen
and comb-building are solely derived from studies on Apis mellifera. The survival
of honeybee colonies depends on the collection of nectar and pollen from flowers
and is essential for colony development. The necessity of pollen as a foodstuff for
brood-rearing has long been suspected (Hornbostel 1744; Hunter 1792). However,

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_8,
� Springer-Verlag Berlin Heidelberg 2014
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the surmise that pollen is of nutritional importance to honeybees was first given
experimental support in the work of Peterka (1939), who showed that a diet
including pollen increased the longevity of bees. But, it was still some time before
it was established that the nutrients which workers derive from consuming pollen
provide all the proteins, lipids, vitamins, and minerals required for brood-rearing
(De Groot 1953; Haydak 1970; Herbert 1992; Manning 2001).

Perennial colonies of social insects like honeybees, A. mellifera, heavily depend
on stored pollen and honey to survive the long, cold winters in the temperate zones
(Seeley 1985, Southwick 1991). Several experiments demonstrated that pollen is
important for developing brood. The efficiency of nurse bees in a colony increases
when a supply of pollen is available near the time of brood development.
Crailsheim et al. (1992) showed that the primary consumers of pollen are indeed
the nurse bees which feed the brood, and noted that pollen storage near brood cells
reduces the time and energy spent by nurse bees retrieving stored pollen to feed the
larvae. Mattila and Otis (2006a) recently conducted studies in temperate Canada
on the effects of changes in the spring pollen diet on the development of A.
mellifera. In the spring of the 3 years they established a series of colonies, some of
which were fed supplementary pollen, and others not. The developmental progress
of the colonies and brood-rearing noted were recorded. They found for all 3 years
that those colonies which were provided with pollen or a suitable substitute, began
brood-rearing earlier than the other colonies, and produced the most brood by early
May (Fig. 8.1).

The large increase in the number of workers produced by colonies that were
supplemented with pollen in the spring of 2002, resulted in substantial long-term
differences between treatments with double the amount of honey at year’s end
compared to the pollen-limited colonies (Fig. 8.2). However, in 2003 and 2004, all
colonies had similar annual honey yields (Fig. 8.3). While Matilla and Otis
(2006a, b) argued that pollen supplies enabled colonies to produce more workers
earlier, the annual honey yields will ultimately depend not only on the onset of
brood-rearing, but also the momentum of foraging opportunities from year to year.
The experiments conducted by Matilla and Otis (2006a, b) were designed for
application in a commercial beekeeping context. However, that aspect of impor-
tance from their results for this essay is that, under temperate zone conditions, it is
the relative abundance of pollen-rich plants flowering in spring, or its artificial
supplementation, that drives the rate of brood-rearing each year in a temperate
zone.

Matilla and Otis (2006a, b) also gave pollen supplements to bees in spring and
autumn. The results revealed that those colonies supplemented with pollen in the
autumn tended to rear more workers over an extended length of time before
normal brood-rearing ceased for winter compared to colonies with less pollen.
Feeding the bees in autumn could have exacerbated brood-rearing ‘burn-out’ of
workers reared in the autumn that needed to overwinter, perhaps causing them to
be relatively less productive the following spring. They also examined the effect
on improving colony productivity using commercially prepared pollen substitutes
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versus natural pollen. The results revealed that feeding pollen substitute in spring
can also enhance colony population growth like natural pollen.

Bees, like many other kinds of animals can subsist for long periods in the
absence of dietary protein. However De Groot (1953) performed an extensive
series of experiments, the results of which established that the greatest net increase
in the nitrogen content of bees was obtained when they were fed their normal
pollen-based diet. The greatest growth rates of young workers occurred in their
first week after eclosion, during which time the hypopharyngeal glands of the
nurse bees reached their peak. Although Matilla and Otis (2006a, b) stated that the
differences in the relationship between protein content and the longevity of bees
between years was not significant (Figs. 8.4, 8.5, 8.6), these findings conflict with

Fig. 8.1 Mean cumulative
number of A. mellifera
workers reared by colonies
during 2004. Significant
differences between means
are indicated by different
letters for each date (Mattila
and Otis 2006b) a mean
cumulative number of
workers reared; b mean
proportion of cohorts
surviving; c mean cumulative
number of workers reared
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those of previous authors who observed that increased access to pollen or protein
resources was positively correlated with worker longevity (De Groot 1953;
Maurizio 1954, 1959; Crailsheim 1990).

Fig. 8.2 Mean cumulative number of workers reared by A. mellifera colonies from June 2003 to
June 2004 (Mattila and Otis 2006a, b)

Fig. 8.3 Honey yields of A. mellifera under different pollen supplement conditions in 2002
(Mattila and Otis 2006b)
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8.2 Pollen and Wax Production

Having demonstrated that bees with no access to pollen could construct some
comb (Huber 1814), a possible relationship between pollen and wax production
was mooted on theoretical grounds only in the mid-19th century (D _zierzon 1861;
Schmid and Kleine 1865). But, in retrospect, a stark insight into the importance of
pollen in the development of the wax glands is evident in the ‘failed’ experiments
of Dumas and Edwards (1843). Three out of four of their pollen-deprived exper-
imental colonies produced no wax at all. This pointed the way for more rigorous

Fig. 8.4 The mean longevity of A. mellifera workers reared during spring 2002 and 2003 in
pollen-supplemented and pollen-limited colonies. Differences within each year are indicated by
different letters (Mattila and Otis 2006b)

Fig. 8.5 The mean proportion of A. mellifera workers that survived over time during spring
2002, a pollen-supplemented workers, pollen-limited or control colonies; b during spring 2003
(Mattila and Otis 2006a)
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investigations into the relationship between pollen as a dietary requirement and
wax production, as illustrated by the work of Goetze and Bessling (1959). Goetze
and Bessling (1959) prepared two queenright colonies each of only 100 newly
emerged workers, and confined them to a cupboard for 3 weeks. One group was
given only sugar, in excess, and the other group both sugar and pollen. After
20 days, the pollen-fed group had produced over 900 mg of comb, while those
deprived of pollen had built less than 100 mg. Similarly, wax scales collected from
equal samples of bees were fourfold greater in the pollen-fed group than in the
pollen-deprived group. Histological analyses of the wax gland epithelium of both
groups showed that the height of the glands of those fed pollen rose and fell, as had
been shown by Rösch (1930), while the epithelial glands of the pollen-deprived
bees began to degenerate after a week.

To determine when pollen must be included in the diet for normal wax pro-
duction, Goetze and Bessling (1959) established additional small colonies that
were fed pollen ad libitum after individual colonies had been deprived of pollen
for 1, 2, 3, or 5 days; a control colony was only fed sugar. Those bees without
pollen for 1 day commenced comb-building on the 4th day; those deprived of
pollen for 2 and 3 days began building on the 5th day; those deprived of pollen
5 days did not build comb; the group receiving only sugar died, combless, after
8 days. Goetze and Bessling concluded that the earlier pollen feeding begins, the
more rapid and extensive the development of the wax gland epithelium. To
quantify how much pollen is necessary for wax gland development and comb
production (the nutritional quality of protein was unknown), Goetze and Bessling
(1959) established five more small colonies and serially gave them pollen at the
rate of 5, 10, 20 and 40 mg/bee with no pollen fed to the control group. All groups
received sugar. The control colony and that given 5 mg of pollen/bee built less
than 50 mg of comb; that colony given 10 mg pollen produced about 200 mg of
comb; and those with 20 and 40 mg of pollen/bee both built over 700 mg of comb.

The general conclusions that can be reached from the experiments of Goetze
and Bessling (1959) on honeybees, and from similar observations on bumble bees
by Röseler (1967), are: (1) that protein must be available immediately after

Fig. 8.6 The mean body dry
weight of A. mellifera
(workers reared in pollen
supplemented or pollen-
limited colonies) during
spring 2002 and 2003
(Mattila and Otis 2006a)
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eclosion for the normal development of the wax glands and for comb construction;
and (2) that wax gland development is just as dependent upon protein nutrition as
is the development of the hypopharyngeal glands as shown by De Groot (1953).
These results were confirmed and extended by Freudenstein (1960) using small,
queenright colonies (with the queen caged) and an initial population of about 850
newly emerged bees. One colony was only fed sugar, the other an unlimited supply
of both sugar and pollen. After 2 weeks, the colony that had access to pollen had
built 30 cm2 of comb, while the colony fed sugar had constructed nothing. Normal
attrition reduced numbers by some 30 % in the sugar/pollen and 70 % in the sugar
only colony; however, the reduced numbers of bees still exceeded the number of
bees (100) necessary for comb-building (Darchen 1956, 1957; Goetze and
Bessling 1959).

To compensate for total attrition, Freudenstein (1960) repeated the same basic
experiment, but doubled the number of workers in the experimental, pollen-free
colony. After two-and-a-half weeks, the bees fed on pollen had produced 75 cm2

of combs, and the pollen-free colony only 34 cm2 of comb; both colonies being of
equal strength at termination of the experiment. The histological picture of the wax
gland epithelium showed the same trend: the glands in the pollen-fed colony were
significantly more developed than those in bees from the pollen-free colony. In
two separate experiments, Freudenstein (1960) extended the pollen deprivation
experiments of Goetze and Bessling (1959) using recently emerged bees and
observing them over the first 11 days of adult worker life. In the first experiment,
the bees were deprived of pollen for 3–6 days and then fed pollen. The control
colonies which were continuously fed pollen, produced comb at the rate of
150 mm2/bee for 3 weeks, while the experimental bees produced only 95 mm2/
bee; allowances were made for the differences in size of the colonies used in these
experiments. Extending this experiment with new colonies deprived of pollen for
11 days, Freudenstein’s pollen-fed colonies produced 100 mm2 of comb per bee
over 3 weeks, while the pollen-deprived bees only built 30 mm2 of comb per bee.
In both cases the height of the wax gland epithelium was greater in the pollen-fed
colonies than in the sugar-fed experimental colonies.

Freudenstein (1960) then reversed his approach in a time-wise reciprocal
experiment. He set up colonies, all of which were initially fed both sugar and
pollen. Then the experimental group was deprived of pollen. In one experiment,
pollen deprivation after only 5–7 days affected comb-building. At the end of the 6-
week experiment, the pollen-fed bees had produced 677 cm2 of comb, and the
experimental group only 373 cm2 of comb. Extending the feeding regimen to
2 weeks before pollen deprivation and artificially maintaining population density to
compensate for attrition, Freudenstein (1960) found that both control and experi-
mental groups produced combs at the rate of 70 mm2/bee over the 6-week period.
That a fortnight of pollen alimentation is adequate for comb-building was also
confirmed in a slightly different way. Freudenstein (1960) formed two queenright
colonies, each consisting of about 2500 old field bees, and deprived one colony of
pollen. Two-and-a-half weeks later, the colony deprived of pollen had constructed
only 13 % less comb (304 cm2) than that given pollen (346 cm2/colony).
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From a histological analysis of his bees, Freudenstein (1960) found that all the
factors that affected the height of the wax gland epithelium also affected the size of
the oenocytes. He observed a linear correlation between increasing cell height and
increasing oenocyte diameter, both in the natural progression of growth in young
bees, and in foragers ‘forced’ to become wax bees again. Interestingly, he noted
that the consumption of pollen decreased with the increasing age of the bees. To
have equated pollen with protein as effectively as had been done in the experi-
ments of Goetze and Bessling (1959) and Freudenstein (1960), recalls the
admonition of De Groot (1953): more is known of the foodstuffs than of the
nutritional requirements of bees. The fact that not a single pollen substitute
(chosen on the basis of its apparent protein value) gave the same result as bee-
collected pollen makes one wonder whether there is something more to pollen that
still eludes us.

Apart from the question of growth and general physical maintenance, the actual
definable usage of proteins from pollen in the development and activity of the wax
gland complex has only been touched upon. Parallel studies of bacteria (Kaneda
1967) and plants (Kolattukudy 1968) have shown that some amino acids give rise
to fatty acids, which are ultimately incorporated into wax. The discovery that
beeswax contains proteinaceous material (Kurstjens et a1. 1985) also supports a
fundamental role of protein in beeswax synthesis, that extending well beyond what
is essential for the development of the cytoplasmic vacuolar system of the wax
gland cells.

Hamdorf and Boehm (cf. Boehm 1965) showed that the metabolic rate of tissue,
isolated from the fat body of bees fed on pollen, was higher than that of bees fed
only sugar water. Because the oenocytes were much larger than the fat cells in old
foragers induced to secrete wax again, Boehm (1965) argued that the increased
oxygen consumption was due to the activity of the oenocytes during the prepa-
rations made by Hamdorf and Boehm. She coupled increased respiration with the
larger volume of the oenocytes, and suggested that volume alone indicates activity.
Finally, she concluded that there is a direct relationship between pollen feeding
and the growth and size of the oenocytes.

Boehm (1965) went on to suggest two routes by which oenocytes could be
reactivated in foragers (and hence explain initial activation in young bees): (1)
either pheromonally; or (2) more directly through regulation in the central nervous
system leading to an increased consumption of pollen, and consequently devel-
opment of the oenocytes. She tested these ideas by establishing a colony of 600
foragers with regenerated wax glands and well-developed oenocytes. The bees had
neither food stores in their combs nor access to any in the flight cage. Having
starved the bees for 10 days, she gave them a mixture of pollen and sugar. She
assayed the status of the oenocytes over the first 10 days, and again after having
fed the bees. Bees from the starved period possessed thick wax scales, and their fat
bodies were as well-developed as those of normal foragers with regenerated wax
glands. The oenocytes of these bees remained large, even after their guts were
completely empty. Following the administration of the pollen-sugar mixture on the
11th day (which the bees took very readily), Boehm assayed bees collected at
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10-min intervals, over the next 10 h, and found no observable differences in the
oenocytes of these animals. Finally, bees that had been starved for 2 weeks were
analysed and, again, their oenocytes were no different from those of the starved
bees or bees that were fed pollen on the 11th day. Therefore, once the wax gland
system is maximally developed, even in foragers with regenerated wax glands, the
bees can withstand starvation for a period of 2 weeks, the oenocytes remaining
large.

Boehm (1965) tried to explain the apparent independence of pollen nutrition
and the regulation of oenocyte and wax gland activity in another experiment, also
with foragers with reactivated glands. She sampled bees from the building cluster
on a daily basis over 10 days and plotted the changes in oenocyte diameter. On the
4th day of the experiment, the majority of bees that she examined bore wax scales,
which became thicker over time. However, there were no scales on some bees, nor
had there been any increase in oenocyte diameter, as would have been expected
had the development of the wax gland system solely depended on pollen ali-
mentation. Boehm (1965) concluded that the reactivation of the oenocytes and wax
glands arise from a sensible ‘need’ to build a nest, possibly one that is pherom-
onally communicated.

8.3 Physical Presence and Regulation of Pollen
in the Colony

Besides the physiological needs bees have for pollen for the development and
maintenance of the wax gland system, there is an additional role of pollen: as a
potent stimulus in a colony lacking such stores. Taranov (1959) alone considered
the relationship between the flow of newly foraged pollen into the nest and wax
production. In two separate experiments, he established 14 queenright colonies,
each of about 5000 bees, on pollen-free combs from which pieces had been cut
away. Each colony was fed 200 g of a 50 % sugar solution daily. The combined
results obtained from all 14 colonies are shown in Fig. 8.7, from which it can be
seen that there is a linear correlation between the rate of wax production and the
influx of pollen, measured as pollen loads, entering the nest.

This interesting result must, however, be interpreted with extreme care. The
reasons for this are evident in an argument by Butler (1974), as an example, if the
field force of a colony is preferentially visiting the florets of white clover to secure
nectar, as an example, the bees will inadvertently gather pollen as well. When the
flow of nectar is strong, the bees will return laden with nectar but carrying only
small amounts of pollen. If nectar secretion decreases in the florets, perhaps
through lack of rain, the bees will be forced to visit many more blossoms than
previously in order to obtain a large load of nectar. Then, if the bees still collect
the same relative amount of pollen per floret as previously, they will return to the
nest laden with pollen as well. Against this unpredictable flow of pollen, the need
for pollen as protein will increase with the amount of brood which, in turn, can
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only increase in proportion with the availability of pollen. This possible sequence
of events is made more complicated by the discovery that strains of bees can be
bred for either high or low pollen-hoarding behaviour (Nye and Mackensen 1970;
Hellmich et al. 1985).

Colonies show a negative feedback associated with quantities of stored pollen
such that excess stored pollen is as controlled as is comb-building. The quantity of
pollen stored in nests affects the nest activities. When pollen was added to a
colony, pollen-foraging activity decreased until the excess pollen had been
reduced by the nurse bees and the quantity of stored pollen returned to near
previous levels (Barker 1971; Free and Williams 1971; Moeller 1972; Fewell and
Winston 1992). Conversely, when stored pollen was removed from colonies, there
was a concomitant increase in the number of pollen foragers and the size of the
loads collected, until the preexisting quantities were restored (Lindauer 1952; van
Laere and Martens 1971; Fewell and Winston 1992; Eckert et al. 1994).

Pollen foraging activity is also directly affected by the relative quantities of
brood in the combs. Several studies have demonstrated that pollen foraging
behaviour increases in colonies that have large amounts of brood (Filmer 1932;
Free 1967; Cale 1968; Todd and Reed 1970; Al-Tikrity et al. 1972; Calderone
1993). Thus two factors might be associated with the regulation of pollen foraging
activity: (1) the amount of brood serves as a positive stimulus; and (2) the quantity
of stored pollen acts as an inhibitory stimulus (Dreller et al. 1999). These two
factors must eventually be integrated in to single inhibitory signal on a sliding
scale, such as the mechanism of a slide rule used in engineering which is a
mechanical analogue computer (Camazine 1993; Seeley 1995). Camazine (1993)
separated pollen foragers from nurse bees by placing them on a comb located at
the bottom in two observation hives. In one hive the bottom comb was separated
from the rest of the hive with a single screen, which allowed trophallactic
exchanges; in the second hive a double-screen blocked trophallaxis. The results
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showed a decrease in pollen foraging in the colony with a single screen, compared
to the double-screen treatment. Therefore, he interpreted these results to suggest
that nurse bees conveyed information to pollen foragers, which inhibited pollen
foraging activity. These results suggest a mechanism of negative feedback inhi-
bition associated with quantities of stored pollen. Nonetheless, trophallaxis does
influence the nectar foraging behaviour of honeybees.

Dreller et al. (1999) further tested this hypothesis on 20 colonies containing
equal amounts of pollen, honey, sealed and unsealed brood, in which the foragers
and nurse bees were separated by a single or double-screen. Using double-screens
prevented any interaction between nestmates in both compartments, whereas the
single screen still allowed trophallactic interactions. There were no differences in
the number of pollen foragers between hives with a double-screen and those with a
single screen. The authors concluded that there was no inhibitory signal or
information transmitted by the nurse bees. Dreller et al. (1999) argued that even
though it was possible that some nurse bees were indeed below the screens, there
was an equal expectation for this condition to have occurred in both the single and
double-screen treatments (Fig. 8.8).

In other experiments Dreller et al. (1999) tested the direct effects of excess
pollen on foragers, by confining them in the lower hive body using a single screen,
and then added pollen to this compartment, allowing pollen foragers direct access
to pollen. The total number of pollen foragers in these experiments was signifi-
cantly lower in colonies which were provided with supplementary pollen com-
pared to the control colonies (Fig. 8.8). Unsealed brood acted as a positive factor
in increasing pollen-foraging activity; but only if foragers had direct access to the
brood nest. Under natural conditions, empty pollen cells in the nest might also
provide information on pollen forage as an indirect stimulus.

Dreller et al. (1999) tested the role of empty cells on the pollen-foraging
activity in 20 colonies by adding an empty frame to two treatment groups: (1) a
frame was placed next to an unsealed brood comb (direct interaction); and (2) a
frame was placed far away from the brood, as an outside comb at the outer edge of
the hive body (indirect interaction). The results revealed that only the empty comb
placed at the edge of the brood nest, where foragers normally unload their pollen,
acted as a positive stimulus to increase pollen foraging activity (Table 8.1).
Therefore, Dreller et al. (1999) suggested that there is little to support the
hypothesis of indirect protein inhibitors of nurse bees; rather, their results support
the hypothesis that pollen foragers directly assess pollen storage areas and are
stimulated by empty space. In addition, it is unlikely that protein inhibition by
nurse bees occurred, because trophallactic exchanges between nurse bees and other
adult bees (including non-foraging adult bees) are rare, and occur on average about
once per hour (Crailsheim et al. 1996).

Pollen foraging seems to be regulated by at least three mechanisms: young
larvae, stored pollen, and empty space; factors for areas in which brood and pollen
are stored are also negatively correlated. The effects of brood have been demon-
strated to be direct, independent, and as a stimulus for pollen foraging (Pankiw
et al. 1998). Pollen foragers can be directly and quantitatively modulated by
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varying the amount of brood pheromone presented in a colony. Pankiw et al.
(1998) used brood washed in hexane as a ‘no-brood’ condition. However, although
much evidence exists for inhibitory effects of pollen, the actual mechanisms of
inhibition remain to be demonstrated.

Fig. 8.8 a Mean number of pollen and nectar foragers when interactions between foragers and
nurse bees were prevented by using a double-screen to separate them, or when interaction was
allowed through a single screen; b Mean number of pollen and nectar foragers with additional
pollen comb (pollen added), compared to colonies which were provided with an empty comb
covered with aluminium foil (no pollen). In both groups, only foragers had access to the added
comb (Dreller et al. 1999)

Table 8.1 The effect of empty space on pollen and nectar foraging activity

Pollen forager Nectar foragers

Day 1 Day 2 Day 1 Day 2

Comb inside (n = 10) 223 ± 69 278 ± 80 263 ± 64 333 ± 81
P \ 0.01 P \ 0.05

Comb outside (n = 10) 250 ± 75 274 ± 79 287 ± 74 328 ± 67
P = 0.35 P = 0.14

The empty frame was placed either next to uncapped brood (comb inside), or at the outer end of
the hive body (comb outside) Dreller et al. (1999)
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8.4 Pollen Pheromones

There is no doubt as to the efficacy of an influx of new pollen on comb con-
struction, whether any effects are proximate, or a more removed stimulus, is not at
all clear. A partial explanation of the way in which pollen stimulates wax working
may well lie in the pheromonal (kairomonal) properties of its volatile constituents.
In the case of emergency queen cell construction in a queenless colony, Fell and
Morse (1984) noted that 6 of the 13 colonies tested actually constructed queen
cells over pollen cells during the first 2 days of queenlessness. They speculated
that the bees themselves might have added some substances to the pollen stores
that incited queen cell construction, even though the queen larvae had not been fed
with pollen at all.

The existence of a pheromone that induces construction of worker cell comb
was proposed by Chauvin et al. (1961); but there are possibly many other chemical
signals that affect wax production. During the summer of 1974, Chauvin (1976)
placed various numbers of bees in small cages with a piece of beeswax foundation
as a clustering/building site. The bees were fed candy and were also given sugar
syrup to which various components were added. Every 5 days he measured the
combs built, to obtain a baseline for wax production, and found that the average
production, per 5 days, was as follows: 100 bees averaged 2.1 mg/bee; 200 bees
2.2 mg/bee; 300 bees 0.7 mg/bee; and, 400 bees 0.6 mg/bee.

Chauvin then reported that he learned, by accident, that extracts of pollen
stimulate comb- drawing. He tested this by preparing an alcohol distillate of pollen
trapped mainly from fruit trees. The solution was then added to the syrup fed to the
bees (the control group were given only alcohol). He also tried a simple aqueous
extract, fed in like manner, as well as alcohol extracts of boiled old combs. The
results of several trials of these various extracts showed that the pollen fraction
obtained from the alcohol and the water extracts of old combs, both resulted in
more drawn comb than the corresponding control.

What we already know from these various experiments and observations is that a
dietary intake of pollen, equated with protein, is essential for the normal develop-
ment of the wax glands. Once developed, the glands may well function without
additional pollen. Of the other two possible roles for pollen as wax-inducing stimuli,
we have the single report (Pankiw et al. 1998) of an alcoholic extract of pollen,
about which we would clearly like to know more. The findings of Taranov (1959)
that the influx of fresh, field pollen into a colony stimulates wax production, hence
comb construction, and are extremely difficult to interpret because the variables are
conflated and inevitably coupled to fine weather, suitable ambient temperatures, and
presumably the greater activities of the foragers. The task of unraveling the prop-
erties of these obviously complex stimuli remains as yet to be done.

Comb wax consists primarily of hydrocarbons and ester components (Tulloch
1973; Aichholz and Lorbeer 1999; cf. Phiancharoen et al. 2011). Honeybee comb
used for food storage takes on a yellowish hue over time, due to the accumulation
of pollen (Free and Williams 1974). Comb which is used for brood-rearing will
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become darker with age and almost black, and more brittle (Hepburn 1998)
because of the accumulation of faecal material (Jay 1964), propolis and pollen
(Free and Williams 1974). The darker colour wax may contain a collection of
undefined contaminants accumulated over time. Pheromones are also absorbed and
transferred in wax combs and, depending on their volatility, may remain for a
considerable length of time (Naumann et al. 1992).

Bees could express heightened sensitivity pheromonally when workers are
exposed to secretions from the Nasonov gland; or, when they perceive new sources
of honey, pollen, propolis, water, live queens or even 9-HDA (Ferguson and Free
1981). Highly sensitive reactions by bees arise not only in response to over-
stimulation by real, potent stimuli, but also possibly due to what Lipiński (2006)
termed ‘psychogenic stress’ caused by the lack of being able to express behaviour
in response to real or expected stimuli. The release of attractant pheromones by
bees increases after entering the nest entrance (Fergusson and Free 1981), or when
bees are ‘frustrated’, such as when they do not find food at a feeding station to
which they have been trained (Bittermann 1988, 1996). Thus one could speculate
that the primary form of bee consciousness may reflect different primordial effects
if, for example, the pollen pellets are gently removed from the hind legs of a
forager as she is entering the hive, she will nonetheless go through the stereo-
typical behavioural motions of unloading the non-existent pollen pellets into the
comb cell (McDonald 1968).

Pankiw et al. (1998) described how brood pheromone (whole hexane extracts of
larvae) influences pollen foraging, whether it is an indirect or brood-food mech-
anism. The total number of pollen foragers was statistically similar in brood-
pheromone- and brood-treated colonies, while there were significantly fewer
pollen foragers in broodless colonies (Fig. 8.9), but the treatments had no effect on
the number of sucrose foragers. The total number of foragers was significantly
lower in broodless colonies compared to brood-pheromone-treated and broodright
colonies (Fig. 8.9). The bees also responded to different levels of pheromone, so
that the number of pollen foragers increased more than 2.5-fold when colonies
were provided with extracts of 2000 larvae as a supplement to the 1000 larvae they
already had. There was a significant treatment by time interaction for the number
of pollen foragers entering colonies. This response appeared within 1 h of intro-
ducing brood pheromone to the colonies. Pollen foragers responded to the stimulus
effects by showing significant differences between brood- and brood-pheromone
treatments at 1, 2 and 6 h. Pollen foraging in the broodless treatment was sig-
nificantly lower at all times.

Pankiw et al. (1998) further compared two treatments, (1) brood, and (2) brood-
pheromone- supplement, so that an additional 2000 larval equivalents of brood
pheromone were tested. The results clearly demonstrated that the total number of
pollen foragers was significantly greater with the brood-pheromone-supplement
treatment compared to the brood treatment (Fig. 8.10). Likewise brood-phero-
mone-supplemented colonies stored significantly more pollen and filled more
empty cells than brood-treated colonies over the 6 h period. Changes in the areas
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occupied by honey, eggs, larvae and pupae did not differ significantly between
treatments.

Pankiw et al. (1998) clearly demonstrated that hexane-soluble compounds
associated with brood have strong effects on pollen-foraging behaviour. These
results support the direct stimulus hypothesis for pollen foraging, and do not
support the indirect inhibitor, brood-food hypothesis for pollen-foraging regulation
by Camazine (1993). Although the data of Pankiw et al. (1998) support a direct
stimulus effect, they argue that one cannot rule out the activities of nurse bees
because it is not known how the pheromone is distributed. The pheromone had an
immediate effect on foraging, rather than acting indirectly through physiological
pathways of the nurse bees, as suggested by the inhibitor hypothesis.

The brood pheromone seems singular in its effect on pollen foragers, but not on
sucrose-foraging behaviour. The dramatic increase observed for pollen foraging with
supplemental brood pheromone suggests that the colony contains a pool of potential
pollen foragers that are not actively foraging. These results support the stimulus
response threshold hypothesis of division of labor (Robinson and Page 1988; Page
and Robinson 1991; Pankiw et al. 1998); but, they are not clearly integrated into an
inhibitory signal as proposed by Camazine (1993) and Seeley (1995).
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8.5 Pattern and Function of Pollen Cells

The partitioning of comb into discrete areas contributes to maintaining tempera-
ture and humidity levels within narrow limits in the nest and, in particular,
maintaining temperatures in the brood nest within the range 33–36 �C (Kleinhenz
et al. 2003; Seeley 1985). Tautz et al. (2003) showed that the temperature at which
pupae are incubated has a significant impact on their ability to perform foraging
functions as adults. Several experiments have demonstrated the importance of
pollen on developing brood. Maintaining a ready supply of pollen near the
developing brood increases the work efficiency of nurse bees in a colony.
Crailsheim et al. (1992) showed that the primary consumers of pollen are nurse
bees which feed the brood; while Camazine et al. (1998) noted that pollen storage
near brood cells would reduce the time and energy spent by nurse bees in
retrieving stored pollen to feed larvae. The temperatures inside honeybee nests are
determined by several complex, non-linear energy transfer processes involving: (1)
radiation and convection of heat to and from the nest surfaces; (2) convection of
heat and gaseous water in the air spaces between combs inside the nest; (3) heat
conduction through the nest combs as affected by cells filled with air, honey,
pollen or pupae and worker bees meandering over the comb surfaces; (4) the
generation of energy in the nest through metabolic processes associated with
passive and active bees; (5) the movement of bees in and out of the nest; (6)
evaporation and water loss from the nest; and (7) bee fanning (Seeley 1989; Bujok
et al. 2002; Jones et al. 2004; Humphrey and Dykes 2008).

Bujok et al. (2002) showed that there are specialized adult worker ‘heating’
bees that maintain temperatures within a suitable range in the vicinity of the brood
by pressing their warm thoraxes (38.1–42.4 �C) onto capped brood cells for sev-
eral minutes at a time. These heating bees also enter vacant cells among the sealed
brood cells generate heat (Kleinhenz et al. 2003). These bees may have thoracic
temperatures as high as 42.5 �C prior to entering a vacant cell, and can maintain
temperatures ranging from 32.7–40.6 �C in the cell for several minutes (Kleinhenz
et al. 2003). In this way, it has been determined that a cell-heating bee can
establish a thermal radius-of-influence of about three brood cells, the energy for
which is generated by non-shivering thermogenesis, the isometrical contraction of
the bee flight muscles decoupled from the flight mechanism (Seeley 1985;
Southwick and Heldmaier 1987; Moritz and Southwick 1992).

Fehler et al. (2007) simulated the efficiency of brood nest incubation using a
multi-agent based computer mode l, SeSAm (Fehler et al. 2007). They investigated
the efficiency of the bee cell-heating strategy for a range of biologically appro-
priate conditions. They approached the problem by solving the unsteady form of
the heat conduction equation for 20 9 20 hexagonal cells, representing the brood
section of a comb. The simulation allows us to understand the function of ran-
domly wandering bees or cell gaps on the comb. Following prescribed tempera-
ture-related behaviour rules, some bees press their warm thoraxes to the caps of
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cool brood cells to heat them; and others enter vacant cells (called ‘gaps’ by Fehler
et al. 2007), adjacent to cool brood cells for the same purpose.

Fehler et al. (2007) stated that at any given set of simulation parameters
(Fig. 8.11), a rise in the number of gaps from 0 % up to a certain optimum point,
increases the efficiency of brood incubation, both in terms of incubation time and
energy expenditure per brood cell. Therefore regularity in gap distribution is not
essential, although that might lead to increases in comparison with the random
distribution of gaps (Fig. 8.11) that are more likely to occur in natural colonies.
The results of the energetic efficiency study are similar to those of the time
measurements (Fig. 8.11).

Honeybee colonies also benefit from the presence and usage of a small pro-
portion of gaps in the sealed brood area (Fehler et al. 2007). Although heat
production inside gaps is not essential for the maintenance of optimum brood
temperature, it clearly reduces the colony’s costs (energy and time) per larva. This
is a reasonable assumption because, for gap values ranging from 4 to 10 %, typical
of healthy colonies, the Fehler et al. (2007) model predicts a significant reduction
in the incubation time per brood cell to maintain the desired temperature. For gap
values larger than 20 %, which would be unnatural in normal combs, the model
predicts less efficient brood nest thermoregulation, so that the incubation time per
brood cell would increase to maintain the required development temperature.
Although not essential for maintaining optimal brood temperature conditions, the
model shows that a small number of gaps improve heating efficiency whilst
reducing the time required for heating.

Humphrey and Dykes (2008) performed a theoretical analysis to characterize
the unsteady two-dimensional conduction of thermal energy in an idealized hon-
eybee comb. They investigated the effects of cell-heating in combs by checking the
heat fluxes to, and temperatures of, adjoining cells containing pupae, and nearby
cells containing pollen, honey and air (Figs. 8.12, 8.13, 8.14).

The calculations of Humphrey and Dykes (2008) are based on different sce-
narios as follows:

To briefly summarize, the calculated results of Humphrey and Dykes (2008) are
in accord with other experimental observations. The results provide an in-depth
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Fig. 8.11 Efficiency of
brood incubation in A.
mellifera colonies under
different ambient conditions
and with different proportions
of brood gaps (Fehler et al.
2007)
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understanding heat transfer in a comb, which was not previously known. For the
conditions explored, the calculated maximum temperatures due to cell-heating
bees at the end of a 10 min heating phase, ranged from 37.4 �C for one bee, to
41 �C for five bees. Kleinhenz et al. (2003) found that bees raise their thoracic
temperatures as high as 42.5 �C prior to entering a vacant cell in the brood region,
and can maintain temperatures ranging from 32.7 to 40.6 �C in the cell for a few to
several minutes. Similarly, the calculations revealed that the time rate of tem-
perature increase, immediately around the cell of a heating bee ranges from
*0.1 �C/min-1 for one heating bee, to *0.5 �C/min-1 for five heating bees.
These values are in close agreement with the 0.1–0.2 �C/min-1 range measured by
Kleinhenz et al. (2003). However, there do not appear to be any corresponding
experimental values for the rates of temperature decrease during the cooling phase
of a cell-heating/cooling cycle.

8.6 Cell Allocation

The cell allocation pattern is extremely important for the function of a comb.
Seeley (1985) described a general cell allocation pattern in wild nests of honey-
bees: a dense brood clump surrounded by cells storing pollen, with honey stored in
peripheral cells mostly in the upper region of the comb. In a ground-breaking
study, Camazine (1991) further developed those observations and proposed a

Fig. 8.12 Layout of A.
mellifera comb cells
identified by symbols
(H honey, A air, P pollen, pu
pupae, B cell-heating bee
(Humphrey and Dykes 2008)
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self-organizing algorithm to explain the pattern of comb usage in A. mellifera
honeybees, and showed that honeybees rear brood at the bottom of their nests, with
pollen next to it and honey at the top and along the edges.

Camazine argued that the pattern could be generated by a self-organizing
algorithm of three simple rules: (1) the queen lays eggs in the centre of the comb;
(2) workers deposit pollen and nectar at random; and (3) bees preferentially

Fig. 8.13 One A. mellifera
heating bee, in a cell at the
comb center at t = 10 min:
a colored temperature
contours with cells labeled;
b temperature line isotherms
with heat flux vectors:
outermost isotherm has a
value of 34.41 �C, and
innermost 37.05 �C
(DT = 0.304 �C) (Humphrey
and Dykes 2008)
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removed pollen and nectar from the brood nest to the honey storage area. Sub-
sequent studies supported this view (Camazine et al. 1990; Jenkins et al. 1992),
and several reviews (Bonabeau et al. 1997; Camazine et al. 2001; Theraulaz et al.
2003) have since heralded this as a classic ‘bottom-up’ demonstration of self-
organization in social insects. However, Camazine’s model focuses on the pattern
of the pollen band which can be explained with a simple self-organization algo-
rithm. There is some inconsistency with what happens in reality because the model

Fig. 8.14 Five A. mellifera
heating bees in cells near the
comb center at t = 10 min:
a colored temperature
contours with cells labeled;
b temperature line isotherms
with heat flux vectors:
outermost isotherm has a
value of 34.66 �C, and
innermost 40.63 �C
(DT = 0.663 �C) (Humphrey
and Dykes 2008)
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explains that the pollen pattern is distributed as concentric (not requiring a
directional component), whereas the pattern is actually strongly vertical, with the
honey always being above and never below the brood (Seeley and Morse 1976).
Camazine (1991) also concluded that workers unload pollen and nectar at random,
while Dreller and Tarpy (2000) showed that pollen foragers prefer to unload and
deposit their loads on open brood (Fig. 8.15).

Johnson (2009) re-examined pattern formation in honeybee combs by con-
structing an agent-based model of a honeybee colony that produces the charac-
teristic pattern and elucidates the roles played by nectar receivers, pollen foragers
and nurse bees in its construction. Running under conditions of a period of high
nectar intake and no rain, the model showed that there is initially a disorganized
phase, when pollen is unloaded throughout the nest and honey is present both
above and below the brood. By day 14, most of the pollen, however, is at the
bottom of the nest and a pollen band has not yet formed between the brood and
honey. The brood zone occupies most of the nest (common in small colonies), and
is below the honey zone, with a small empty zone in the middle. This space
between the brood and honey contains pollen, but the pattern is not as strong as
that described by Seeley and Morse (1976) which describes the characteristic
patterns found in natural colonies (Fig. 8.16).

However, some simulations explored pattern formation during periods of rainy
weather, which hold important consequences for honeybee foraging (Seeley 1985).
Johnson (2009) therefore implemented ‘rain’ as a new parameter in the model with
different combinations of mechanisms. Rain is reported to have two effects on the
behaviour of the bees: (1) foragers do not forage on rainy days (Seeley 1985); and
(2) on those days when rain led to the loss of pollen stores, the brood is canni-
balized (Schmickl and Crailsheim 2001). Johnson hypothesized that during rainy
spells, the bees eat through most of their pollen stores and the queen lays in many
of the recently emptied cells. This leads to the only empty cells being between the
brood and honey, where pollen foragers unload when foraging recommences.
Thus, a larger pollen band forms in rainy weather. The electronic supplementary
material shows the results of simulations for which rain occurred stochastically
throughout the first 2 weeks of pattern formation. Both random and fixed patterns

Fig. 8.15 Number of
foragers which unloaded
pollen on frames F1–F4
while the frame with the
unsealed brood was either in
the first (closed bar) or third
(opened bar) position
(Dreller and Tarpy 2000)

8.6 Cell Allocation 165



of rain led to the formation of a thicker pollen band, relative to simulations without
rain (Fig. 8.17).

Johnson (2009) concluded that pattern formation on honeybee combs is
dependent on self-organization and at least two templates (e.g. the gravity-based
template and the queen-based template, Fig. 8.18). This study also presented the
role of each template without the ‘queen based template’ to allow the random
unloading by pollen foragers as opposed to the template which resulted in pollen
being scattered throughout the honey storage area (Fig. 8.18). Without the self-
organizing mechanism to allow random removal of honey and pollen, this resulted
in the absence of a pollen band, and the brood and honey zones became indistinct
(Fig. 8.18). There are three possibilities to consider: (1) a gravity-based template;
(2) the vertical random unloading of honey; and (3) the upward movement by
nectar-receivers. Actually, the random unloading of pollen and nectar resulted in
the pattern remaining concentric (Fig. 8.18d). However, only the original self-
organization model of Camazine with pollen stores allows the differential removal
of pollen and nectar from the brood nest; but this would still leave the pattern
incomplete and not as well-developed as the natural pattern observed by Seeley
and Morse (1976).

These processes are the result of the behaviour of four different groups of bees:
the queen, the nectar receivers, the pollen foragers, and the nurse bees. The vertical
pattern of honey on top and brood on the bottom arises from a gravity-based
template effect, whereas the pollen band is the result of the combined effects of a

Fig. 8.16 Idealized drawing
of the characteristic pattern
on the surface of wild A.
mellifera honeybee colonies
(Seeley and Morse 1976)
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queen-based template and a self-organization process. Colonies using this complex
pattern formation mechanism had higher growth rates in terms of egg-laying than
colonies using self organization alone (Fig. 8.19). Without a bias in the direction
of nectar unloading, honey quickly filled the whole nest and prevented the queen
from laying at her optimal rate. Johnson (2009) combined the idea of self-orga-
nization with gravity-based templates (i.e. blueprint-like rules), which caused a
bias in that the movement of nectar handlers was towards the top of the comb, and
this produced a more natural pattern with the honey being stored near the top of the
comb. This model includes two kinds of global information, templates for nectar
storage and brood cells; but it only considers the pattern formation before young
bees start to vacate their cells (the first 20 days). This model is suitable for the
start-up of a colony, but could not maintain it in the long run.

A more recent model of the storage pattern developed by Montovan et al. (2013),
presented a cellular automaton model after that of Johnson to maintain storage
patterns over multiple brood cycles. Their model, together with that developed by
Camazine (1991), can create a self-organizational pattern on an almost empty comb
(now referred to as model 1), and change some of the rules in biologically rea-
sonable ways to create models that both initially create, and then steadily maintain
the comb allocation patterns once young bees begin to vacate their cells.

Fig. 8.17 Role played by
rainy days in the formation of
the pollen band between the
brood and honey areas. The
results of two simulations
(with and without 3 days of
rain), are shown; brood (thin
solid line), honey (dashed
line) and pollen (thick solid
line) at different levels within
the nest. The two
representative simulations
were chosen because their
pollen bands were equal to
the average of 30 simulations:
a in the absence of rain, a
relatively weak pollen band
forms between the brood and
honey, but most of the pollen
is at the bottom of the nest;
b during rainy spells, the bees
consume most of their pollen
stores and the queen fills in
many of the recently emptied
cells with eggs (Johnson
2009)
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Three different models have been developed with different conditions based on
the egg-laying behaviour of the queen, deposition of honey and pollen, and honey
and pollen consumption by worker bees. Two hundred unique parameter sets were
used to analyze all three models, with ranges for the key parameters (see
Table 8.2) chosen based on the relevant literature, and ranges extended to
accommodate uncertainty in parameter estimates.

Fig. 8.18 Role played by self-organization, gravity-based template and queen-based template
for A. mellifera. Each picture shows the pattern at 14 days: a full model (SO ? T1 ? T2) (with
rain); b without the queen-based template (SO ? T1); c without the self-organizing mechanism
(T1 ? T2); d without the gravity-based template (SO ? T2); e the original self-organization
model of Camazine ? 3 days’ worth of pollen stores. Honey cells are yellow, pollen cells are red
and brood cells black (Johnson 2009)

Fig. 8.19 Growth rate (in
eggs laid) of colonies when
A. mellifera workers varied in
their bias towards unloading
at the top of the nest, no
upward bias or random (solid
line), 12.50 % bias
(triangles), 25 % bias
(diamonds), 37.50 % bias
(filled squares) and 50 % bias
(open squares) (Johnson
2009)
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In the first model, the queen performs a random walk across the comb and
attempts to oviposit in suitable cells, while workers attempt to randomly deposit
honey and pollen in cells. But at the same time, the workers attempt to consume
honey and pollen randomly from all cells. As it turns out, the actual number of
loads taken is proportional to the number of neighboring brood cells. This model is
not capable of maintaining the pattern beyond 60 day periods. The second model
was developed by changing the honey/pollen consumption rules as the queen
performs a random walk across the comb and attempts to oviposit in suitable cells.
Workers still attempt to deposit honey and pollen randomly in all cells but, the
probability that a cell will be selected is proportional to the number of neighboring
brood cells. This second model showed nine parameter sets able to maintain the
pattern over 60 days.

Later, a third model was adjusted by the preferential consumption rule of the
second model, and incorporated workers attempting to consume one load of honey
or pollen at a time, with the probability that a cell will be selected being

Table 8.2 Parameters used in simulations of models 1–3 and the sensitivity analysis (Montovan
et al. 2013)

Parameter Description Estimate Range

n Queen’s cell visitation rate (cells per hour) 60 60–120
Camazine (1991)

rb Brood requirement radius (cells) 4 1–4
Camazine (1991)

rn Preferential nectar consumption radius (cells) 4 1–4
Camazine (1991)

x Average honey collection(loads per day) 833 1000–4000
Montovan et al.

(2013)
Pph Ratio of pollen collection to honey collection

(dimensionless)
0.21 0.2–1.0
Camazine (1991)

Pp Ratio of pollen consumption to pollen collection
(dimensionless)

0.99 0.9–1.1
Camazine (1991)

Ph Ratio of honey consumption to honey collection
(dimensionless)

0.59 0.9–1.1
Camazine (1991)

X Temporal distribution of daily nectar and pollen
collection: uniform constant (X = 0), uniform
random (X = 1) and Markov clumped random
(X = 2)

NA 0–2

k Model 1: Ratio of honey/pollen taken from cells fully
surrounded by brood cells to honey/pollen taken
from cells with no brood neighbours
(dimensionless)

10 5–20
Camazine (1991)

k Model 2 and 3: Ratio of probability that a cell fully
surrounded by brood cells chosen for nectar
consumption to the probability that a cell with no
brood neighbours are chosen (dimensionless)

10 5–20
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proportional to the number of neighboring brood cells and a bias for the queen’s
random walk towards the centre of the comb was added. Sixteen of the 200
simulations of the third model exhibited a well formed pattern. Pattern retention is
more robust in the third than the second model. This work extends discussion to
consider additional requirements for maintaining order after a honeybee colony
has been established. The authors concluded that, maintenance could reasonably
be expected from any process which can create order in some system, but in
honeybees, the rules of initial pattern formation could not sustain the pattern of
colony in later cycles (Montovan et al. 2013).
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Chapter 9
Nectar Flows and Comb-Building

Abstract In temperate zones, the onset of comb-building is associated with warm
fronts, the more intense and closer together, the greater the colony response.
European A. mellifera are commonly dormant during winter, but Asian bees are
active during the tropical dry season. Comb-building occurs during the dry season
and the rainy season is their dormant period. Some plants flower during the rainy
season and provide sufficient forage for the dwarf honeybees to complete their
comb within three weeks. Large A. dorsata colonies cannot subsist on such meager
resources and seasonally migrate. Comb-building pulses require that comb fullness
reach a threshold, with a balance of brood and stored food. Comb-building peaks
are correlated with high comb fullness and with correlations between daily nectar
intake and comb construction. Wax production is reduced in the absence of a
nectar flow; likewise, the greater the supply of combs in the nest, the greater the
increase in number of nectar foragers. Nectar forage, empty combs and free
building space within the nest are correlated with engorgement of the honey
stomach and wax secretion in workers. Once building has begun, the colony will
monitor only nectar intake to control comb-building. They build when nectar can
be collected in the field and the combs are filled above their thresholds for comb
fullness and nectar intake. The amount of wax is constant among age cohorts and
across the seasons. About half of the wax in a colony is borne by festoon bees, the
remainder from non-festoon bees, except in winter when non-festoon wax pro-
duction is higher than festoon wax production.

9.1 Introduction

Comb-building is conducted in different areas of the nest by many individuals,
some clustered in festoons, others not, while other wax-workings are often the
efforts of individual bees (Lindauer 1952). Yet, the basic stimulus for comb-
building is ‘flowering’, which produces the nectar and pollen essential in providing
the energy required for colony development. These two factors allow colonies to

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_9,
� Springer-Verlag Berlin Heidelberg 2014
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grow and to complete annual cycles. If conditions are unfavorable, colonies will
abscond. This is borne out in the readily observed differences in bee behavior
between continents which have different climatic seasons (Hepburn 1998)
(Fig. 9.1). This chapter explores the ways in which nectar affects comb-building.
Here again, the preponderance of the relevant literature is based mainly on tem-
perate zone A. mellifera, and to a lesser extent, tropical A. mellifera.

Forgetting fundamental differences between the species of Apis, there are major
differences between the climatological regimes of the temperate zone regions and
the way the ‘spring’ is the stimulus for kick-starting colony cycles (Koch 1957,
1959, 1961), whereas in the tropical and neotropical belts nearer the equator
honeybees do not over-winter in the northern sense. It has long been known that
the gathering of nectar and the construction of combs are related; when the flow of
nectar ceases, comb construction falls into abeyance.

If we consider the additional problem of restricted space for storing incoming
nectar then it is worth remembering the various observations, stretching back two
centuries, to Huber (1814), Gundelach (1842) and Miner (1849) and, more recently
Ribbands (1953) on the bloated appearance of wax-secreting bees pieces of the
puzzle begin to fall into place. Taking the focal points of these observations, Butler
(1974) formulated a very attractive hypothesis on how the influx of nectar results

Fig. 9.1 Simplified flow diagram for the stimulation of wax secretion in A. m. capensis. The
favourable season sequence should apply to all subspecies of A. mellifera, and probably also to
A. cerana; the unfavourable sequence applies to African A. mellifera (Hepburn 1998)
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in the secretion of wax. Butler argued that if there is insufficient space for house
bees to store incoming nectar, the bees are compelled to retain nectar in their
honey stomachs or crops for some time. This inevitably results in the assimilation
of sugar by the bees retaining the nectar, followed by the activation of the wax
glands. The greater the rate of nectar influx, the greater the additional comb space
required to store it. The longer the house bees serve as reservoirs, the more sugar is
assimilated, wax glands activated and wax secreted. If the nest cavity is so
occluded with combs and there is no place in which more combs can be con-
structed, the bees still secrete wax, but the scales are simply dropped on the bottom
of the nest cavity.

These intriguing ideas, as expressed by Butler (1974), remained untested. As a
first approximation, Hepburn and Magnuson (1988) performed experiments using
A. m. scutellata to assess nectar forage and the availability of empty combs as well
as free building space within the nest cavity in relation to wax secretion. They
found a positive correlation between engorgement of the honey stomach and wax
secretion. While empty combs and free building space were positively associated
with wax secretion, their intensities as stimuli are relative to context. However, a
real impetus to resolving these relationships was recently provided in series of
experimental works by Pratt (1998a, b, 1999, 2004) as shown in the text below.

9.2 Temperate Zone Spring as a Stimulus

In 1609, Charles Butler engagingly described honeybees as ‘summer birds’
because each year colonies begin afresh the founding of nests or greater expan-
sions of combs in an old one. This knowledge is contained in mediaeval calendars
and probably reaches back into prehistory. The convergence of the myriad factors
and events by which we all recognise spring contains a seemingly endless number
of possible stimuli to which, in various permutations, honeybees might be encoded
to respond: blossoming, nectar flow, season, ambient temperature, the number of
young bees available to produce wax and the gathering of nectar and pollen
(Hepburn 1986). In the temperate zone, where the seasons have distinctly different
temperature profiles from the tropics, they are clearly divisible into spring, sum-
mer, autumn and winter. Spring is when many flowering plants are in bloom, and
the dissection of spring into testable hypotheses has become crucial to apiculture
in particular, and many branches of insect biology in general (Tauber et al. 1986).
Although honeybees do not hibernate, they remain in the nest during winter,
poised for the first signals of spring.

There has been only one significant series of studies to date for which an
attempt was made to define the elements of spring to which honeybees might
respond; that of Koch (1957, 1959, 1961). The last chapter of this trio is devoted to
an analysis of the relationship between the onset of comb construction and some
meteorological aspects of the European spring. Koch shrewdly chose a range of
sites in Germany where there are large temporal differences in the frequency and
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origin of springtime warming phases and where there are striking thrusts or surges
in the renaissance of trees and flowers. Koch (1961) studied six sites comprising
three different weather patterns, extending from the Baltic Sea to the central
German mountains. His method was one of survey, in which he was assisted by
professional apiarists who noted in detail comb construction activities over three
spring seasons (1958–1960).

Koch’s first examinations were botanical ones; he found that plant species
could be grouped, more or less, into three successive surges of leafing or flowering,
irrespective of when the warming spring might have actually begun. As a further
generalisation, surges in flowering were always in the second half of the primary
spring. Comb construction was always found to begin in the second surge of
renewal; when the sweet cherry (Prunus avium), early peaches (P. persica), plums
(P. domestica) and dandelions (Taraxacum officinale) were in flower and the
leaves of plane trees (Platanus sp.) and white birches (Betula sp.) unfurled. Koch
(1961) found that the narrowest flowering period was that of the cherry (Fig. 9.2),
and that the onset of comb-building went hand-in-hand with the appearance of
these blossoms (Figs. 10.3–10.5).

It is implicit in Koch’s writings that there need not be a direct link between any
particular plants and comb construction, even though the plants might provide the
stimuli for building activities. Put in question form, Koch (1961) asked: Under
what circumstances, if any, is weather correlated with the onset of comb-building?
He plotted the frequency distributions of comb-building and found temporal
variations within and between sites over the seasons. The relationships between
the onset of building and temperatures over three years at his sites, Gatersleben,
Altenberga and Bergen are shown in Figs. 10.3–10.5.

The warmth of spring was gradual in 1958; there were no sharp peaks or heat
surges and the daily mean temperature hovered around 10 �C. Comb-building

Fig. 9.2 The onset of blossoming in the great sallow (Salix caprea), cherry (Prunus avium) and
lilac (Syringa vulgaris) in relation to altitude for 1958 and 1959 at eight different stations
extending from the Baltic Sea to the central German mountains. In this altitude-time diagram, the
restricted period of flowering in the cherries is particularly noteworthy for 1959. The curves
indicate the arithmetic averages of the points at 50 m intervals; they are shifted to the right if the
delay in flowering is greater at altitude than at sea level (Koch 1961)
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began at all sites when there were small peaks in the daily mean temperature above
10 �C. In contrast, 1959 was strikingly different because there were two early
surges in spring temperature during which the fruit trees blossomed and the bees
began comb-building. These two warm peaks were sufficient to get most of the
colonies started. A third peak at Bergen roused the remaining few colonies into
comb-building. In the following year, 1960, a short warm front aroused a few
colonies to begin, but they subsequently subsided until the next warm front;
sustained comb-building only began with the second and third warm spells.
Despite enormous variation in weather over the three years, the onset of comb-
building was always associated with warm fronts (Figs. 10.3–10.5); the more
intense and close together the fronts, the greater the colony response.

Having noted how the flowering times of great sallows, cherries and lilacs
varied with altitude, Koch (1961) then examined the relationship between the
onset of comb construction and plant development in 1958 and 1959 (Fig. 9.2). Of
these major plants, the wild cherries had the narrowest flowering period across
Germany, regardless of whether spring came early or late. The flowering of the
cherries also followed the narrow band of warm spells so closely that Koch was
able to conclude that, given surges of warmth, the flowering of the cherries was
condensed; but when spring extended over a longer period of time, then the
blossoming of the cherries was also prolonged. The cherry blossoms proved to be
an excellent bioindicator of comb-building in the German landscape.

The commencement of comb-building at all three stations was associated with a
mean daily high of 10–11 �C (Figs. 9.3, 9.4, 9.5); if the temperature dropped, none
of the colonies began construction in the ensuing trough. This is not to say that
colonies which had previously begun to build comb ceased doing so in a trough of
low temperature; cessations only came about if there had been a severe enough
frost to stem the flow of nectar. This led Koch to suggest that a 10 or 11 �C set
point is a sufficient, but not necessary, condition for comb construction. Because
he felt that the daily maximum temperature expressed the ‘warmth’ of the day,
Koch thought this value a good threshold index. A far greater number of colonies
responded to daily maximum temperatures above 15 �C. When the onset of spring
was prolonged and the daily mean temperature hovered between 10 and 12 �C, and
the daily maximum temperature did not rise above 15 �C, colony response was
poor.

9.3 Tropical Areas: Environmental-Based Construction

Closer to the equator colonies of bees do not over-winter in the northern sense. Hot
regions have two or three seasons; the rainy (wet or monsoon) season, the dry
season, and in some tropical areas, a cool or mild season. Flowering in tropical
regions is highly variable and many regions between 10� and 25� latitude have
seasonal wet and dry cycles. With an influx of humid air, the wet season stimulates
growth in some perennial plants as a precursor to flowering, whereas the
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herbaceous plants follow normal cycles independently of the season. Some
perennial plants become partially or fully dormant in the dry season when sunlight
is less intense, temperatures are cool and rainfall scant; the foliage is shed to
conserve water and prevent death from drought during prolonged dry periods; the
plants then enter the monsoon season and follow a new cycle of growth and
flowering (Hepburn and Radloff 1995).

However, in the evergreen forests of Southeast Asia, which are primarily
dominated by trees, Dipterocarpaceae, general flowering events occur between 2
and 10 years (Sakai et al. 1999; Oldroyd and Wongsiri 2006; Rattanawanee et al.
2012a). In this type of forest, flowering occurs year round, but at low densities, and
individual trees of each species tend to be spaced far apart. Another unique feature
of aseasonal forests, which produce another unique and fascinating phenomenon,
is mass flowering and mass fruiting. The majority of dipterocarp species, and
members of several other families, explode into almost simultaneous flowering
episodes over wide regions which last for about six months (Ridley 1901; Wood
1956; Corlett 2011). An entirely different flowering system occurs in the highlands
of Ethiopia, where there is extensive swarming and migration by the ecotypes of A.
mellifera in response to changing flowering seasons (Nuru et al. 2002; Shenkute
et al. 2012). The availability of food is vital to tropical bees starting a new colony.
The major period of comb construction is during the dry season while the dormant
period is over the rainy season.

Fig. 9.3 The daily average
(lower trace) and maximum
(upper trace) temperatures of
spring for three successive
years at Gatersleben (51.49N,
11.28E, Alt 110 m) near
Aschersleben. The Roman
numerals indicate periods
during which some colonies
began comb construction,
while an estimated
percentage of the total is
given above the peaks for
each year and place (Koch
1961)
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Fig. 9.4 As in Fig. 9.3, but
data from Altenberga
(50.49N, 11.31E, alt 265 m)
near Jena (Koch 1961)

Fig. 9.5 As in Fig. 9.3 but
data from Bergen/Rugen
(54.25N, 13.25E, Alt 49 m)
(Koch 1961)
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While the European honeybees, A. mellifera are commonly dormant during the
dry season (winter), Asian bees are active during the tropical ‘dry season’ when
ample food is available. In the northern tropical hemisphere of Southeast Asia
above the equator (Myanmar, Thailand, Vietnam, Laos and Cambodia), two major
peaks of precipitation occur in the rainy season. Normally, the rainy season begins
in March and ends September/October. Given the normal monsoon pattern in these
areas, there is massive precipitation at the beginning of the season (May to June),
and another at the end of the season (September). Apart from the period of heavy
monsoon rains at the beginning and the end of the season, some deciduous plants
and crops flower throughout this time and honeybees can still effectively forage.
Given the different requirements of Asian bees, the dwarf honeybees, A. florea and
A. andreniformis, need only a small amount of resources available to establish a
new colony at any time of the year. They are very fast comb-builders, constructing
fully functional combs within 21 days (Fig. 9.6). Within such a short time frame,
A. florea can found new colonies even during periods when resources are limited
during the rainy season (July to August).

Duangphakdee et al. (2013a) studied seasonal migration of A. florea at
Ratchaburi Campus, King Mongkut’s University of Technology, Chombueng,
Ratchaburi, Thailand (13.59N, 99.51E, A 86 m). A. florea founded new colonies
throughout the year; and numerous colonies either immigrated into the study area,
or, conversely emigrated therefrom. However, the flowering season affects the
sedentary time of the colonies because the most stable phase of the seasonal cycle
begins in the middle of the dry season and continues into the beginning of the wet
season (February to July in this study), when major flowering occurs.

On the other hand, the giant honeybees, A. dorsata, are dependent on abundant
available food resources due to their massive colony populations (up to 100,000
individuals). A. dorsata cannot subsist on the meager flowering that sustains
A. florea colonies. They have therefore adapted to seasonal migration, between

Fig. 9.6 Comb development of A. florea; a day 6, b day 21
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alternative nesting sites, following available forage resources (Paar et al. 2004).
The construction of new A. dorsata nests is related to seasonal cycles; in lowland
forests, A. dorsata migrations are negatively correlated with precipitation. They
immigrate into areas during the dry season when flowering begins, and emigrate
when the rainy season starts again (Duangphakdee et al. 2013b) (Fig. 9.7).

9.4 Nectar, the Unqualified Stimulus for Comb
Construction

Comb construction by A. florea begins immediately after a colony settles and
rapidly builds a new nest (Duangphakdee et al. 2013a). After the nest has been
constructed, the building pulse varies greatly, depending on various factors such as
flowering, nectar flow, season, ambient temperature and the number of young wax-
producing bees. Just as we are thus far unable to separate the potential stimulative
properties of flowers from the warmth of a season on the inception of comb-
building, we are equally hard-pressed to define the effects of location, duration,
intensity and qualities of different nectars on comb construction. Some diverse
examples are given below.

Gontarski (1936) found that, even though A. mellifera were fed during the
German winter, they produced very little wax. During the balmy summer months
in Baton Rouge, USA, honeybees constructed a lot of comb when fed (Whitcomb
1946). In Japan, A. cerana did not construct as much comb during the summer

Fig. 9.7 Migration pattern of A. dorsata in Suan Phung District, Ratchaburi, Thailand showing a
negative correlation to precipitation in the area (Duangphakdee et al. 2013b)
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dearth, even when fed, as they had done in spring (Tokuda 1955). According to
Taranov (1959) honeybees produced wax in direct proportion to the rate at which
they were fed during the Moldavian autumn. In the Transvaal highveld, South
Africa, during the warm month of April, A. m. scutellata were fed copious volumes
of sugar syrup but produced no comb (Hepburn 1986). By the same token, during
exceptionally heavy nectar flow, large colonies of bees (50,000) may collect over
10 kg of nectar over a fortnight (Hepburn 1986). In such cases foraging begins
much earlier in the day than usual, and a considerable number of field bees car-
rying wax scales can be seen. The implication is that among the younger bees
recruited to harvest nectar, there are many that would otherwise be engaged in
comb-building activities (S Taber, pers. comm.).

The location, duration and intensity of ‘nectar’ flow has thus become of
apparent, but undefined, importance. The quality of ‘nectar’ is even more difficult to
judge. Fine details on the chemistry and biology of nectar in relation to honeybees
and other animals is given by Nicolson et al. (2007), but the information is not
directly related to comb-building. Turning to relevant apicultural examples, Huber
(1814), for example, obtained twice as much wax from bees fed brown sugar or
maple syrup than from those fed white sugar. Given the chemical and calorific
differences in these syrups these results are bizarre. White sugar has an energy
content of 1,619 kJ against 1,576 kJ for brown sugar and 1,093 kJ for maple syrup.

Viallon (1885) claimed that bees ought to produce more wax when they are fed
nectar as opposed to honey, another untested idea. But against this, Zherebkin and
Martinov (1977) found that bees fed sugar syrup had a more developed wax gland
epithelium than bees having only honey as a sugar foodstuff. Pratt (1998a) noted
that after a colony was deprived of a feeder and given a comb filled with honey,
comb construction was much reduced compared to the period during active
feeding. Several of these observations have been converted into testable hypoth-
eses in recent years, particularly in the work of Pratt (below).

One important phenomenon which is poorly understood is how a honeybee
colony controls the trigger for new comb construction. One of the pulses to
stimulate comb construction coincides with periods of nectar intake (Hepburn
1986). However, Pratt (1998a, b) showed that the initiation of these building pulses
depends on two conditions; a colony that is currently collecting nectar and the
fullness of the comb is above a threshold level; and there is a balance of brood and
food stores. Nectar flow and comb fullness are strongly correlated to comb-
building (Pratt 1999). Pratt (2004) also observed a newly established swarm and
tracked it through the spring and summer until the colony was fully developed.
Peak comb-building was significantly correlated both with periods of high comb
fullness and weight gain. Significant positive correlations were found between
daily nectar intake and comb construction the following day; between comb
fullness each day, and the amount of comb built that day; and between comb
fullness each day and nectar intake that day (Fig. 9.8).

Knowledge of the basic biology and behaviour of honeybees has been accu-
mulating over the past few centuries and can be codified by Huber (1814): (1) wax
production is reduced in the absence of a nectar flow; (2) if bees are denied forage
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through cold or rainy weather, comb-building is reduced; (3) comb production
ceases during a nectar dearth even if pollen is available; and (4) gathering nectar
and comb-building go hand-in-hand. There are just about as many endorsements
for these statements as there are beekeeping texts! The statements are undoubtedly
true, but how they have come to be true is another matter.

9.4.1 Hoarding Assays

The first experimental attempts to quantify the rate of ingress of sugar into the
honeybee nest in relation to the qualities of comb produced were those of Free and
Williams (1972). They devised a sugar-hoarding assay based on small units of
caged bees (n = 50), an approach widely used today. They discovered that old
combs were more attractive storage depots than new ones. This effect was
enhanced by temperature and inhibited by the presence of brood and light. The
extrapolation of this technique for predicting hoarding behaviour of field colonies

Fig. 9.8 Daily
measurements of comb
fullness, nectar intake and
new comb construction in an
A. mellifera colony in an
observation hive colony, over
the course of a nectar
collecting season.
a Percentage of comb area
comprised of cells containing
food or brood each day.
b The colony’s daily weight
change, an estimate of its
nectar intake. c The area of
new comb constructed each
day (Pratt 2004)
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was published the following year by Kulincevic and Rothenbuhler (1973). Then
Rinderer and Baxter (1978) picked up the thread and they analysed the storage of a
sucrose solution by small groups of caged bees (n = 50) and of field colonies in
relation to the amount of empty comb available in the nest. Each of the colonies of
one group was given about 4 m2 of empty comb, and those of the other group
slightly less than 2 m2. The former group stored, on average, 50 % more nectar
than the latter. In the reciprocal experiment, the colonies with the larger areas of
comb stored 20 % more nectar. The same trend was observed in small colonies of
caged bees. These authors concluded that empty comb itself somehow stimulates
the collection of nectar.

Encouraged by their results, Rinderer and Baxter (1979) expanded their
hoarding experiments. Each of a dozen cages, containing 50 young bees, was
given about 47 cm2 of comb and each of another dozen cages of bees received
three times that area of comb (three combs). The bees were allowed to feed and
hoard for 3 days. Significantly more sugar was stored by bees given the greater
area of combs. The bees were then re-allocated to four new sets of cages. The bees
that had been given only three combs were placed either in an identical cage with
three combs or given only one comb; the same was done with those bees that had
been given a single comb. The results (Table 9.1) are interesting indeed; those
bees with three combs stored significantly more sugar than those given one,
regardless of the size of their previous nests. That comb stimulates nectar-gath-
ering as opposed to the collection of pollen or water was also shown in another
experiment (Rinderer and Hagstad 1984).

These discoveries of the possible interactions that can occur between the extent
of hoarding a surrogate nectar, such as a sugar syrup, and the size of the nest itself,
soon led Rinderer (1981) to suggest that empty combs might have, among their
volatile fractions, a constituent that could directly stimulate hoarding behaviour.
By controlling the flow of air into experimental colonies, he tested normal air
against that drawn over empty combs or over combs containing capped honey. He
found significantly greater hoarding behaviour by bees stimulated with comb air.
There was an effect of temperature as well; air pulled over combs held at 5 �C
lacked the efficacy of that from combs at 35 �C. This experiment is certainly
highly suggestive of an odoriferous, volatile principle in comb that stimulates
hoarding. An odouriferous comb could also be derived from the modifications of
comb by the presence of proteins and water (Hepburn and Kurstjens 1988), but

Table 9.1 Hoarding of sugar
by A. mellifera bees after
changing the available
storage areas of their combs

Transfer No of cells used for storage

From To

1 comb 3 combs 61.4 ± 3.3
3 combs 3 combs 53.8 ± 2.8
3 combs 1 comb 34.3 ± 3.6
1 comb 1 comb 29.5 ± 1.9

Rinderer and Baxter (1979) n = 24 (12 hives of bees for each
group)
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whether it is native to the comb or is placed there by the bees is unknown.
Likewise, whatever the constituents may be, they are obviously not the same as
those of old combs, as can be deduced from the experiments of Free and Williams
(1972) and confirmed by Rinderer and Baxter (1979).

While the laboratory experiments are of interest, it was important to learn how
bees behave with respect to comb stimuli and free foraging during a nectar flow.
Rinderer and Baxter (1979) investigated the behaviour of queenright colonies of
about 2,500 bees in vertical observation hives. The experimental manipulation was
simple; all the hives contained a brood comb. Twelve hives were given one empty
comb, and another twelve were each given three empty combs. The bees were
allowed to forage during a major spring flow of white clover (Trifolium repens).
The authors then counted the number of dancing foragers and the bees that they
recruited, and measured the amount of honey that was stored by the one (control)
versus the three (experimental) extra-comb colonies. The bees from the three-
comb colonies had more dancing foragers and recruited more foragers that col-
lectively stored eight times more nectar than did the control colonies.

During an autumnal dearth, Rinderer and Baxter (1979) trained bees from their
one or three extra-comb colonies to forage at feeding dishes, where they changed
the concentration of sugar. The results of the experiment showed that the bees
from colonies with the greater amount of comb were less likely to forage on thin
sugar syrup than the control colonies; but, having done so, were more likely to
seek recruits on their return to the nest than the control bees. These results sug-
gested that naturally occurring variation in the amount of available empty comb in
the nest would, sensibly, be reflected in the seasonal way in which nectar is
gathered. Reverting to colonies in the field in which half were given 4 m2 and the
other half 2 m2 of empty comb, they kept this ratio of available comb throughout
5 months of summer by replacing filled combs on a monthly basis. Those colonies
with the greater comb area stored, on average, 25 % more nectar than the colonies
with smaller areas of comb (Table 9.1). The available storage space in both cases
was always in excess of the volume of nectar collected by the bees. But it is
interesting to see how the colonies differed on a monthly basis (Fig. 9.8). When
the seasonal flow of nectar was great, the bees with more comb space outstripped
those with less space, and vice versa as the flow declined (Fig. 9.9).

The seasonal study was restricted to a comparison of differing amounts of comb
area coupled to natural seasonal changes and the availability of nectar, probably a
very complex interaction. However, Rinderer and Baxter (1984) had the good
fortune to examine records on the nectar-gathering traits of several colonies, used
as honey production units, whose nectar yield had been measured monthly and
continuously over a period of 25 years (Oertel et al. 1980). These colonies had
been handled from a beekeeper’s point of view for the production of honey. These
startling results are shown in Fig. 9.9. Those colonies which stored, on average,
the least amount of honey during major nectar flows over 25 years, consistently
stored the most nectar during both early and late weaker flows, and conversely for
the other colonies. It is probable that the differences were genetically based.
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While it is very fashionable to discourse upon ‘foraging strategies’, in this
context we are more concerned with assessing the ways in which empty combs, of
variable number, might explain the kinds of results that Rinderer and his col-
leagues obtained. Their argument hinges on the flow of volatiles in the nest;
because the vapour pressure of these volatiles is related to temperature, it is
presumed that during warm times more volatiles will be circulating in the nest and
this is indicative of the availability of nectar in the field. Similarly, during winter
the combs of the nest are most likely to be at a lower temperature than in summer,
so reduced concentrations of volatiles are available to stimulate foraging. That
foraging bees might be stimulated by the volatile scents of their nests in a dose-
dependent way is an attractive idea. However, once a bee has taken flight and left
its nest, it is subject to a host of stimuli, known and unknown, that will interact to
modify its subsequent behaviour. Is the remembered scent of empty combs among
them?

Dizaji et al. (2008) found that the age of honeycomb wax affects honey pro-
duction. A two year dataset (2005–2006) showed significant differences in honey
production, with higher yields produced in new combs and less in older ones
(Table 9.2). Piccirillo and de Jong (2004) suggest that although honeybees are
attracted by pheromones in old combs, given a choice they will use newer ones.
Old combs can harbour pathogenic microbes, unhealthy antigens and other bio-
logical hazards which have detrimental effects on honeybees.

Fig. 9.9 The average monthly weight of honey produced by A. mellifera colonies with 4 m2

(closed circles) or 2 m2 (open circles) of empty comb (Rinderer and Baxter 1979)

Table 9.2 Rate of honey production and weight of honeybees, A. m. meda, in old and new
combs over two years (Dizaji et al. 2008)

Items 2005 2006

Old comb New comb Sign Old comb New comb Sign

Honey production (kg) 2.7 ± 0.35 3.6 ± 0.72 * 2.5 ± 0.3 2.9 ± 0.45 *
Weight of honey bee

(mg)
99.03 ± 4.1 105.2 ± 1.2 * 93.19 ± 3.1 107.4 ± 2.0 **
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9.4.2 The Honey Stomach

It has long been known that the gathering of nectar and the construction of combs
are related; when the flow of nectar ceases, comb construction falls into abeyance.
Pratt (1998 et seq.) developed more direct tests for the additional condition of
restricted space for the storage of incoming nectar, testing the hypotheses of Huber
(1814), Gundelach (1842), Miner (1849) and Ribbands (1953). He tested the
relationship of nectar crop size to the onset of comb construction. In his experi-
ment, he divided the bees into three groups: (1) colonies with full combs and,
(2) and (3) replicate colonies with empty frames. This experiment tracked crop
distension of potential builders which were chosen from two groups: nectar
receiver bees, and 10 days-old bees which are in the middle age range of wax
secretion (Rösch 1927) and building behaviour. As expected, the experimental
colonies collected nectar at a high rate and filled the storage combs and the number
of empty cells gradually declined. The colonies began to build new comb when
less than 5 % of cells were completely empty (Fig. 9.10). Both groups of bees
showed significant effects on crop weight and nectar receivers had consistently
larger crop sizes than 10-day-old bees (Figs. 9.11 and 9.12).

9.5 Decision-Making and Regulation of Comb-Building

Experimentally it has been well established that newly settled swarms are prodi-
gious comb builders (Lee and Winston 1985; Hepburn 1986), but in a temporo-
spatial framework, comb-building only reaches parity with other wax-working
(capping and repairing) at the height of the colony growth cycle (Muller and
Hepburn 1992). Comb-building is conducted in different areas of the nest by many
individuals, some clustered in festoons others not, while other wax works are often
the efforts of individual bees (Lindauer 1952). Changing ratios of what work is
done and where it is carried out can be assessed by following the raw wax in a
colony with the changing seasons. At the very beginning of nest founding, the
swarm builds a full complement of combs as rapidly as possible to reach a fully

Fig. 9.10 The average
amount of honey stored on a
seasonal basis by A. mellifera
with respect to the major flow
at Baton Rouge (USA) over
25 years. Colonies that were
most successful in the major
flow (closed circles) and least
successful (open circles)
(Rinderer and Baxter 1979)
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developed nest consisting of stored energy (honeycomb) and rearing compart-
ments (brood cells) for producing subsequent generations of brood. After the
colony reaches maturity, instead of building in an intense way as in nest founding,
they build new comb in pulses (Hepburn 1986). The available evidence suggests
that the timing of these pulses depends on both colony state and environmental
conditions (Pratt 1998a, b, 1999, 2004). In beekeeping all evidence indicates that
bees will build only when they are collecting nectar (Hepburn 1986). Kelley
(1991) confirmed this idea of building depending on the availability of comb to
attain a threshold quantity of food and brood.

Because beeswax is the basis for both for housing and food storage, to build
excessive combs would quickly deplete honey stores and increase the risk of
starvation. Consequently, a balance between the energy costs of construction and
the opportunity provided by nectar flows is of the utmost importance. The total
cost of building 1 kg of comb has been conservatively estimated at 6.25 kg of
honey (Weiss 1965). Thus, 1.2 kg of comb in a fully-developed colony consumed
an impressive 7.5 kg of the 60 kg of honey consumed each year by a typical

Fig. 9.11 Tracking changes
in crop weight of A. mellifera
nectar receiver bees and 10-
day-old bees (Pratt 1998a, b)
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temperate-zone colony (Seeley 1985). Pratt (1999) tried to address the optimal
timing of new comb construction in honeybee colonies. This work explores a
resource allocation problem underlying the growth of two crucial functions of
honeybee colonies: the honey hoard which serves as an energy reserve, and the
comb in which this energy is stored. The building rules and comb growth tra-
jectory predicted by his model were compared with data from actual honeybee
colonies. This model primarily depends on a colony’s decision to store nectar to
avoid a highly probable death by starvation over winter during the first year (Lee
and Winston 1985), and to avoid reproductive swarms.

The results between that predicted by the model and the observation colony,
exhibited two major features. Comb-building is optimal only when the colony has
stored greater than some threshold amount of honey, even though the available
comb for storage is still half empty (Fig. 9.13). There was one slight difference in
that the total amount of comb constructed was smaller in the observation colony
than in the simulated model colony. Data from the observation colony also showed
a significant difference between daily nectar intake and comb construction on the

Fig. 9.12 Simulated trajectories of comb construction, honey stores and comb fullness for a
colony following and optimal condition-dependent building policy. a Shows the percentage of
comb area is comprised of cells containing food or brood for each day of a 120-day foraging
season. The middle plot shows the nectar available in the field each day. The lower plot shows the
area of new comb constructed each day. b Daily measurements of comb fullness, nectar intake
and new comb construction in an A. mellifera observation hive over a nectar-collecting season.
The upper and lower plots show the same information as corresponding plots in (a). The middle
plot shows colony daily weight change, an estimate of nectar intake. Dotted lines in upper plot
and paler bars in two lower plots indicate interpolated values for days on which data were not
collected (Pratt 1999)
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following day; between comb fullness on each day and the amount of comb built
on that day and between comb fullness on each day and nectar intake on that day
(Pratt 1999).

The model also indicates that the magnitude of the degree for a building
threshold varies with the quality of foraging conditions and the strength of the
constraints of nectar collecting efficiency implied by the empty comb area. This
threshold is typically rather low, even when there are enough empty combs to store
several kilograms of honey. The experimental colony confirmed the threshold of
the model, even when it had enough empty combs to hold 1.5 kg more honey.
These results again confirm that nectar is a critical stimulus for comb-building,
both directly through nectar intake, and indirectly through the affect of nectar
collection on internal colony conditions. Regulation of the timing to begin building
is partly independent of the amount and duration of building. Once building has
begun, the colony will only track nectar intake to control comb-building, and not
the amount of comb already built. Interference in this natural building cycle by
beekeepers removing large quantities of combs from colonies, an unlikely
occurrence in nature, create differences in colony behaviour where a continual
demand for comb to store nectar is experienced (Pratt 1999).

9.6 Who are the Comb Builders?

Following the discovery of a dramatic, age-related transition in honeybees from
nest to field activities (Dönhoff 1855), more subtly differentiated tasks were found
among house bees(Rösch 1925, 1927, 1930; King 1928), and this led to the

Fig. 9.13 a Growth and change in pattern of comb use for the same simulation (depicted in
9.12a). b Growth and change in pattern of comb use for the A. mellifera observation hive
(described in Fig. 9.12b (Pratt 1999) Pattern
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concept of an age-related division of labour of tasks among honeybees (polyeth-
ism). These interpretations were essentially correct (Ribbands 1953), even if early
interpretations were somewhat rigid. Knowledge of polytheism was refined
through the experimental demonstration that worker bees form age-related cohorts
and that have a high probability of performing only a limited set of tasks, each
usually restricted to certain areas of the nest (Seeley 1982). The tasks change as the
worker bee becomes older; there is also a shift away from the brood area until she
eventually becomes a forager and leaves the nest.

Although research on the activities of house bees has out-paced that on the
physiological basis of behaviour (Seeley 1982), the classic works have shown that
the activities of some glands (e.g. wax glands) are age-related, and might be
closely linked to task differentiation (Rösch 1925, 1927; King 1928; Ribbands
1953). For example, wax-working includes festooning behaviour (King 1928) and
cell capping (Lineburg 1923a, b; Lindauer 1952), both of which are spatially
separated (Hepburn 1986), and either or both of which may be driven by the
secretory cycle of the wax gland complex (Hepburn et al. 1991). In view of the
above, there is now sufficient information to ask how the probability of a cohort
performing given tasks is constrained by underlying physiological characteristics
(glandular secretions), and whether the tasks are susceptible to modulating stimuli
(queen pheromones, nectar influx etc.). To this end, the temporal and spatial
characteristics of wax secretion and wax-working behaviour and how they are
integrated in colonies of honeybees, were investigated by Muller and Hepburn
(1992) (Table 9.3).

They showed that wax secretion is significantly related to worker age and that
bees between 3 and 21 days old form such a cohort. Comb-building festoons,
previously thought to be the site of wax secretion, represent only a small fraction
of newly secreted wax in the nest. Wax secretion remains constant relative to age
in the cohort, but varies significantly with season, as does the participation of bees
in festooning behaviour. Wax secretion and wax-working are both definable in

Table 9.3 Percentage bees with wax (%), sample sizes (n) and the mean amount of wax (mg/
bee ± s.d.) produced by festoon and non-festoon A. m. capensis worker honeybees for each age
group (Muller and Hepburn 1992)

Age (days) Festoon Non-Festoon

n % mg/bee n % mg/bee

3 307 22.2 0.06 ± 0.14 1053 36.7 0.11 ± 0.18
6 682 60.3 0.21 ± 0.26 861 42.5 0.16 ± 0.25
9 676 71.0 0.32 ± 0.35 959 56.4 0.23 ± 0.3
12 727 62.5 0.28 ± 0.37 1286 40.5 0.15 ± 0.27
15 694 54.9 0.27 ± 0.45 1279 28.9 0.1 ± 0.23
18 515 39.2 0.17 ± 0.31 1037 23.9 0.08 ± 0.2
21 390 28.2 0.1 ± 0.24 840 13.7 0.04 ± 0.15

3981 X = 53.3 X = 0.22 ± 0.34 7315 X = 35.5 X = 0.13 ± 0.24
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terms of time and space in the nest, the relative probability of activity changing
with season. Wax secretion itself is constrained by the cyclical activity of the
underlying wax gland complex.

Muller and Hepburn (1992) performed experiments in the field throughout the
year using introduced marked A. m. capensis bees into queenright colonies and
harvested festoons from building frames. These experiments revealed that bees
producing wax do not differ significantly whether in festoons or elsewhere in the
nest. There were, however, significant differences in bees of the same age cohorts
between festoon bees and non-festoon bees, thus resolving a two hundred year old
question. The mean amount of wax borne varied significantly with the season
(Fig. 9.14), the least amount of wax was produced in winter, significantly more in
summer and spring, and even more in autumn. However the amount of wax among
each age cohort remained constant, and the amount of wax recoverable from any
particular cohort relative to age remained constant among cohorts across the
seasons (Fig. 9.14). About half the raw wax was recovered from festoon, bees and
the other half from non-festoon bees (Fig. 9.15), except in winter, when non-
festoon wax production was significantly higher than festoon wax.

The age composition of festoons is rather constant, but the percentages of bees
that participated in festoons varied. Approximately 56 % were captured in sum-
mer, 37 % in spring and autumn and only 7 % during winter (Fig. 9.15). The ages
of the bees in both festoon and non-festoon areas ranged from 3 to 21 days old

Fig. 9.14 Seasonal wax production in A. m. capensis honeybees (mean ± SD). Sample sizes are
indicated in the bars (Muller and Hepburn 1992)
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(Fig. 9.16). These results correspond with those of Seeley and Kolmes (1991) who
reported on age polymorphism and comb construction. Calculations from the
proportion of marked bees revealed that only half were caught in festoons, and of
those, only half carried wax scales, which means that the workers producing wax
in the festoons were only 25 % of the total number of workers producing wax in
the colony. The amount of wax borne by bees varies with age and season, as does
wax production in festoons (Figs. 9.15 and 9.16).

Festoon size also varied with time of the day and seasonally. During summer,
festoons were larger at night, whilst during the day all field bees were out foraging.
Day-time festoon size also varied with the prevailing weather, being larger on cool
days than warmer ones, hinting that foraging bees also participate in festoons.
Even so, the festoons were not stable clusters, but had a high turnover rate of bees
coming and going with the length of time a bee spent in a festoon ranging from
30 min to 4 h. Pratt (1998a, b) tested the participation of nectar receivers in comb

Fig. 9.15 Seasonal total wax
production by festoon and
non-festoon A. m. capensis
worker honeybees. Open
bars—festoon bees; stippled
bars—non-festoon bees.
Sample sizes are indicated
above the bars (Muller and
Hepburn 1992)
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construction. He marked the colony’s nectar receivers to see what proportion is
involved in comb-building tasks. Three replicates of this experiment were per-
formed. Interestingly, marked bees appeared in the building festoons of all three
replicates. This indicated that some nectar receivers switched to comb
construction.

Pratt (1998a, b) marked the receiver bees and observed the comb builders and
whether nectar receiver bees take part in comb-building. Three replicates of an
experiment were performed. The results showed 43 nectar receivers of a total 1449
comb builders in replicate 1; 2 nectar receivers of a total 123 builders in replicate
2; and 13 nectar receivers of total 279 builders in replicate 3. These data revealed
that comb-building is not actively undertaken by nectar receivers even though
some builders were recruits from among the nectar receivers, and other recruits
probably from another subpopulation of the colony (Table 9.4). These findings
that only a very few nectar receivers are among the comb-builders, seems to
contradict previous findings that these tasks are performed by bees of the same age
caste (Rösch 1927; Seeley 1982, 1989; Hepburn et al. 1991; Muller and Hepburn
1992). Assuming that 75 % of the colony’s workers were nectar receivers, 25 % of
a colony’s population may be engaged in foraging (Seeley 1995).

Fig. 9.16 Seasonal festoon
participation by A. m.
capensis honeybee workers
(mean ± SD) Total sample
sizes for each age category
are indicated in the bars; bar
represents the percentage of
bees of that age recaptured in
a festoon (Muller and
Hepburn 1992)
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Date Colony
population

Estimated number
of nectar receivers
(20 % of total
population

Number
(%) of
marked
receivers

Number
of
builders

Expected
number (%)
of marked
builders

Observed
number (%)
of marked
builders

G

16/
6/94

7637 1527 532 (34.8) 1449 50.4 (34.8) 43 (3.0) 906

22/
7/94

2416 483 380 (78.7) 123 97 (78.7) 2 (1.6) 357

7/7/
95

3716 743 227 (30.6) 279 85 (30.6) 13 (4.7) 119

The data from this experiment supports the interpretation that the comb-
building signal operates via nectar intake and is not derived from direct mea-
surements of nectar receiver bees. The results also confirm that the trigger does not
come from crop size even though it varied between days and may have been
influenced by the amount of nectar intake. On the other hand, the low frequency of
nectar receivers among builders does not conflict with the perspective of colony
functional design. To avoid the interruption of the active food-collecting and
storing activities, comb builders may be drawn from a pool of inactive or unem-
ployed reserves bees within the colony.

9.7 Nectar Intake and Comb Fullness

Pratt (1998a, b) showed that bees build comb when two conditions are at: (1)
adequate nectar collection in the field; and (2) the filling of the comb is above their
threshold; which means that the start of building requires both comb fullness and
nectar intake. In a colony with full combs, when they are regularly replaced with
empty combs, the bees will not build new combs even if they are fed a

Table 9.4 Results of three replicates of an experiment on A. mellifera testing whether a colony’s
builders are recruited from amongst its nectar receivers (Pratt 1998a, b)

Age (days) Festoon Non-festoon

n % mg/bee n % mg/bee

3 307 22.2 0.06 ± 0.14 1053 36.7 0.11 ± 0.18
6 682 60.3 0.21 ± 0.26 861 42.5 0.16 ± 0.25
9 676 71.0 0.32 ± 0.35 959 56.4 0.23 ± 0.3
12 727 62.5 0.28 ± 0.37 1286 40.5 0.15 ± 0.27
15 694 54.9 0.27 ± 0.45 1279 28.9 0.1 ± 0.23
18 515 39.2 0.17 ± 0.31 1037 23.9 0.08 ± 0.2
21 390 28.2 0.1 ± 0.24 840 13.7 0.04 ± 0.15

3981 X = 53.3 X = 0.22 ± 0.34 7315 X = 35.5 X = 0.13 ± 0.24

9.6 Who are the Comb Builders? 197



concentrated sucrose solution. They begin to build only when the comb is almost
full. A companion experiment showed that building is highly correlated to both
comb fullness and nectar intake (Pratt 2004). Colonies fail to start building if
deprived of nectar even if the comb is completely full (Figs. 9.17 and 9.18). While
both nectar intake and comb fullness are necessary for building to start, nectar
intake alone controls construction after that. Figure 9.17 shows that the bees
started to build when the combs begun to fill but did not stop building when the
fullness of combs was reduced, by replacing the full combs with empty ones. In
contrast, Fig. 9.18 shows that when a colony is deprived of field nectar, they cease
construction after 2 days even if the combs are full.

However, the opposite demand of turning off nectar intake causes the cessation
of comb-building, a delayed effect which reflects that the bees collect data to
enable them to make building decisions. The regulation of building therefore
requires some time from within which information is collected and evaluated
according to physiological and behavioral changes. It may take longer for comb-
building to commence because reactivation of the wax glands is slow (Fig. 9.19,
Pratt 1999).

Nectar foraging in honeybees is a complex process requiring the coordinated
efforts of nectar foragers and receivers. Foragers collect nectar and unload it to
receiver bees in the lower region of the nest near the entrance. Receiver bees then
transport the nectar to the honey-storage area at the top of the nest. Previous work
has shown that the process of unloading foragers and depositing the nectar in the
honey-storage region of the nest is tightly linked (Seeley 1995). This is a

Fig. 9.17 Experiment on A.
mellifera to test the role of
comb fullness on whether a
colony will begin new comb
construction. In Phase 1 the
colony had a heavy influx of
sucrose but was maintained at
a low level of comb fullness.
In Phase 2, sucrose intake
continued, but bees were
allowed to fill their combs. In
Phase 3, the colony was
returned to the condition of
phase 1. The bees built no
new comb in Phase 1,
beginning construction only
in Phase 2 after the level of
colony fullness had markedly
increased. However, the bees
did not stop building comb
when the level of comb
fullness was lowered in phase
3 (Pratt 2004)
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physiology-dependent task (cf. Fig. 9.1). Therefore, an increase in the demand for
this task should be met solely by receiver bees, despite the fact that the labour
demand for the task is that of house bees.

Figures 9.20 and 9.21 show the effects of an increased nectar flow on the task
distributions of nurse and food-processing bees. During the first experimental trial
the rate of nectar foragers entering the nest per minute increased from 1.1 to 5.9.
During the second trial, the rate of foragers entering the hive showed a greater
increase relative to the first trial, with the number of foragers entering rising from
2.8 to 17.6 per minute. A significant interaction between caste and environment
was found, indicating that the two castes responded differently to the rise in nectar
influx. Food processing bees had both a larger decrease in merely standing and a
larger increase in walking than the nurse bees. In addition, there was a significant
interaction between trial and time-period which was to be expected, since the level
of increase in nectar influx was considerably greater in the second experimental
trial (Johnson 2003).

9.8 Termination of the Stimulus

One must bear in mind that autumn and winter are peculiar to those regions away
from the equator; lands closer to the equator have rainy and dry seasons (even if
the odd mountain like Kilimanjaro is akin to high latitudes in temperate zones).

Fig. 9.18 Experiment on A.
mellifera to test the role of
nectar intake on whether a
colony will begin
constructing comb. In phase 1
the colony had a high level of
comb fullness, but received
no nectar at all. In phase 2 the
bees were fed a sucrose
solution and their level of
comb fullness remained high.
In phase 3 the colony was
returned to the condition of
phase 1, starting construction
again only after experiencing
2 days of nectar intake. Bees
ceased construction 2 days
after nectar intake was cut off
in phase 3 (Pratt 2004)
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Following Rösch’s extensive studies (1927, 1930) on the development of wax
glands in A. mellifera bees of the far north in spring and summer, we are left to
consider how the wax biology varies with the seasons, however defined. Dönhoff
(1855) noted that bees in one of his observation hives, fed sugar in the autumn,
bore heavy wax scales in winter; indeed scales have been recorded from bees even
in the dead of the northern winter (Kustenmacher 1922; Farrar 1927).

Although none of these colonies were observed to build any combs, those of
Szalök (1928) in Hungary certainly did. In Russia, Koschevnikov (1900) had also

Fig. 9.19 Results of two replicates of an experiment on A. mellifera testing the role of comb
fullness in a colony’s decision to start building new comb. a In Phase 1, the colony experiences a
heavy nectar influx but maintained a low level of comb fullness. In Phase 2, the nectar influx
continued and the bees were allowed to fill their combs with honey. In Phase 3, the colony was
returned to the condition of Phase 1A. b In Replicate 1 the bees built no new comb in Phase 1,
beginning construction only in Phase 2, after the level of comb fullness had markedly increased.
The bees did not, however, cease construction when the level of comb fullness was lowered in
Phase 3. In the lowest plot, bar height (+SD) shows the mean search time of returning foragers
looking for receiver bees to take their nectar. Dark bars are significantly greater than the others
(Pratt 1999)
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seen wax scales on winter bees and wondered whether such scales were carried
over from the summer or were produced in winter. In a not entirely clear inves-
tigation into the matter, Tuenin (1928) studied bees from field colonies over a
Russian winter and found that, while some bees bore scales, the epithelium of the
wax gland remained undeveloped (as noted in passing by Dreyling 1903); and he
concluded that the wax scales were a carry-over from summer. Nonetheless, when
the warmth and blossoms of spring returned, these old, over-wintered bees, from
whose colony Tuenin had removed all the young brood of spring, began the
construction of combs. Örösi-Pål (1931) came to much the same conclusion.

In areas of about 30� latitude, some colonies of bees will certainly build combs
if artificially fed during winter. In such places, one can encounter winter swarms
which have absconded. On settling, they begin comb-building, but seldom survive
the cold conditions. While efforts, such as those of Koch, are highly suggestive, we
are still left in some doubt as to what mechanism precisely the bees respond; the

Fig. 9.20 Effect of increased
nectar influx on task
distribution of A. mellifera
nurse bees (black bars) and
receiver bees (open bars).
Trial 1 a task distributions
before nectar influx: nurse
bees = 144/481; receiver
bees = 83/248; b task
distributions in response to
increased nectar influx: nurse
bees 141/492; receiver
bees = 80/222 (Johnson
2003)
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flow of nectar, the temperature, both, or some other not as yet recognised factor(s).
Natural experiments are difficult to interpret, and a solution may lie in the
experimental techniques of Worswick (1987). For studies on honeybee metabolism
and temperature regulation in A. m. capensis and A. m. scutellata, Worswick
(1987) constructed what amounts to a refrigerator in which he placed entire
Langstroth colonies. He could simultaneously control and monitor the ambient
temperature of the refrigerator and measure the core temperature of the cluster of
bees within the hive. A suitably programmed regime of temperatures to find the
temperature to induce comb-building could easily be plugged into this kind of
experimental design. An alternative and acceptable confirmatory approach might
include the relative responsiveness to flowering vis-à-vis warming weather; in a
cold temperate country, in cellared versus field colonies.

Not only does a limited amount of comb restrict the volume of honey stored,
but a shortage of empty comb may also reduce foraging efficiency, as nest bees

Fig. 9.21 Effect of increased
nectar influx on task
distribution of A. mellifera
nurse bees (black bars) and
food-processing bees (open
bars). Trial 2 a task
distributions before nectar
influx: nurse bees = 63/241;
food processing bees = 96/
237; b task distributions in
response to increased nectar
influx: nurse bees 63/248;
food processors = 85/277
(Johnson 2003)
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become mired in lengthy searches for empty cells in which to place incoming
nectar (Seeley 1995). Pratt (1999) tested the idea that the termination of comb-
building was relative to nectar flow by running his simulation model and com-
paring the results with actual bees. The model showed that the building threshold
rises during the last part of the foraging season, which means building never
reaches an optimal level by the end of the season. Results from the experiment
with actual bees corresponded with the model, as colonies built no comb in the
face of oncoming winter, even though the nectar flow and comb use conditions
were similar to those in the earlier part of spring. Brood-rearing decreased to near
zero and food storage increased dramatically in the final week of the season
(Fig. 9.13b). The physiology of the bees also corroborates this idea because the
wax glands of the bees become inactive at the end of the season, but are reacti-
vated again at the end of winter.
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Chapter 10
Construction of Combs

Abstract The construction of cells and regulation of the space between combs are
separate but related problems. The space between combs, affected by the bees
themselves, is the very basis of contemporary practical beekeeping. Within a
honeybee multiple comb nest, there are several independent comb starts within the
building clusters. Then the ‘‘rule of parallelism’’ comes into play because the
building bees modify their constructions to keep equable and parallel spaces
between combs. Comb construction is the result of interplay of vertical and lateral
forces which lead to many imperfections that are eventually hidden by retouching.
A building cluster can exert torsional and tensile loading on a piece of comb.
When twisting combs, cell walls become broken; however, the bees rapidly repair
them. To achieve parallel combs bees must maintain a tolerance distance between
combs which may be due to the detection of gravity. Building bees appear to
exploit a sense of gravity which was shown by disrupting the function of sense
organs and then observing the effects on comb construction. Bees detect gravity by
an unfettered sense organ of the neck and orient themselves during comb con-
struction, based on magnetic material in a band across the abdomen. Different
magnetic oxide nanoparticles have been observed in all body parts of honeybees,
but greater concentrations occur in their abdomens and antennae.

10.1 Introduction

The construction of cells and the regulation of the space between combs are
separate but related problems. The space between combs, affected by the bees
themselves, is the very basis of contemporary practical beekeeping. Within a
honeybee multiple comb nest there are several independent comb starts within the
building cluster and at different attachment sites. Then Darchen’s ‘‘rule of paral-
lelism’’ comes into play because the building bees modify their constructions so as
to keep a reasonably equable and parallel space between combs. Parallelism
overrides other considerations, such as the length of cells.

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_10,
� Springer-Verlag Berlin Heidelberg 2014
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Comb construction is the result of interplay of vertical and lateral forces acting
on the combs which, over time, lead to many imperfections that are eventually
hidden by retouching. A building cluster can independently exert torsional and
tensile loading of a piece of comb. In the process of twisting comb, cell walls will
inevitably be broken; however, the bees rapidly mend such tears and fractures.
Honeybees achieve reasonably parallel sets of combs, but in the end, they have
some means both of achieving this and of maintaining the distance between combs
within limits that we can recognise as tolerances. This may be due to the detection
of the vertical axis of gravity.

Building bees might be able to exploit a sense of gravity that would allow them
to build vertical combs. This was shown by disrupting the function of a sense
organ and then observing the effects on comb construction. It was shown that an
unfettered sense organ of the neck is the instrument by which bees detect gravity
and so orient themselves during comb construction. The basis for this ability is
supported by the discovery of magnetic material in a transverse band across the
abdomen. Indeed, different magnetic oxide nanoparticles, ranging from super-
paramagnetic to multi-domain particles, are found in all body parts of a honeybee,
but greater concentrations occur in their abdomens and antennae.

10.2 Parallelism Between Combs

The building of a honeybee nest involves both the construction of cells and the
regulation of the space between combs; separate but related problems. The space
between combs, affected by the bees themselves, is the very fundament of practical
beekeeping. The realisation of the importance of this space is contained in the
correspondence of Langstroth (Naile 1942), but is not explicit in his laborious
account of its management (Langstroth 1853). In any event, although Langstroth is
usually cited as the ‘discoverer’ of bee space, the first practical application of the
principle was that by D _zierzon (1852). The way in which the space between the
combs might be regulated by bees occupied Darchen through many years of
research on A. mellifera. Summarising and expanding on three of his earlier
research letters (Darchen 1952a, b, 1954) presages his experimental work with the
observation that a straw skep is a more ‘natural’ nest container than a beekeeper’s
hive. In the former, the combs curve below and are not constrained by the recti-
linear design of the latter. In a skep, or feral nest, the combs are also parallel to one
another, even when they curve about a horizontal axis (Fig. 10.1).

Viewed as a crystal, the combs from a skep may contain a dislocation of the
lattice (Fig. 10.1). This indicates that there are several independent comb starts
within the building cluster and at different attachment sites. Darchen’s ‘‘rule of
parallelism’’ then comes into play; the building bees modify their constructions so
as to keep a reasonably equable and parallel space between the combs. The fin-
ished comb is only the final result of how the bees have reacted to the many stimuli
for construction. Interference with the forming nest gives some insight into what
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stimuli may have influenced the bees. It also provides examples of how bees
retouch their constructions to achieve parallelism. In the early stages of con-
struction, a comb is often twisted (Fig. 10.2), but the torsion is obscured by
retouching. Similarly, breaches may also be inflicted on combs and these too are
quickly repaired with retouching. That parallelism overrides other considerations,
such as the length of cells, was shown by juxtaposing two pieces of comb and
obtaining the building solution shown in Fig. 10.3.

In another series of tests, Darchen fixed a sheet of wax between two existing
combs, but the sheet was abnormally close to one of the combs (Fig. 10.4a, top),
with the result that new wax added to the bottom of the given sheet was gradually
re-contoured to obtain a parallel result (Fig. 10.4a, bottom). If, however, the comb
closest to the inserted sheet of wax was covered with a piece of cardboard, the bees
then built so as to connect the sheet of wax (Fig. 10.4b). If the cardboard was
placed on the opposite comb, then the new comb built was contoured to lie
equidistant between the apparent faces of the two combs (Fig. 10.4c). Darchen
(1954) concluded that parallelism operates within a perceptible range of distances,
deviations only occurring when a space between two combs is unacceptably small.
That the distance between the cell walls themselves is the likely element that bees
could measure is shown in Fig. 10.4.

10.3 Festoons and Torsion

The forming combs are generally extended in the vertical plane, but they may well
lean to one side and thus grow obliquely. Darchen (1956) suggested that some
force might act on the combs during construction, such as a mass of building bees
working on only one side of the comb. He concluded that comb construction is the
result of interplay of vertical and lateral forces acting on the combs which, over

Fig. 10.1 Top Disposition of
combs naturally built by A.
mellifera in a skep or a hive
without frames; bottom bees
may interpose an additional
comb (on left) depending
upon constraints of the nest
cavity (after Darchen 1954)
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time, lead to many imperfections that are eventually hidden by retouching (cf.
Fig. 10.2). As we shall see, evidence for forces acting on combs during con-
struction comes from several experimental studies on comb-building.

Fig. 10.2 The retouching of
cells in the second phase of
the construction by A.
mellifera indicated by the
dark brown broken line (after
Darchen 1954)

Fig. 10.3 Juxtaposition of
two pieces of constructed
comb (solid lines) results in
reconstruction so that
parallelism is maintained in
A. mellifera combs (dashed
line) (after Darchen 1954)
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In his numerous observations on comb-building, Darchen (1959b) began an
analysis of how building festoons congregate on combs and the loading effects the
bees may exert on them. Before discussing Darchen’s work in any detail, it is
important to note that in wild nests, bees make their combs parallel in two ways.
They either lengthen the cells of one side of the comb, or they tear down what they
have built and reconstruct the comb, the latter tack is imperceptible in the com-
pleted combs. In his ingenious experiments, Darchen (1958, 1959b) placed a piece
of beeswax foundation normal to and in between two parallel combs (Fig. 10.5).
Soon after the bees had settled, this new sheet of wax was gradually twisted about
the vertical axis so that the bottom-most portion of the wax sheet was properly
aligned to both the adjacent combs as shown in Fig. 10.5. However, the embossed
pattern of the middle section of the wax sheet showed that the cells were elongated
as well.

In order to separate the torsional effects of the bees from the stretching of the
wax, Darchen then introduced a piece of foundation coated with an alcohol extract
of propolis (said to inhibit construction). Several hours later, this new piece of wax
had been twisted into alignment with the adjacent combs, but the cell embossment
showed no stretching at all.

It appears, then, that a building cluster can independently exert torsional and
tensile loading of a piece of comb. In the process of twisting comb, cell walls will

Fig. 10.4 a Experimental insertion of a piece of beeswax foundation is placed unacceptably
close to an A. mellifera comb as the starting condition (top) which leads to the bees’ response
(bottom). b When the space between the beeswax sheet and an adjacent comb is further reduced
by adding a piece of cardboard to the comb face the starting condition (top) leads to
reconstruction as shown (below). c In the third sequence, a combination of the interferences
shown in (a) and (b) (top) leads to the new construction re-establishing the parallelism between
combs (bottom) (after Darchen 1954)
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inevitably be broken; however, the bees rapidly repair such tears and fractures.
These kinds of repairs obscure the fact that bees may well have twisted combs and
retouched whatever rents may have appeared. Darchen went on to provide an
experimental mechanical model to simulate the torsional deformation of combs,
and was able to conclude that simple, horizontal traction, applied to opposite ends
of a strip of wax or of a comb, produces sufficient torsion to twist the forming wax
of their nests. Since these sheets of wax were twisted, Darchen investigated the
chirality of 49 such specimens. He found that 22 of them had a left-handed sense
and the other 27 a right-handed sense, results that imply randomness. Similarly,
the amplitude or angle of torsion appeared to be related to the distance between the
sheet of foundation wax and an adjacent piece of comb. The amplitude of torsion
increased with increasing distance between the two combs, in which the experi-
mental sheet of wax was placed.

These simple little experiments of Darchen (1958, 1959b), and his earlier
observations on the inter-conversions of worker and drone cells (Darchen et al.
1957), contain a wealth of information and suggestions. They demonstrate con-
siderable plasticity in the building behaviour of bees and show how they effec-
tively ‘hide’ their extensive retouching of nest combs to produce a final product of
parallel constructs. In another series of experiments Darchen (1962a) developed
further generalisations about nest construction. In essence, his work is really a test
of stereotypy, a mechanistic perspective of animal behaviour that dominated
ethology over three decades.

By presenting bees with a wide range of different kinds of triangular and several
other irregular shapes, Darchen (1955, 1962a) was able to observe how, in such
cases, a comb would be constructed. While he regarded the bees’ initial modes of
construction as ‘incoherent’, he was able to establish a more orderly second phase
of construction in which the wax is gradually drawn and rounded into an ellipsoid
body, followed by a rapid vertical increase in comb length, and finally the

Fig. 10.5 Embossed
beeswax foundation inserted
in the opposite direction to
two adjacent combs, is
twisted by the bees into
alignment with the pre-
existing A. mellifera combs
(after Darchen 1959a)
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development of cell walls. This second phase, in fact, reflects exactly what bees do
when initiating the building of a nest, as shown by the confirmatory experiments of
Naulleau and Montagner (1961).

10.4 Festoons and Comb Growth

Even more comb handling can be directly attributed to the behaviour of festoons of
building bees, as Darchen (1962b) learned when he established an observation hive
within an incubator held at a temperature of 30 �C. It was under these same
conditions that Huber’s (1814) thick curtain of bees admitted some light, as the
workers began to spread out, and clearly defined chains of bees become visible
(Fig. 10.6). (As an aside one must be instantly alerted to the possibility that the
extremely dense clustering of bees in an unheated nest is in fact for the production
and conservation of heat). Darchen (1962b) found that he could predict the points
of growth on the combs from the positions of the festoons. He drew the positions
of festoons, or chains of bees, on the glass of his observation hive and, the fol-
lowing day found that the newly constructed comb closely matched the outlines of
where the bees had previously hung. Thus the position of the chains of wax-
secreting bees could serve as a daily blue-print for comb construction, an idea first
suggested by Hubbe (1957) and finally confirmed by Darchen (1962b).

Towards the end of his study, Darchen (1962b) made 12-hourly recordings of
the chains and subsequent growth of the combs; the correspondence between the
two is evident (Fig. 10.7). Additional information on the chain bees also emerged.
Temporarily, the most stable chains were those closest to sites where the comb was
actually being extended. Once a chain is formed, other bees rarely join it. Marked
bees were observed to remain in a chain for several days. Oddly enough, Darchen
could not see wax scales on the bees in a chain, yet when individual bees left the
chain there was always a vigorous rubbing of their abdomens, perhaps to loosen
scales? We can add confirmation of Darchen’s (1962b) observations from very
similar observations of our own, on African A. m. scutellata and A. m. capensis, as
well as A. cerana in Asia (Hepburn and Duangphakdee, pers. obs.).

Both at the inception of a honeybee nest, or during extensions within an existing
nest, groups of wax- bearing worker bees gather in vertical, elongated chains in
which individual bees may remain there for some time. These chains of bees, also
termed festoons, are easily seen in the frame hives used for A. cerana and A.
mellifera, especially if there are empty frames from which they can be suspended.
Often several chains may be seen at different sited and on different frames (cf.
Fig. 10.9—Hepburn 1986). Indeed, photographs have been published showing A.
cerana x A. mellifera mixed-species chains of building bees (Yang et al. 2010a, b).
To observe chains of building bees in nests of the single comb species is more
difficult. The inception of a nest and of a chain of comb-building bees of A. florea
was recently photographed (Fig. 10.6).
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Fig. 10.6 Inception of an A. florea nest. a shows the worker bees gathering both above and
below the nest twig at 11.31 h after settling on twig; b even more bees are present at the site by
12.39 h; c distinct chains of workers have constructed a few cells below the twig at 13.54 h;
d construction is in full swing at 19.56 h and at the same time other bees have begun constructing
the crown cob above the twig. Plastic piece with numbering is a protractor

Fig. 10.7 Correspondence between the positions of chains of wax building bees and the
construction of new comb by A. mellifera. Festoons are represented by thickened lines, the
thickness of which indicates the density of bees present. Broken lines represent additional new
comb (after Darchen 1959b)
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10.5 Evidence of a Sense of Equilibrium

The thrust of Darchen’s many experiments and observations, which he summa-
rised in 1968, is that, through retouching their constructions, honeybees achieve
reasonably parallel sets of combs. Bees must, in the end, have some means both of
achieving this and of maintaining the distance between combs within limits that
we recognise as tolerances. That this may be due to the detection of the vertical
axis of gravity was shown by Gontarski (1949), the mechanism investigated by
Martin and Lindauer (1966), or rather by a self-organising process related to the
substrate (Pratt 2000), and similar to the self-organisation of the hexagonal pattern
(Pirk et al. 2004; cf. Chap. 12).

The combined cell bases constitute a mid-wall from which the cells extend
perpendicularly. Gontarski (1949) investigated the means by which bees almost
invariably achieve a vertical relationship between the vertical axis of the mid-wall
and the pull of gravity. In his experiments, Gontarski (1949) placed small
queenright colonies (1000 bees) into single-frame hives, which were thermostat-
ically warmed and also kept covered for darkness. Each hive in turn was placed on
a rotating stage, with the flight hole in the axis of rotation. By use of a synchronous
motor he was able to maintain a constant loading on the combs in a desired axis.

Because the posture of the bees changes depending on their position in relation
to the combs, the centre of gravity may act either through the median plane of the
animal (dividing a bee into mirror halves when the bee itself is vertical), or
through a frontal plane (between top and bottom halves of the bee if it stands on
the horizontal). In Gontarksi’s first experiment, the bees hung vertically on the
combs so that the frontal axis of the bees remained constantly vertical, but there
was a continual change about the median axis (Fig. 10.8). Surprisingly, after
10 days or so of continuous rotation, the bees had constructed ‘normal’ combs.
This experiment argues for the mid-wall being constructed in the vertical axis if
the frontal plane of the bees building is vertically orientated. It should be noted
that the median plane would have been random in this experiment. These results
are entirely consistent with natural constructions where the bees build vertically
upwards, downwards or even sideways, the mid-wall always being vertical in such
cases. A disruption of the median plane does not hinder a bee’s ability to build
with respect to gravity.

In a second experiment, Gontarski (1949) placed the comb and bees such that
they were loaded tangentially on a rotating horizontal plate (Fig. 10.8). In this way
centrifugal forces act normal to the broad comb face. In this situation the frontal
plane, important for a vertical orientation (see above), is taken out of the vertical
mode; likewise, the gravitational and centrifugal forces were not aligned and a
resultant was obtained. The median plane of the bees remained vertical. In the
configuration of this experiment the mid-wall of the combs would be expected in
the direction of the resultant, and this is precisely what Gontarski (1949) obtained.
This implies that the bees posturally reorient themselves to obtain a resultant
vertical orientation of their frontal plane.
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The role of gravitational forces acting on the median plane was studied in a
third experiment. Here the hive was placed radial to the axis of rotation on the
horizontal plate (Fig. 10.8). In this case the frontal axis of the bee could remain
vertical and its median plane thrown in the direction of the result and of both
centrifugal and gravitational forces. Again, the mid-walls of the combs were in the
vertical plane.

Thus the bees followed the vertical axis, which must have been perceived
through the frontal plane. The orientation of the hexagons themselves appears not
to be mediated through a perception of the vertical. The skewed orientations which
Gontarski (1949) observed in all his rotating experiments varied with the speed of
rotation. He concluded that the degree of skewness results from the vertical ori-
entation of the bees with respect to their median axis. This may be, but this
interpretation does not explain the natural occurrences of horizontal, vertical or
tilted cells in normal combs.

As a finale to Gontarski’s experiments, it is extremely interesting to note that
one of his colonies had been rotated continuously for 6 weeks in the radial mode.
When removed from the experimental platform, the bees continued building comb.
In this new comb the mid-wall was acute to the vertical and opposite in direction
from the resultant that had prevailed during 6 weeks of rotation. This obviously
implies either an overcompensation on cessation of the stimulus (Hepburn 1986),
or an overcompensation during the 6 weeks of constant exposure to the abnormal
influence of the hyper-gravitational forces (up to 1.2 g) during the experiment
(Pratt 2000).

Fig. 10.8 The plane and nearly lateral view of the experimental design of Gontarski (1949) to
assess the gravitational sense of bees. The position of the bees in his first experiment was as on
the left, the tangential mode is shown diagrammatically in the middle, and the radial arrangement
on the right
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10.6 Application of the Sense of Equilibrium

In a continuation of their heroic experimental efforts, Martin and Lindauer (1966)
further investigated how building bees might be able to exploit a sense of gravity
that would allow them to build vertical combsvertical comb. Their experimental
approach was to establish small colonies of bees, to disrupt the function of an
organ, and then to observe the effects of their various interventions on comb
construction. By trial and error, they eliminated surgical ablation as too time-
consuming a procedure, and in the end they set about plastering over different
sense organs with a wax-resin mixture (how they came about the right proportions
is a story in itself). Their procedure was to take 500 to 1000 bees from the building
cluster of a strong colony, to anaesthetise every bee and to gum over a sense organ
of interest. The bees were then given a queen, put on empty building frames and
kept at 25 to 30 �C during the experiments. Since it had previously been shown
that bees have sense organs which detect the direction of gravity (Lindauer and
Nedel 1959), Martin and Lindauer (1966) performed a series of five experiments to
assess the possible role of gravity detection in comb construction.

In their first experiment, Martin and Lindauer (1966) anaesthetised 490 bees
and immobilized their heads by gluing them to their thoraces using the wax-resin
mixture. These bees were hived and formed a cluster on the building frames. After
8 days there was not a speck of wax on the frames, but wax scales had accumu-
lated on the bottom of the hive. On repeating their experiment using 600 bees there
were a few spots of wax here and there on the frames but no combs. The authors
noted that the head-thorax join of 121 bees had become loose. Although the setae
of the neck hair plates were still gummed over, this may account for the spots of
wax. From this we can only conclude that 1090 bees, with their heads glued fast to
their thoraces, did construct any comb. The implication is that mobility of the head
is somehow necessary for comb construction, but not for wax secretion.

In two more refined, and technically more difficult procedures, Martin and
Lindauer (1966) plastered only the sensory plates on the necks of the bees
(Fig. 10.9). About 1000 bees in each trial failed to produce proper combs over a
two-week period. However, after about two weeks (having checked daily for any
loosening of the glue), the first bees were detected in which the glue had become
loose. From that time onwards the bees constructed only few erratic triangles.
These results are considered sufficient evidence to show that an unfettered neck
organ is required for comb construction.

Since bees hold their abdomens in an obliquely downward position when
lengthening cell walls (and often when they fly), Martin and Lindauer (1966) decided
to assess the possibility that the sense cells of the abdominal petiole (Fig. 10.9) might
contribute to comb construction. They performed two trials, with 660 bees in each
group. In one group the sensory setae were gummed over, and in the second group the
thorax was immobilized and glued to the abdomen to prevent any movement at that
joint. Both groups of bees constructed normal combs. The immobility of the abdo-
men in Martin and Lindauer’s (1966) experiment is supportive of a decisive role of
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the sensory setae on the neck for comb-building, however they may work. Their
results are also consistent with those of Gontarski (1949).

Martin and Lindauer (1966) concluded that an unfettered sense organ of the
neck is the instrument by which bees detect gravity and so orient themselves
during comb construction. This interpretation is made all the more plausible by the
discovery by Gould et al. (1978), that worker bees have magnetic material in a
transverse band across the abdomen. This material has been described during the
intervening years and was recently reviewed by Wajnberg et al. (2010). To
paraphrase these authors, honeybees show sensitivity to small changes in magnetic
fields. Different magnetic oxide nanoparticles, ranging from super-paramagnetic to
multi-domain particles, were observed in all body parts of honeybees, but rela-
tively greater concentrations occurred in their abdomens and antennae. It is not yet
known how magnetic information could be processed by the honeybee nervous
system. Nonetheless, results from recent studies on honeybee magnetism published
by Hsu et al. (2007) certainly support the original thinking that underlies the
experimental work of Martin and Lindauer (1966).

An interesting experiment that relates to their work was the dispatch of a small
colony of bees for 6 days on a space-shuttle flight beyond the earth’s gravitational
pull. It is said that the bees built perfectly normal combs under conditions
approximating zero gravity (Vanderberg et al. 1985). This experiment very simply
indicates that bees can build normal combs in the absence of gravitational cues.
This supports an alternative idea; that not gravity but a substrate-dependent
mechanism, because the cell walls are always perpendicular to the substrate
(Wedmore 1929; Lau 1959). In comb-building the subsequent rows use the pre-
vious row as templates resulting in a cascade of propagating orderliness over the

Fig. 10.9 Location of the sense organs of an A. mellifera honeybee worker thought capable of
perceiving the direction of the force of gravity. Those of the neck (stretched here) are usually
covered by the head (after Martin and Lindauer 1966 and modified from Hepburn 1986)
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whole comb (Pratt 2000). However, the ultimate test would be to measure the
orientation in relation to the substrate and gravity in natural nests of A. mellifera,
and furthermore in other species to include an evolutionary perspective.

10.7 The Orientation of Combs

The detailed observations of Darchen (1968) clearly show that a newly settled
swarm may well begin the construction of combs at several different and appar-
ently independent sites. However, parallel sets of comb are the end result of a
building operation that is heavily dependent on retouching. Superimposed upon
this parallelism is a planar orientation of combs with respect to compass directions.
In one of the very few studies of comb orientation by feral bees, Seeley and Morse
(1976) concluded that the arrangement of combs was independent of both the
position of the nest entrance (previously noted by Owens and Taber 1973), and the
magnetic field of the earth.

When swarms of honeybees are allowed to build combs freely, without the
constraints of beekeeping, they build their combs parallel to the same plane and
compass direction as were the combs of their mother colonies. Lindauer and
Martin (1972, 1973) showed that by taking swarms from hives and placing them in
cylindrical containers, these bees built combs of essentially the same orientation
that had prevailed in their former nests. The removal of these bees to yet other
fresh cartons gave the same results. In some cases, Lindauer and Martin (1972,
1973) placed Helmholtz coils around the second cartons in such a way as to deflect
the apparent magnetic field by some 40�. The combs built under these conditions
were likewise deflected by 40�. However, several other researchers, including
Gould et al. (1978), who established that bees have magnetic remanance in the first
place, failed to obtain the same results in similar experiments.

Whether or not bees retain memory of comb orientation in the construction of a
new nest, or use the earth’s magnetic field for orientation was reinvestigated by de
Jong (1982). In his first experiment, he placed 25 swarms, which he had caught in
trap boxes (containers with no beekeeping furniture), into specially designed
building boxes. He measured the orientation of the combs as they had been con-
structed in the trap boxes and subsequently in the special building boxes. These bees
showed a significant and positive tendency to maintain comb direction. de Jong then
proceeded to place five colonies in his special comb-building boxes which were
situated within a series of coils designed to generate a magnetic field. When he
engaged the coils, the horizontal component of the magnetic field was shifted
clockwise through 90�. Every few days the bees were transferred to fresh boxes and
the coils engaged or not in alternate trials. He found that the bees had maintained, to
a significant degree, their comb construction relative to a shifted magnetic refer-
ence. He concluded that the magnetic field of the earth is an important cue utilised
by bees in the orientation of their combs during building. Thus, de Jong (1982) was
able to confirm the original work of Lindauer and Martin (1972, 1973).
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10.8 Behavioural Aspects of Comb Construction

Exposing mixed colonies of the two sister-species of the Western, A. mellifera, and
the Eastern honeybee, A. cerana, to foundations made of pure wax from either
species resulted in normal building behaviour, only the number of irregular cells
was noticeable. In both pure controls, no worker brood was reared in the cells built
on the foundation made of the wax of the opposite species. In the pure A. mellifera
colonies the cell size was modified, whereas A. cerana constructed comb without
modification but used the cells based on A. mellifera wax only to rear drones or for
storage (Yang et al. 2010a, b; cf. Chap. 4).
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Chapter 11
Energetics of Honey/Beeswax Conversion

Abstract By the mid-19th century consideration of the rates and costs of wax
production by A. mellifera were developed using the balance sheet method.
Moreover, it was known that brood, pollen, combs and queens affect wax pro-
duction. A century later, sugar/wax conversion ratios were defined as the net
amount of sugar consumed against wax produced. Taranov (1959) showed that the
total amount of wax produced was linearly related to the amount of sugar con-
sumed; others that comb construction was proportional to colony size and to nectar
income. The experiments and observations of this period suffered from a failure to
separate the costs of colony maintenance vis-à-vis the production of wax. How-
ever, two major factors remained in the cost equation: (1) the relative importance
of colony age structure in wax production; and (2) the problems of heat produc-
tion, colony size and the synthesis of wax itself. Subsequently, Hepburn et al.
(1984) calculated the rate of sugar consumption (corrected for attrition), and sugar
stored in the nascent combs, as well as the rate of comb construction. The real
metabolic rate, averaged over time for bees of different ages, showed that a plateau
was reached in bees at about 12 days old, figures that included an adjusted met-
abolic rate as a function of bee age. This trade-off or cost calculation comes into
play at both individual and colony levels. Both wax secretion and construction
rapidly decline in autumn and virtually cease during winter. It is not yet possible to
adequately assess the relationship of wax synthesis and comb construction to the
thermal conditions of a colony’s nest.

11.1 Introduction

In the days when the great naturalists believed wax to be the product of flowers
gathered by bees when foraging, the swineherd and beekeeper knew, as did his
lord or abbot, what sort of ratio of honey to wax could be harvested after the skeps
were taken off the sulphur pit (Ransome 1937; Galton 1971; Vernon 1979). In the
year that Huber (1814) published his observations on bees, we find little in

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_11,
� Springer-Verlag Berlin Heidelberg 2014
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contemporary works other than yield figures. John Keys (1814) reported that a
2-year-old colony with a nest volume of three pecks (*27 l) would yield 25
pounds (*11 kg) of honey and not more than 2 pounds (*900 g) of wax.

A real interest in the rate of wax production (measured as combs) and the costs of
construction (measured as the amount of sugar required) developed in parallel with
agricultural chemistry in the 1830–1840 period. This was a time when the balance
sheet method of Lavoisier came into widespread use among chemists (Holmes
1985) and was very effectively used to record food input and the corresponding
recovery of a plant or animal product. The first experiments were expressly per-
formed to find out how much sugar honeybees consume in the production of wax
are given in a tortuous argument in the treatise of Gundelach who used old German
units of measure, so that thirty-two loth equalled about half a kilogram (1842).
He reported that 2765 bees produced 1.25 Loth of wax (*81360 individual wax
plates, 18.25 g) requiring 27 Loth of honey (394.2 g) in 6.5 days. He concluded
from his experiments, during an autumnal dearth in central Germany, that a colony
requires about 20 measures of honey to produce one of wax. The experiments of
Dumas and Edwards (1843) on confined bees were far more precise, but were
concerned with the proof of fat synthesis and not conversion ratios. In any event, the
thoroughness of their data handling using the balance sheet method allows us to
calculate that their small colony of 1788 bees produced 17 g of wax in 11 days and
consumed 411 g of honey, giving a honey/wax ratio of 24:1.

The next conceptual advance is contained in a note by Dönhoff (1854), entitled
‘‘Kostet der Wabenbau Honig?’’, who attempted to separate the cost of wax
production from the energy necessary to support the other activities of bees. In the
days when a sample size of one was acceptable experimental currency, Dönhoff
(1854) arranged three skeps in his apiary one October. One skep was completely
empty, in the next a large amount of comb was cut away, and the last contained
fully drawn combs. Each contained a caged queen (to prevent egg-laying and
brood care costs) and about 8000 bees. The bees of each skep were fed unspecified,
but presumably equal, amounts of honey. After a week, Dönhoff (1854) deter-
mined that the bees of both wax-bearing skeps had built no additional comb but
each had stored 1.25 kg of honey. The bees of the initially waxless skep had
constructed 42 g of comb and stored 864 g of honey. The 344 g difference in
honey stores was attributed to the cost of production, the rate of which would be
750 lg per bee per day with a honey/wax conversion ratio of about 8:1. He
repeated the same basic experiments using D _zierzon hives instead of skeps, and
obtained figures of 23:1 and 15:1, which is within the range of Gundelach (1842).

During the same period, recognition of other factors that could influence con-
version ratios began to appear in the literature. For example, the renowned Dzierzon
(1861), discussing the biology of wax production, suggested that pollen might well
influence the amount of wax produced, although he did not advance any evidence to
support this (correct) view. Over the next hundred years or so, numerous experi-
ments were performed under a variety of circumstances and a number of variables
that might affect wax production began to emerge. Thus, the presence or absence of
brood, pollen, combs and queens were gradually recognised as having a direct affect
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on wax production. Even so, curiously enough, it is implicit in the literature for the
period 1840–1940 that, ultimately, a faultless solution would emerge. That is, that
the definitive experiment could be done to provide the answer to the real cost of
converting sugar into wax Hepburn (1986). Yet, conversion ratios ranging from
1.8:1 to 104:1 have been obtained experimentally (Table 11.1).

11.2 Cumulative Ratios

While it is undoubtedly true that these gross conversion ratios reflect real values
obtained under varying conditions, the experiments of the various authors cannot be
directly compared nor can an explanation for a particular result always be readily
found. This difficulty is illustrated by a comparison of the work of Whitcomb (1946)
with that of Tokuda (1955). Whitcomb intermittently fed unmerchantable honey to
four queenright colonies over 70 days of summer and gave the bees frames of
foundation on which to draw combs. His records show that in the first 10 days the
ratio of sugar consumed to wax produced dropped from 104:1 to 7:1 and in the
ensuing two months oscillated irregularly between 3:1 and 15:1. The running
cumulative ratio gradually declined to 8.4:1 at the end of his observations.

Tokuda (1955) conducted a series of experiments on 22 queenright colonies
during a good spring flow followed by a summer dearth. The control colonies were
given empty drawn combs and the experimental ones frames with strips of wax
foundation. The bees were allowed to forage and were fed sugar copiously. He
measured the amount of sugar consumed and the amount of wax produced.
Unfortunately, only three of his experiments had reasonable controls. In the
analyses of Whitcomb (1946) and Tokuda (1955) the conversion ratios were
simply defined as the net amount of sugar consumed against wax production. As
such, their reports merely indicate the extent of wax production and sugar util-
isation by different colonies during periods in which comb was or was not con-
structed. Their results do however show the extent of natural variation in comb
construction, but give no insight as to how the energy assimilated by the bees
might have been partitioned in the colony.

The manner in which energy might be related to wax production was further
investigated in Moldavia by Taranov (1959) after a summer’s flow had ended. He
established 16 colonies, equalised for size (500 g) and age, each headed by a
mated queen. The bees were given frames of combs from which a portion had been
cut away. He fed them 50 % sugar syrup and replaced the combs 18 times over a
59 day period to preclude the rearing of brood. The colonies were grouped in pairs,
and each pair was fed differing quantities of sugar-syrup every 24 h for the
duration of the experiment. The average wax production obtained in this experi-
ment in relation to the amount of sugar given to the different colonies is depicted in
Fig. 11.1.

It can be seen that the total amount of wax produced in Taranov’s colonies is
linearly related to the amount of sugar consumed. This extremely interesting result
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is open to several interpretations, especially when it is compared to situations in
which the bees were given sugar in sufficient excess that they were able to store it
as ‘honey’ (e.g. Whitcomb’s (1946) experiment).

It is very tempting to conclude that there is simply an equal partitioning of the
energy towards wax production (see Fig. 11.1) in Taranov’s experiment and that a
fixed percentage is allocated for producing wax. Such a conclusion would be
consistent with the results of Taber and Owens (1970), who found comb

Table 11.1 Chronological and annotated list of studies on food conversion ratios (sugar/wax
ratios) in the production of wax

Author and summary Sugar/wax ratios

1814 Huber. Three small, confined colonies fed sugar or
honey, pollen; assumes all food converted to wax

5.7:1 and 12:1

1842 Gundelach. One small colony, broodless, with queen
confined; fed honey in autumn dearth; assumes all
sugar converted to wax

20:1

1843 Dumas and Edwards. One small confined colony fed
honey, no pollen

24:1 and 36:1

1861 Dönhoff. Average colonies with queen confined; fed
honey and allowed to forage in fall dearth; ratios
based on consumption differences between colonies
that built and those that did not build combs

8.2:1, 15.2:1 and 22.8:1

1873 von Berlepsch. Small confined colonies fed sugar or
honey

No pollen, 19:1 and
20.5:1; with pollen,
13:1

1885 Viallon. Two colonies with drawn combs and two
combless; bees allowed to forage; procedure then
reversed; assumes differences in stores to be cost of
wax

6.7:1

1886 Hasty. One average colony allowed to forage; attempted
to measure food consumption through weight
changes of colony; assumes all honey consumed
converted to wax

2.9:1

1887 De Layens. As in Viallon, but with two broodless
colonies in summer dearth

6.3:1

1901 Maupy. Minimal value based on theoretical calculations
only

4:1

1905 Brünner. Using normal production colonies fed honey;
assumes straight conversion of food into wax

6.8:1

1944 Rosov. Four average colonies allowed to forage in a
greenhouse; attempted to separate costs of colony
maintenance, brood rearing and comb-building

12.3:1 to 14.2:1

1946 Whitcomb. See text for full discussion 3:1 to 104:1
1955 Tokuda. See text for full discussion 1.8:1 to 8.2:1
1965 Weiss. See text for full discussion 3.3:1 to 13.2:1
1965 Horstmann. Theoretical calculations considering several

biochemical pathways, none of which have been
shown in bees

2.8:1 to 8:1

1984 Hepburn et al. See text for full discussion 4.3:1 to 26.3:1
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construction to be proportional to colony size (Fig. 11.2), and with those of Florea
and Malaiu (1961) that comb building is proportional to nectar income, even
though both groups lacked a measure of energy flow in their studies. This would
not be contradicted by the wide range of previously noted conversion ratios
(Table 11.1), since the latter would reflect experiments in which foodstuffs were
available in excess. In any event, although equivocal, the results of Taranov
represent a first step towards an experimental solution to the partitioning of
foodstuffs in the production of wax.

The experiments and observations during the period 1840–1940 principally
suffered from a failure to measure the separate costs of colony maintenance on the
one hand, and the production of wax on the other. Nonetheless, this early exper-
imentation has borne much fruit in the recognition of some of the factors that
impinge upon the biology of wax, even if the credits and debits for wax production
cannot be balanced. The two major approaches used were those in the tradition of
Dumas and Edwards (1843) and von Berlepsch (1873—cited from Taranov 1959),
who worked, essentially in vitro, with confined colonies of bees and on the other
hand those of Gundelach (1842) and Dönhoff (1854) whose in vivo bees were

Fig. 11.1 The average wax
production for 500 g colonies
over a 59-day period. The
amount of food, a 50 % sugar
syrup, was fixed between 25
and 1000 g a day (based on
data of Taranov 1959)

Fig. 11.2 The average size
of the comb constructed as
related to colony size (after
Taber and Owens 1970)
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allowed to forage away from the nest. Both approaches have their obvious
advantages and disadvantages and both continue to be used today. They provide
different kinds of information for the development of a general concept of the flow
of energy in relation to wax production, which has gained momentum in the past
two decades.

Weiss (1965) was the first to attempt a separation of the direct costs of wax
production from the other combined activities of a colony under apiary conditions.
He performed a series of three experiments on ‘nigra’ bees (an old local German
term for A. m. mellifera), kept in field cages during summer. In the first trial he
compared two colonies, made by division, each of about 1000 g bees and headed
by young mated queens. One colony was given starting strips of foundation, the
other fully drawn, but empty comb. For 15 days the bees were allowed to fly in the
cage to a feeding site supplied with a 50 % sucrose (w/w) solution. At the
beginning of the experiment the youngest bees in the colony were 3 days old.
Weiss (1965) measured the amount of sugar consumed by the two colonies and the
amount of wax produced by the colony that had been given starting strips of wax
foundation. The colony that had been given drawn combs did not construct any
additional comb.

Like Dönhoff (1861) before him, Weiss (1965) calculated sugar/wax ratios as the
amount of sugar actually needed for wax production, based on the amount of sugar
consumed by the experimental colony in excess of that consumed by the control.
The analytical refinement made by Weiss (1965) was to compensate for the con-
centration of the sugar that the building bees had stored in their newly built combs,
so that a more accurate measure of sugar consumption could be calculated. In this
case, the experimental colony produced 105 g of wax and consumed 1585 g of
sugar solution; the controls constructed no combs but consumed 1235 g of sugar.
The excess 350 g of sugar divided by 105 g of wax gave a ratio of 3.3:1. In a second
experiment using two different colonies (which probably had the same age com-
position as those in the first experiment), Weiss (1965) obtained a ratio of 3.5:1 over
16 days. These bees were then observed for another 8 days (at the beginning of this
second period the youngest bees would have been 18 days old and past their normal
wax-secreting prime), and the sugar/wax ratio for this period came to 11.4:1 after
his original data were adjusted for production per unit time/day.

The same basic experiment was repeated a third time using Carniolan bees over
a longer sampling period. At the outset the youngest bees would have been at least
2 days old; at the end of the experiment they would have been 22 days old and
hence past their wax-secreting prime. The results of this experiment are shown in
Table 11.2. Even though the relative composition of different age classes is not
known, it is tempting to conclude that as the bees grew older the sugar/wax ratio
increased; however, Weiss did not adjust for the attrition of bees in these exper-
iments. The problem of attrition was clarified to some extent in a fourth experi-
ment at Erlangen during autumn.

Weiss (1965) gave starting strips of beeswax foundation to five queenright
colonies (the experimental group) while another five colonies (the control group)
were given fully drawn but empty combs. Portions of the large body of data
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emanating from these experiments are important enough to reproduce in modified
form (Table 11.3), because they show the extent of natural variation that can be
expected of different colonies. These results also show that sugar consumption per
gram of bees is higher in smaller than in larger colonies. Yet two major impon-
derable factors remain in the cost equation: (1) the relative importance of age
structure in wax production; and (2) the problems of heat production as related to
age, colony size and the synthesis of wax itself. Among other things, Weiss (1965)
suggested that comb construction produces heat, and with it, greater activity in the
colony. How should variables like conversion efficiency and foraging time, age
structure and colony size, to name a few, should be considered?

Table 11.2 Sugar/wax ratios obtained from caged bees during summer (Weiss 1965)

Experimental
period

Sugar consumed (mg/
g bees)

Excess consumption (mg/
g bees)

Wax (mg/g
bees)

Sugar/wax
ratio

Building
bees

Control
bees

1. 4 days 239 133 106 20.5 5.2:1
2. 4 days 420 109 311 21 14.8:1
3. 6 days 575 110 465 28.7 16.2:1
4. 4 days 487 113 374 24.7 15.1:1
5. 4 days 587 235 352 25.6 13.8:1

Table 11.3 Sugar/wax ratios in a fall experiment adjusted by attrition, Colony 1 is the same
throughout all periods and is matched to the same control colony (Weiss 1965)

Experimental
period

Colony
number

Sugar consumed
(mg/g bees)

Excess consumption
(mg/g bees)

Wax (mg/g
bees)

Sugar/
wax ratio

Building
bees

Control
bees

10 days 1 471 279 192 54.4 3.5:1
2 736 307 429 611.4 6.4:1
3 846 296 434 81.9 5.3:1
4 1031 412 619 86.3 11.2:1
5 979 438 541 811.3 6.2:1

11 days 1 710 212 498 50.0 10.0:1
2 1032 269 763 79.3 9.6:1
3 1195 327 786 93.2 8.4:1
4 1273 409 864 811.7 9.9:1
5 1347 401 946 89.4 10.6:1

11 days 1 755 304 451 50.1 9.0:1
2 1147 370 777 82.6 9.4:1
3 1133 421 523 102.0 5.1:1
4 1797 610 1185 89.5 13.2:1
5 1675 578 1097 85.9 12.8:1
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11.3 Measures of Conversion Efficiency

Conversion efficiency will obviously depend on a host of factors, among them
genetic background (e.g. the subspecies under investigation). This point was
brought home very clearly in the comb production studies by Skowronek (1976).
He compared four small colonies (about 2000 bees each) of each of three sub-
species over three seasons. Pooling his data, we find that the amount of wax
produced varied with race: the Caucasians averaged 41.4 mg/bee, the Carniolans
32.5 mg/bee and the native Polish bees 29.8 mg/bee; resulting in combs of 9.8 g of
wax per dm-2, 9.7 g dm-2 and 8.8 g dm-2 respectively. Over the 3 years the
Caucasians had produced more wax per bee and had constructed heavier combs
than did the other two strains. Similarly, in caged experiments, Jay and Jay (1983)
found that American bees of European origin, produced just over twice the amount
of wax as did African honeybees.

Combining the balance sheet method of Dumas and Edwards (1843) with the
sophisticated instrumentation now available for measuring oxygen consumption
and monitoring temperature, Hepburn et al. (1984) studied the relationships
between wax and heat production, sugar consumption and metabolic rate, and age
and in small queenright colonies (500 bees) of the African honeybee, A. m. scu-
tellata (at that stage still called A. m. adansonii, only later work identified the
populations in northern South Africa as A. m. scutellata, cf. Hepburn and Radloff
1998). Their colonies were made up of newly emerged bees from brood frames of
several different colonies and which were combined at random to achieve a bal-
anced genetic background to control for potential variability. In all the colonies the
bees began the experiment when they were less than 1 day old, and all the vari-
ables mentioned were measured, including the daily rate of attrition over a 21 day
period. The rate of sugar consumption (corrected for attrition) and sugar stored in
the nascent combs, as well as the rate of comb construction, were calculated on a
per bee basis at 3-day intervals as shown in Fig. 11.3.

The consumption of sugar increased over the first 12 days and then levelled off,
even though the colony size had decreased. Similarly, the metabolic rates of the
colonies were found to be parallel to that of sugar consumption. The core tem-
perature of each of the colonies was also measured on an hourly basis over the
21 day period. Even though ambient temperature was kept constant in the envi-
ronmental chamber, an initial and erratic core temperature was recorded for the
first week. This was followed by the development of an extremely regular oscil-
lation in core temperature with a morning low of about 30 �C and an evening high
of about 32 �C (these details are discussed in Nijland and Hepburn 1985).

The real metabolic rate, averaged over time for bees of different ages, is shown
on the left ordinate of Fig. 11.4 from which it is apparent that a plateau is reached
in bees of about 12 days old. The same figure includes an adjusted metabolic rate
as a function of bee age on the right ordinate. Since oscillations in metabolic rate
did not occur in 3-day-old bees (nor did such bees secrete wax), the metabolic rate
measured for these bees was taken as an approximate basal value for subsequently
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estimating the cost of wax production. This is not to imply that all the energy
expenditure above the ‘basal’ rate was diverted into wax production as such,
because some expenditure would have been associated with the production of
cluster heat in those bees more than 6 days old. The use of values of metabolic rate
from 3-day-old bees thus provides only a partial compensation for energy
expenditure in calculating a more exact energy budget for wax production.

Wax production was assessed as the wax which the bees had constructed as
combs, as well as those scales which had fallen to the bottoms of the hives. The
total wax production for five colonies was determined at the end of the experiment,
on the 21st day; single values for the rates of production were obtained at 3-day
intervals when five parallel colonies were killed. The total wax production per
colony on a given day was the wax produced per bee, corrected for colony size.
The value given for wax production per bee of a given age is absolute and
independent of the prevailing size on a particular day. The metabolic cost of wax
production per bee between the ages of 9 and 21 days was estimated to be about
6 ± 1 mW/g body mass for each milligram of beeswax produced and worked into
comb; or in bee terms, about 70 lg of wax was produced per 420 lW of bee
labour. These figures point to the interrelationships between metabolic rate, sugar
consumption and wax production. The correlation coefficient between wax pro-
duction and adjusted metabolic rate was 0.93 (P \ 0.005); that between wax
production and sugar consumption was also 0.93 (P \ 0.005). Finally, the corre-
lation between the adjusted metabolic rate and sugar consumption was 0.89
(P \ 0.007). These relationships are shown in Figs. 11.4 and 11.5.

Just as the ability to thermoregulate develops with age, so does the ability of
bees to significantly raise their metabolic rate change with age (Fig. 11.5—Allen
1959). Fine control over metabolic rate and the ability to thermoregulate go hand-
in-hand in a mutually interdependent way. Because very young bees, 0 to 3 days

Fig. 11.3 Mean sucrose consumption and standard deviations are shown (blue diamonds) and
the wax production (red squares) of small, queenright colonies of African honeybees (Hepburn
et al. 1984)
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old, have a reduced metabolic rate compared to older bees, they show a steady and
unchanging cluster core temperature and do not secrete wax. The metabolic rate of
these young bees was taken as basal, and used to approximate maintenance costs in
older wax-producing bees. This simplification does not separate the cost of gen-
erating heat vis-à-vis production and comb-building per se. However, it is a telling
point that the minimal level to which the metabolic rate fell in the older bees at
night, was very similar to that of the younger bees which did not secrete wax
(Fig. 11.6). It is highly suggestive, but has not as yet been shown, that the elevated
temperature somehow facilitates, or is necessary, for wax secretion.

Fig. 11.4 The metabolic rates of African worker bees of different ages. The blue diamonds related
to the left ordinate show the average mean real metabolic rate; right ordinate (red squares) show an
adjusted metabolic rate used to calculate the cost of wax production (Hepburn et al. 1984)

Fig. 11.5 Sucrose consumption (blue diamonds) and wax production (red squares) for
queenright African bees as a function of metabolic rate (Hepburn et al. 1984)
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In trying to estimate the cost of wax production, many other considerations
enter the equation. The progression of development in the workers that secrete wax
and build comb had been previously observed by Rösch (1927), but the division of
labour associated with age can easily be modified by manipulating the age
structure of a honeybee colony; workers precluded from taking up a variety of
activities, such as foraging, quickly change to other duties (Rösch 1925, 1930;
Lindauer 1952). Under the confined conditions of the experiment of Hepburn et al.
(1984), in which no foraging was allowed nor was there brood to tend, the met-
abolic expenditures were solely devoted to self-maintenance, temperature regu-
lation, wax secretion and comb-building.

Among the minor factors affecting wax production is the provision of starting
sheets of beeswax foundation. One small strip was attached to the top bar of a frame
to define the locality of the cluster with respect to the thermocouple (Hepburn et al.
1984). In consequence, it is possible that the bees produced marginally less wax
than they might otherwise have done, because, as Gillete (1900) discovered and
Skowronek (1973) confirmed, bees produce marginally less wax when supplied
with beeswax foundation than when not. The provision of wax starting strips
represents a possible source of systematic error on the conservative side.

A major variable in the biology of wax is the relationship between production
rate and colony size, established by Taranov (1959). A regression analysis of his
original data showed that the amount of wax produced was directly correlated with
the number of young wax-producing bees present in the colony, where the mass of
bees ranged from between 0.5 kg (about 5000 bees) to 2.5 kg (about 25,000 bees).
In his experiments wax was produced at a daily rate of 3 mg/bee. Extrapolation of
the regression curve (for which the correlation coefficient for a straight line was
0.97) back to the size of the small colonies (0.35 kg, or 500 bees) used in the
experiments of Hepburn et al. (1984), gave a predicted yield of about 150 mg of
wax per day for the relationship to hold. Using 15 days of production time

Fig. 11.6 The metabolic rate
of queenright clusters of
African bees of various ages
in the course of a day. The
gap indicates the absence of
readings (Hepburn et al.
1984)
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Hepburn et al. (1984) obtained an experimental value of 3.2 mg per bee per day
after adjustments were made for the changes in colony size due to death. The daily
production rate of wax was calculated to be 141 mg per colony per day, which was
within 5 % of the value expected from the analysis of Taranov’s data.

Clearly a full analysis of the cost of wax production in a honeybee colony is
exceedingly complex, and is made all the more difficult in the absence of measured
rates of production for individual wax-secreting bees. Discounting the many vari-
ables which have been excluded by the form of these experiments, the observable
differences in the amount and cost of wax produced varied greatly with the changing
age structure of the colony. However, a general trend did emerge from the experi-
ments; wax production appears to be a process which, for the honeybee colony, is
akin to commercial amortisation. Within defined limits, it becomes cheaper for the
bees to produce wax and to build comb as they become older. This trade-off or cost
calculation comes into play on the individual level and also on the colony level.

The Asian dwarf honeybees, Apis florea and A. andreniformis, are the only
species which salvage their old nest wax after absconding or migrating to a new nest
site, thereby recycling the old wax (Hepburn et al. 2011). Although the recovered
wax is of high energetic value, it is not the actual energy of the wax which makes it
worth recovering, but rather the fuel costs to cover the distance by the workers to
fetch it (Pirk et al. 2011). It is not the value of the resource but the time to recover it
that is traded against the foraging time for nectar to replace the wax, explaining why
this behaviour is only observed in Apis florea, (we do not know what A. andreni-
formis does), if the absconding range is within the foraging range of the new nest
site, whereas in Apis mellifera, for example the absconding range is more than 6 km
and the mean foraging range around 1 km (Hepburn et al. 2011; Pirk et al. 2011).

Colonies of Apis florea, which only abscond a short distance, and usually return
to salvage old nest wax; but those colonies, and all other honeybee species, which
go considerably further, do not. Wax salvage would clearly be counter-productive
unless the energy input/energy yield threshold was profitable. There are two
possible trade-offs in this scenario, the trade-off between the energy expended to
recover the wax (recovering hypothesis), as against that of replacing the wax by
new secretions (replacing hypothesis). In order to compare the two hypotheses, the
fuel costs involved in salvaging wax on one return trip, the average flower han-
dling time, flight time and relative values for substituting the salvaged wax with
nectar were calculated. Moreover, the energy value of the wax was determined.
Net energy gains for salvaged wax were calculated. The energy value of the
salvaged wax was 42.7 J/mg, thus too high to be the limiting factor since salvaging
costs are only 642.76 mJ/mg (recovering hypothesis). The recovery costs
(642.76 mJ/mg) only fall below the replacement costs for absconding distances
below 115 m, thus supporting the replacing hypothesis. This energetic trade-off
between replacing and recycling, plus the limited absconding range of A. florea
may explain why A. florea is probably the only honeybee species known to salvage
wax. It parsimoniously explains the underlying reasons why A. florea only
salvages wax from the old nest if the new nesting site is less than 100–200 m
away-energetically, it pays off to recycle.
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11.4 Temperature and Wax Production

While honeybees thermoregulate in the absence of a nest, it is seems that areas in
which workers handle wax have higher temperatures (Pirk et al. 2004) suggesting
that they regulate the heat to facilitate wax manipulation. Although colonies did
not show any temperature preference for settling in the warmer section of an
experimental nest cavity (Taber and Owens 1971), they are able to detect and
distinguish small temperature gradients (Heran 1952; Basile et al. 2008). How wax
synthesis and comb-building are constrained by thermal conditions is not well
understood. There is only indirect evidence that bees cannot or will not sustain the
costs of heat and comb production when both are very high. Both wax secretion
and construction rapidly decline in autumn and virtually cease during winter. The
onset of comb production in spring is well correlated with 11 �C for temperate
honeybees and it has been suggested that sustained comb-building in practical
apiculture occurs around 16 �C (Brünner 1905). That the production of comb
apparently requires a minimum environmental temperature must be considered in
juxtaposition to a regulated nest temperature. It has often been claimed (Philipp
1930; Büdel 1948; Weiss 1965), but never shown, that a nest temperature of 35 �C
is essential for wax secretion and comb-building.

Indeed, Darchen (1962) recorded a range of temperatures around festoons
varying from 30 to 34 �C, while Hepburn et al. (1984) recorded a maximum of just
below 33 �C in the core temperatures of clusters of building bees. It is, simply, not
yet possible to adequately assess the relationship of wax synthesis and comb
construction to the thermal conditions of a colony’s nest, much less how the
microclimate of the nest is related to environmental conditions.
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Chapter 12
Construction of Cells

Abstract Honeybee nests result from interactions among numerous bees
performing different comb-building operations ranging from construction of new
cells, shaving and thickening edges of cells, capping brood, and capping removals.
The single major construction is comb-building. At the onset of comb-building,
nascent cells are circular but soon after acquire a more crystalline structure; regular
hexagons appear that are products of the physical properties of wax, equal pressure
from adjacent cells, and the flow of the visco-elastic wax. The structure and
formation of cells result from wax being a thermoplastic material while, the hex-
agonal structure is the result of the wax reaching a liquid equilibrium, changing from
a crystalline state to an amorphous state at nest temperatures. The building
‘instincts’ of bees are labile and are supported by several possible subroutines in
their total building programme; but the rather wide tolerances seen among cells
show that bees cannot make precise measurements. In commercial beeswax foun-
dation, both the cell base and the hexagonal rims of the cells have a pronounced taper
to them. However, the natural outermost limits of cell patterns, and not the cell base,
determine what pattern bees follow in cell construction. The antennae may play a
role in maintaining tolerances on cell thickness because milling of the cell wall is
controlled by individual workers at single sites, and antennectomy significantly
increases wall thickness. The shape of the honeybee cell does not have its celebrated
regularity; its economy is a teleological myth. The entire history of the honeybee cell
in natural history, geometry and philosophy is the story of centuries-old
misconceptions.

12.1 Introduction

Honeybee nests are the result of the interactions and interplay among numerous
individuals performing various building and construction operations. The behav-
ioural plasticity among individuals, paired with the various aspects of the con-
struction of combs, makes for a fascinating and complex field of study. The end

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_12,
� Springer-Verlag Berlin Heidelberg 2014
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product, the comb, is used for storing resources, rearing the next generation of
brood, and chemical and physical communication, which ensures the social
cohesion of the honeybee colony.

12.2 Manipulation of Wax Scales

The first record on the handling of wax scales after they have been secreted is that
of the famous 17th century work, The feminine monarchie, by Butler (1609) who
wrote: ‘‘You may behold them (bees) working on the edges of their combs, and
having blown their liquid and soft wax out of their mouths fasten and fashion it
with their fanges and forefeet’’. In the 19th century different findings and obser-
vations to Butler’s interpretations were proposed, particularly by Huber (1814),
who noted that a worker removes a scale from the wax mirror with a hindleg and
transfers it with a foreleg to its mouth. The scale is then thoroughly chewed and a
frothy liquid added. He then mistakenly attributed the means for scale removal
from the abdomen by the pollen press (the ‘wax-pliers’ of the old literature).
Dönhoff (1854) disputed this, laid a counter claim for the basitarsal setae of the
planta, but otherwise confirmed Huber’s basic observations.

It is extremely difficult to decide how to apportion credit when it concerns fine
details, even when careful comparisons are made of the different authors’ works.
While Huber (1814), admittedly, wrote the first extensive description of how bees
handle wax scales, the most comprehensive account is by Casteel (1912), who
meticulously followed the movements of bees in an observation hive with a bin-
ocular microscope. To briefly summarize, Casteel reported that wax scales are
usually removed from the wax mirrors, passing them under the abdomen to the
forelegs and finally to the mandibles, where they are chewed and then added to the
comb. Lineburg (1924) extended Huber’s observations on the mandibulation of
wax, and confirmed the detailed observations of Casteel (1912). Rösch (1927) and
Gwin (1936) confirmed both the origin and the mandibulation of wax scales.

12.3 Comb Operations

Honeybee nests are the result of numerous kinds of building operations performed
by many individual bees; they range from the construction of new comb
(Fig. 12.1), to cell-shaving and cell edge-thickening, capping brood and the
removal of cappings when adults eclose (Fig. 12.2).

Meyer (1952) and Meyer and Ulrich (1952) published concise accounts of
comb-building for which all constructions in the nest were divided into either
major or minor building operations. There is one major construction, the overall
building of combs which is the foundation of a honeybee colony (Fig. 12.1),
enabling them to communicate, store food and raise brood. There are several
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minor operations which tend to differ depending on whether they occur in areas of
the brood comb or honeycomb (Figs. 12.2 and 12.3). Once the major task of
constructing brood combs is completed, the cyclical rearing of multiple genera-
tions of brood occurs. Part of the cycle is when the larval cells are capped on the
threshold of metamorphosis; the wax used for sealing these cells is generally
recycled old wax, and not newly secreted wax. By using dyed waxes, Meyer and
Ulrich (1952) reported that more than 60 % of the wax used to cap brood cells was
salvaged from previously used brood cell cappings following the emergence of
young adult bees. These minor constructions, based on recycling cappings wax
(Lineburg 1923a, b), are generally performed by young bees, 3–9 days old, most
of whom have not yet reached the peak of wax secretion (Rösch 1927). These
nurse bees both feed the larvae and cap them in due course. Workers are able to

Fig. 12.1 Comb
construction by Apis florea
a 6 h; and b 12 h after
settling on a twig
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identify the age of the larvae mainly based on pheromones emitted by the brood
(cf. Chap. 5).

After the adult bees emerge, workers smooth and shave the walls of the empty
cells and collect the remains of the cappings. By removing the wax cappings, they
also removed part of the silken cocoons which are attached to the inside of the
cappings. This material is either used as cappings for larvae in close proximity,
which are ready to pupate, or gets attached to the rims of nearby cells; however,
the addition of this material results in the thickening of the edges of cells, which
then has to be thinned by workers (Fig. 12.2).

The stored material on the rim can either be used to seal the cell if necessary, or
may serve simply as a depot for the storage of capping material. Smith (1959)
observed the capping activity of a single worker for an hour, and his results
(Fig. 12.3) confirm that capping can be done either by a single or several bees
(Meyer and Ulrich 1952).

The operation of capping is not restricted to brood, but is also performed on the
honeycombs. It seems intuitively obvious that different stimuli trigger the bees to
do these jobs in these two different areas. However, since the behavioural patterns
involved in capping or uncapping cells are effectively the same as illustrated in
Fig. 12.2, one might wonder if the stimuli are similar. An appreciation of the order
of magnitude of the so-called minor operations can be gained from Lineburg’s
(1923a) study on the turnover of cappings wax. Let’s assume that, in a colony in a
standard Langstroth hive, half the cells are filled with brood at any given time.
That would translate into workers having to cover an area with wax of about

800 cm2 (equal to the area of 11=3 of an an A4 sheet of paper) with wax on a
3-weekly basis, and they, or the newly emerged workers would have to remove the

Fig. 12.2 Tasks related to minor comb-building operations in an A. mellifera colony proposed
by Meyer and Ulrich (1952) and confirmed by Lau (1959). The plus and minus symbols next to
the arrows indicate how the size of the cell rim changes
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same amount at the end of a brood cycle. Eight-hundred cm2 converts to more than
10 g of wax, based on cappings of A. m. scutellata, or the production of nearly
1500 21-day old workers (Hepburn et al. 1984), which is built and removed every
3 weeks.

The huge turnover and shifting rate of wax is also evident given the fact that
brood cell cappings in nests containing old and darkened combs are nearly as dark
as the combs themselves. In the white combs of newly established swarms, the
cappings are only slightly discoloured (Lineburg 1923a). The shifting of wax takes
place within hours as was demonstrated by Darchen (1980) who showed that, by
placing various radioactive labels within a colony and measuring their dispersal
over 24 h the radioactivity spread to all the combs, although its intensity declined
with increasing distance from the point of application of the tracer. Unfortunately,
the passive transmission of label on the bodies of workers vis-à-vis real pieces of
wax being moved could not be established.

12.4 Inception of the Nest

The processes that occur after a swarm settles at a new nest site are probably
similar for cavity- and open-nesting Apis species when it comes to the inception of
the comb or nest. One of the problems of studying comb-building has always been
that of trying to see through a cluster of bees, often as much as 10 cm thick.
Another problem with cavity-nesting species, like A. cerana or A. koschevnikovi, is

Fig. 12.3 Capping behaviour of an individual A. mellifera worker over the course of 1 h (Smith
1959)
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that nests in cavities are extremely difficult to observe. One can address the
problem in two ways; either let the bees construct a bit of comb and remove it for
recording, which is easier in open-nesting bees, like Apis florea; or force the bees
to construct in a way that exposes their progress. Huber (1814) constructed an
experimental design that forced the bees to build from the bottom upwards on a
lath, a rare but natural form of building behaviour (Bone 1952).

When following the first approach, similar building activities were observed in
Asian honeybees. Both dwarf honeybees, A. florea and A. andreniformis, usually
have a single, exposed comb, typically situated on a single branch of a bush or tree,
in a shady location (cf. Chap. 2). The structure of the comb has been described in
some considerable detail (Akratanakul 1977; Mossadegh 1990; Phiancharoen et al.
2011). However, all of the published reports on comb structure in the dwarf
honeybees were made on mature nests collected in nature or purchased at markets.
In all the interpretations of dwarf bee comb structure, it is implicit that the comb is
built top-down, continuously, in the vertical plane, a point not established by
observations. Moreover building, using hexagonal cells, poses serious geometrical
problems because it is not possible to encircle a regular cylinder, like a twig, with
hexagons. Close examination of such combs revealed a combination of various
other polygons (Phiancharoen et al. 2011), so that real solutions to the problem of
comb geometry are yet to be determined. The actual inception of comb con-
struction from scratch, and its subsequent development in real time, have not
previously been reported and are described here for the first time.

In recently settled A. florea colonies comb-building probably commences
almost immediately after landing on the twig and settling because a small row of
about seven nascent cells were subtending the twig at 2 h (Fig. 12.4a). After 6 h
the addition of a second lower row of cells appeared (Fig. 12.4b). It is evident that
these nascent cells are not polygonal but virtually circular. After 9 h (Fig. 12.4c)
there are four rows of nascent cells. The row at the base of the twig consists of
truncated hexagons and 2 rows of crude hexagons. The third row is exactly the
same as in the first row, circular burrows in the wax. Twelve hours (Fig. 12.4d)
after settling the comb acquires a more crystalline structure as regular hexagons
begin to form, which is most likely as a result of the wax flowing into shape (Pirk
et al. 2004; Karihaloo et al. 2013), with equal pressure from adjacent cells to shape
the forming hexagon in the centre of the developing comb (Bergman and Ishay
2007). As a rule, the first row of cells appears anomalously different from the
hexagons of comb cells with which we are familiar. It generally consists of regular
pentagons and circles; the site of support forms one side from which two vertical
walls are suspended and then two oblique ones. Ordinarily, the growth of the comb
then progresses at a faster downward than lateral rate, so the combs tend to be
ellipsoid in the early stages of construction (Figs. 12.4, 12.5 and 12.6).

Huber’s observations have been confirmed many times (Darwin 1856; Hubbe
1957; Lau 1959; Ulrich 1964; Darchen 1991). Figure 12.6 shows the development
of an A. florea vertical, single comb nest over seventeen weeks once the swarm
settled. By day 4 (b) the nest had already been partitioned into an area for honey
(crown or top of comb), an underlying pollen layer, below which both capped and
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Fig. 12.4 Comb construction by A. florea: a 2 h after an A. florea swarm settled on a twig
resulting in a single small row of about seven nascent cells below the twig; b 6 h; c 9 h; and
d 12 h

Fig. 12.5 Three samples of
freshly constructed A.
mellifera cells. The newest
cell on the left (round) to the
oldest one on the right
(hexagonal) (Pirk et al. 2004)
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Fig. 12.6 Construction of an A. florea comb over 121 days. For details, see text. (Duangphakdee
et al. 2013)
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uncapped larval cells occurred. This basic pattern remained until the mature col-
ony swarms some 4 months later. The sequence of photographs show: (a) on day
2, the darker wax honey crown was being developed above the brood area which
contained eggs and larvae in a concentric pattern; (b) by day 4, a few brood cells
had been capped with more eggs and larvae below, maintaining the concentric
pattern; (c) on day 6, cell capping continued as did the expansion of the uncapped
brood area; (d) by day 8, the concentric rings of capped and uncapped brood
increased, workers were storing nectar in the crown; (e) on day 16, the first patch
of brood emerged as adults and there was further extensive capping of brood cells
(note that brood does not extend to the periphery of the comb); (f) on day 23, the
empty cells of (e) contained capped brood from which the second generation of
adults emerged, the cells in the surrounding area contained newly laid eggs, while
the outer ring contained capped brood; (g–k) occurred sequentially between days
30 to 93, and the staggered distribution of concentric brood of various ages and
generations are visible in each photograph, while drone cells were finally con-
structed by day 93; i) appearance of drone cells; (l) by day 100, drones emerged
from their cells at the bottom of the comb; (m) on day 107, drones left the nest;
(n) by day 114, there were no new eggs, no uncapped brood and only very few
capped cells; (o) on day 121, the colony absconded (Duangphakdee et al. 2013).

The method of attachment of cells and the subsequent extension of the comb
have been analysed in some detail for around 200 naturally drawn A. mellifera
combs (Hubbe 1957); nevertheless the problems also persist in open-nesting
species. Hubbe (1957) found that the irregular nature of cells may well extend
from the first row downwards, for another five or six or sometimes more rows.
Similarly, the bees may begin their work on a horizontal plane where even greater
irregularity will be encountered. Eventually some regularity, or at least patches
thereof, can be found in feral nests. The irregularities not only result from
attaching comb to an irregular substrate, but also by including drone and worker
cells and different orientations (Fig. 12.7).

Thompson (1930) analysed the orientation of cells in 267 pieces of comb with
the following results: 123 combs contained cells in the horizontal mode, the cells
were vertical in 131 others, one comb contained both, and 13 contained only
oblique or tilted combs (Fig. 12.7). The problem is exacerbated by the fact that
combs also contain drone cells which are larger hexagons than worker cells and
therefore the transition of workers cells to drone cells has to be architecturally
solved. This, in fact, can only be achieved with the addition of various non-
hexagonal polygons (usually pentagons and heptagons—Fig. 12.8).

Not only does the type of the cell play a role in pattern formation but also in the
queen-status; cells constructed by queenless bees are less regular than those
constructed by queenright bees (Taber and Owens 1970). The different types of
cells and variations in comb-building behaviour are a precursor for the introduc-
tion of dislocations in the geometry of combs. Alternatively, instead of accepting
the dislocations, the following was noted by Darwin (1859): ‘‘it was really curious
to note in cases of difficulty, as when two pieces of comb met at an angle how
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often the bees would entirely pull down and rebuild in different ways the same cell,
sometimes returning to a shape which they had at first rejected.’’ Therefore, when
looking at the final comb many irregular cells (sometimes called ‘transition
cells’—Dadant 1946) may still be found, others are retouched and hidden from
view in the final product which we see (Darchen 1954; Hepburn and Whiffler
1991).

The interpretation of the geometry of combs has quite a respectable history that
dates from the 4th century BP with the writings of the Alexandrian, Pappus. He
held that bees had a certain geometrical forethought by which the most economical
container to be made of wax was, in fact, the hexagonal configuration. Mathe-
matical arguments about the comb cell were later advanced by that giant of 17th
century science, Kepler, and were also debated in the 18th century at the Royal
Society of London by such notables as Maclaurin and Lhuiller, and in Paris by

Fig. 12.7 Natural patterns of cells constructed by A. mellifera. The vertical and horizontal
patterns dominate combs built without foundation, and occur with similar frequency (Thompson
1930)

Fig. 12.8 Transition of
worker cells into larger drone
cells of an A. m. scutellata
comb
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Maraldi, Koenig, de Reaumur and Buffon. These mathematical discourses have
been summarised by several authors over the years (Vogt 1911; Armbruster 1920;
Thompson 1942; Meretz 1963).

Karl von Frisch (1974) emphasized the amazing level of precision in comb-
building and that man could not undertake work of this nature without the use of
specialised tools. Unveiling the underlying mechanism(s) of how bees are able to
construct and measure with such apparent precision took place for centuries.
However, Pirk et al. (2004) argued on theoretical grounds and provided hard
experimental evidence that the structure of honeybee combs results from wax
being a thermoplastic material, and the hexagonal structure is as a result of the wax
reaching a liquid equilibrium. Tautz (2008) provided support for the liquid equi-
librium hypothesis based on the physical properties of beeswax. From a physical
viewpoint beeswax is not a solid, but a fluid that changes from a crystalline state to
an amorphous state at temperatures of 25–40 �C. Pirk et al. (2004) hypothesised
that the round wax cells might naturally form hexagonal shapes due to the
mechanical tension between adjacent cylindrical cells in the amorphous state, as
subsequently confirmed by Karihaloo et al. (2013).

Honeybees form cells with their mandibles while palpating the comb surface
constantly with their antennae. The mandibles are used with a left/right movement
of the head or in a repeated movement of the head upwards into the neck, thereby
sliding across the cell walls. All these observations have been previously described
(Lau 1959; Martin and Lindauer 1966). Besides these points, Karihaloo et al.
(2013) developed two scenarios of how comb patterns emerge, both of which
support the idea that ‘‘the regular pattern of rounded hexagons is a result of the
progressive fusion of the circular walls induced by the flow of the visco-elastic
molten wax…’’ (Fig. 12.9). Both models partially or fully support the idea of a
liquid equilibrium (Pirk et al. 2004) process being involved in the production of
hexagonal cells (Fig. 12.9). Furthermore, hexagonal cells can also form if equal
pressure is applied to the sides of a group of cells, the central cell then becomes
hexagonal (Bergman and Ishay 2007). A similar phenomenon can be observed in
basalt rocks which form the Giant’s Causeway located in County Antrim on the
northeast coast of Northern Ireland (Thompson 1942).

When all is said and done, we concur with Vogt (1911), who performed the
most exhaustive analyses of comb cells; that the shapes of worker and drone cells
are, more or less, regular, hexagonal prisms. Each is closed by three quadrangular
rhombs, the obtuse angles of which form a truncated pyramid which is the usual
floor of a naturally built cell. As Vogt put it: ‘‘When judgement had to be passed
on the way bees build, the metaphysical idea of perfection confused the issue for
the great man (Darwin), impartial observer as he was, just as it had done for the
eighteenth century teleologists. The shape of the bee cell does not have its cele-
brated regularity; its economy is a teleological myth. The entire history of the bee
cell in natural history in geometry and philosophy is the story of a 200-year old
mistake!’’

Put another way, Vogt’s pronouncement, coupled with the results of Darwin’s
second comb experiment and the measurements of Hubbe (1957), all point to the

12.4 Inception of the Nest 247



concept of behavioural plasticity. Not only is the instinct of the bee labile, but it
evokes the notion of several possible subroutines in the total building programme
of bees, to use an apt analogy from Gould and Gould (1983). The experimentalist
may wish to view things slightly differently. It could well be that the rather wide
tolerances one observes in their constructions simply show that bees cannot make
very precise measurements; they are victims of the limitations inherent in their
own neurophysiology. The latter interpretation certainly sides with Vogt (1911),
but rather than reach a conclusion, it is more interesting to consider what bees have
done under various experimental circumstances.

12.5 Recognition of Cell Patterns

If one considers the cells of freely-built combs, it is apparent that they are not
really as uniform as they tend to appear at first sight. Indeed, in one study of such
combs, no two cells were found to be identical (Darchen 1956). Nonetheless, the
size of worker cells fall within fairly narrow limits, with the average dimensions
varying in different species and races (Vogt 1911; Alber 1953; Taber and Owens
1970; Hepburn 1983; Phiancharoen et al. 2011). Most of the cells that exceed two
standard deviations of the mean actually occur in the basal few rows of cells from
where the nest began.

Fig. 12.9 The proposed mechanism for the transformation of a round cell to a hexagon in A. m.
ligustica combs (Karihaloo et al. 2013)
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Returning to Thompson’s (1930) studies of the orientation of cells in three
modes, a number of interesting questions emerge. For example, is there a genetic
component to these different patterns? Do worker bees learn a cell type from
whence they have come? Do workers learn, in the absence of cues, to work a
particular pattern from those bees that come to a site with past experience? Oelsen
and Rademacher (1979) considered these questions in an experimental way. In
addition to vertical, horizontal, tilted (or oblique) cells, they also reported a rare
form of a rosette pattern. All four of these kinds of cell patterns are shown in
Fig. 12.7. On the assumption that newly emerged bees, deprived of their combs as
reference cues, will demonstrate innate as opposed to learned behaviour, Oelsen
and Rademacher (1979) reared bees in combs having vertical, horizontal or rosette
cell patterns.

As the bees emerged they were collected and placed in a modified hive with
space for the construction of three combs, to form small colonies of about 1000
bees. Each colony was given unembossed, pattern-free sheets of wax as sites to
stimulate comb-building. The authors found that those bees bred from vertical
cells constructed combs containing a mixture of vertical and oblique cells; bees
reared from horizontal cells constructed a mixture of regular, vertical, oblique and
horizontal cells; bees from rosette cells built a mixture containing all four patterns
(Fig. 12.7).

To test whether bees learn to follow a particular pattern and thereby become
behaviourally entrained to follow it, Oelsen and Rademacher (1979) caught newly
emerged bees and again constituted them in small colonies, and allowed them to
work in the absence of any bees that might have had prior experience in building a
particular cell type. Each colony was provided with three forms of wax. In one
case, a colony was given a frame with a full sheet of beeswax foundation
embossed with the rosette pattern, one frame with a small strip of the same wax,
and the other frame with a sheet of unembossed, pattern-free wax. Other colonies
received the same permutations based on the vertical cell pattern. On recovery of
the combs, the authors found that in each case the bees built true to the form of
pattern with which they were supplied; however, when they worked the unem-
bossed wax into combs, they constructed a mixture of vertical and horizontal cells.

Oelsen and Rademacher (1979) then asked whether the cell pattern in which a
bee is reared affects her subsequent proclivities as to cell orientation in a comb-
building situation. To test this, they formed four colonies of bees reared in the
vertical mode, and four other colonies reared from the rosette pattern. The colonies
were assigned wax sheets as follows: of the ‘vertical’ bees, one colony was given
the vertical pattern, two were given the rosette, and one was given unembossed
wax. The ‘rosette’ colonies of bees were allocated wax sheets in the same way.
Each of the colonies that subsequently constructed combs did so according to the
pattern given, regardless of the type from which they were reared. It so happened
that none of the unembossed sheets were worked during the experiment. In an
addendum to this experiment, some colonies of bees reared in vertical cells were
given only small strips of the rosette pattern, and these bees built horizontal and
oblique cells as well as a patch of the rosette type.
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12.6 Assessment of Cell Size

Following Gontarski’s (1935) experiments on how bees reacted to artificially
enlarged cells, Hepburn (1983) analysed the tolerances in cell construction and the
thresholds of acceptability for different cell sizes. He supplied colonies of the
African honeybee, A. m. scutellata, with sheets of beeswax foundation manufac-
tured in the laboratory of 170, 220, 275, 336, 390, 441, 462 and 522 cells/dm2. In
addition, commercially manufactured foundation of 476, 493 and 1022 cells/dm2

were used. The foundation fashioned in the laboratory consisted of perfect hexa-
gons with equilinear line segments, but the bottom of the cells were flat. In
commercial foundation, the hexagons are very seldom equilinear and the cell bases
consist of three rhombs. Six of the queenright A. m. scutellata colonies were tested
on each of the different foundations. Each cell-type was tested using full foun-
dation sheets given to the colonies nine times on a random basis. The resulting
constructions (Figs. 12.10, 12.11 and 12.12) were divided into five different groups
of building solutions.

170 cells/dm2. The bees characteristically began building from the bottom of
the frame upwards—the reverse of normal building. There was considerable dry-
working of the foundation wax, but the bees did not destroy the hexagonal patterns
as they so often do when reworking worker foundation into drone comb. The bees
generally worked within the constraints of these large hexagons by filling them
with rosettes of irregular 5- to 7-sided polygons (Fig. 12.10a). Building com-
menced on a cell base by drawing a line of wax from the centre point of one wall
line segment to just short of the cell centre. The construction of this initial small
cell determined the size of the adjacent cells within the large hexagon, and so on.

220 cells/dm2. Although the cell bases in this foundation were smaller than those
of 170 cells/dm2 foundation, the bees were unable to provide a symmetrical
solution either within, or above, the constraints of the given hexagon. Figure 12.10b
shows that the original pattern had been almost totally destroyed, and the comb
built on this now disrupted foundation consisted of only highly irregular cells.

275, 336 and 390 cells/dm2. Here the construction solutions were uniformly the
same. Each of the six corners forming the angles of the hexagons was used as the
starting point for the construction of a new cell. As building progressed, a new,
regular hexagonal pattern formed that was superimposed on, hence elevated above,
the base pattern (Fig. 12.10c). In the finished comb all cells appear regular;
however, there was a void in the centre, effectively a ‘false’ cell. The development
of this false cell is shown in Fig. 12.10d from which it becomes apparent why the
false cell cannot be easily detected in the finished comb.

The measurements of these new cells superimposed on the foundation cells are
of considerable interest. Considering mid-wall to mid-wall diameters, it was found
that these cells decreased in size in fixed proportion to the rate at which the
foundation cell size decreased (Fig. 12.10). A. m. scutellata naturally drawn worker
comb cells range in size from 4.37 to 5.39 mm, while those drawn on 275, 336 and
390 cells/dm2 foundation were 5.15, 4.80 and 4.34 mm respectively. This last
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Fig. 12.10 Construction of cells by A. m. scutellata (formerly A. m. adansonii) on different sizes
of beeswax foundation. a Is the result of 170 cells/dm2; b 220 cells/dm2; c 275, 336, 390 cells/
dm2; and d diagrammatic projection of a comb shows the origin of false cells (Hepburn 1983)
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Fig. 12.11 The cell diameter of A. m. scutellata cells built naturally or on foundation, either
fully drawn cells or unworked foundation cells. 461a and 461b differ in their basal diameter but
the diameter was kept constant (cf. cell base below)
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dimension, 4.34 mm, is within 0.5 % of that occurring in the normal range of
worker cells. This result implies that recognition and acceptance of a grossly large
hexagon depends on the ability of the bees to superimpose a pattern of the cells
which is within their natural working tolerances (Figs. 12.11 and 12.12).

441, 461 and 476 cells/dm2. This series included cells which constituted the
upper limits on cell size construction, on which one particular colony would work,
but the other colonies would not. Only a single colony drew comb on foundation
with 441 cells/dm2; the other test colonies invariably began tapering the forming
cells, and would then gap-fill the resulting voids. The 461 and 476 cells/dm2 were
treated in the same way as the 441 cells/dm2 foundation; one colony would draw
on them, the others would not. Just as the cells constructed on the 390 cells/dm2

foundation resulted in a 0.5 % extension of the range of worker cell sizes, this
foundation size defined the upper limits of drone cells in naturally-built combs,
which vary in size from 6.18 to 7.24 mm, with a mean of 6.66 mm. Experimental
foundation of 441 cells/dm2 had a diameter of 7.20 mm, which was just within the
limits of drone cell tolerances.

493 and 522 cells/dm2. Foundation with 493 cells/dm2 was the largest size
which all six colonies would consistently draw into finished, regular combs.
Workers easily filled these cells with honey and capped them, queens readily laid
in them, and drones were reared from them. The appearances of such combs were
the same as that of any comb drawn on commercially available foundation sheets,
except that the cells were uniformly large. The cell walls were virtually identical to
those of drone comb (Fig. 12.12).
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Fig. 12.12 The cell wall thickness of A. m. scutellata cells built naturally or on foundation. 461a
and 461b differ in their basal diameters, but the diameter was kept constant (cf. Sect. 12.7, Cell
Base)
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Foundation of 522 cells/dm2 was almost identical to that of combs in wild
colonies and was treated accordingly by the bees. In the absence of building
foundation, the cell sizes of European races of A. mellifera bees are notoriously
variable (Vogt 1911; Darchen 1956), while African A. mellifera construct cells that
range from about 4.8 mm to 6.7 mm in diameter or 500–1100 cells/dm2. The
reported lower limit on the cell size of African A. m. litorea from Tanganyika
(presently, Tanzania) is 1243 cells/dm2 (Smith 1960) and the upper limit close to
441 cells/dm2 (Hepburn 1983). Considering drone and worker cells as separate
entities that are recognised as such by bees, the variations in the tolerances of cell
size approach some 40 %. Moreover, so-called intermediate or transitional cells
are far from rare, as is shown when only a starting strip of embossed wax is given
to honeybee colonies. The bees follow the pattern to the end of the strip, below
which the cells become progressively larger. Over a distance of only 65 mm, the
cells at the bottom of the comb were 20 % larger than those at the top, the rate of
increase in cell size being about 3 % per mm (Hepburn 1983).

Against this background of seemingly immense variation there was, nonethe-
less, some control in comb-building. There were no strong correlation between cell
diameter and cell wall thickness. Two groups appear with respect to these two
variables (Hepburn 1986). One was a group of smallish cells centering around
5 mm in diameter with a mean wall thickness of about 0.25 mm, which were
worker cells. In the other group, drone cells were around 6.8 mm, with an average
wall thickness of about 0.43 mm. These two groups were discrete and there were
no intermediate or bridging values between them (Figs. 12.11 and 12.12). The
overall mean thickness of cell walls in naturally drawn combs is 0.36 ± 0.11 mm,
whereas those drawn on foundation were marginally thicker, 0.41 ± 0.08 mm.
However, the difference was not statistically significant. In view of the relatively
large cell wall size from embossed foundation of about 0.60 mm (Figs. 12.11 and
12.12), it was significant that such large walls were planed by the bees and the
thinning factor was about 30 % on average.

The limits on the acceptability of large cells by A. m. scutellata lie in the range
of 441–493 cells/dm2 and provide a basis for assessing whether bees consistently
apply a set of working limits. Tests were conducted using the same six colonies of
bees, and different types of foundation were placed in the same frame. Thus, 1 dm2

sheets of foundation of one size were alternated with 1 dm2 sheets of another size,
in the following combinations: 441 ? 390, 336 ? 522, 493 ? 441 and
493 ? 390 cells/dm2. The results of construction were astonishingly consistent,
whatever the permutations of cell sizes, the bees consistently recognised 336 and
390 cells/dm2 sizes and built their combs accordingly. Similarly, when they
encountered 493 and 522 cells/dm2 sizes, they built accordingly. The 441 cells/
dm2 size presented the same problem in mixed-size foundation frames as in the
whole frame experiment—one colony would work it, and the other colonies
resorted to tapering and gap-filling. There was no distortion of the foundation and
the metrological abilities of the bees remained constant.
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12.7 The Cell Base: Changing from Rhombus
to Hemisphere

It is very difficult to assess the importance of the cell base in relation to the
construction of the rest of the cell. Huber (1814) assigned great importance to it,
but only a few studies address the issue (Hepburn 1983; Pirk et al. 2004; Hepburn
et al. 2007). In the earliest study, Hepburn moulded the wax so that the foundation
consisted of perfectly equilinear hexagons and the bases of the cells were flat and
of the different sizes mentioned above. In professionally made commercial bees-
wax foundation, both the cell base and the hexagonal rims of the cells have a
pronounced taper to them. To assess what the bees might have measured, base
width or wall taper, foundation of 461 cells/dm2 were manufactured in two dif-
ferent ways; cells were made in which the diameter was held constant at about
6.95 mm, but the bases varied. Type A cells had a base of 5.05 mm and type B
cells with a basal diameter of 6.70 mm (Hepburn 1983). The results are shown in
Figs. 12.11 and 12.12, from which it is evident that the finished cells differed,
although not significantly, by about 0.1 %. One can conclude that the outermost
limits of the pattern supplied to them, and not the nature of the cell base, deter-
mines what pattern the bees follow.

Therefore, the apparent regularity of comb cells derives from two sources: the
abstractions of idealists (with the laudable exceptions of Vogt, Hubbe and
Darchen), and the centuries-old use of beeswax foundation on which exact regu-
larity has been embossed. The latter gives regularity to cells which masks the
variability which one normally finds in feral honeybee nests. Based on that level of
order, Martin and Lindauer (1966) thought that the diameter of cells must be
measured by the bees in some way. The average measurements of the cells they
studied (similar to others obtained by Taber and Owens 1970) are shown in
Table 12.1.

Among the possible organs of measurement that came to mind were the inter-
ommatidial setae, whose function is unknown. These were excluded because
Neese (1965) had shown that their removal had no measurable effect on comb
construction. These setae, while not essential for comb-building, are not precluded
from a role in comb-building, as Martin and Lindauer (1966) rightly pointed out.
Similarly, Lau (1959) had shown that bees could build extensive and normal
combs after amputation of the tarsi of the forelegs. But to consider the more
obvious things, Huber (1814) was emphatic that not a parcel of wax is removed in

Table 12.1 Measurements
of A. mellifera cells (Martin
and Lindauer 1966)

Worker cells Drone cells

a Maximum diameter [mm] 5.7 6.9
b Minimum diameter [mm] 5.2 6.2
l Length of brood cell [mm] 12.0 15
a Cell angle 120� 120�
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cell thinning before the antennae have palpated the surface to be planed. Likewise,
Lau (1959) had shown that combs built by antennectomised bees contained several
structural aberrations. On these notes, Martin and Lindauer (1966) went on to
evaluate the antennae in determining cell size and wall thickness.

Martin and Lindauer (1966) performed an incredible series of important
experiments in which they removed either one or both antennae, as well as

Table 12.2 Comparison of maximal and minimal cell diameters in combs built by normal and
antennectomised A. mellifera workers (Martin and Lindauer 1966)

Experimental group N Maximal
diameter [mm]

N Minimal
diameter [mm]

(A) Normal bees 27 5.7 ± 0.13 27 5.2 ± 0.17
(B) Apical segments removed—both antennae 37 5.7 ± 0.27 30 5.3 ± 0.22
(C) 2 or 3 Antennal segments removed—both

antennae
40 5.7 ± 0.17 40 5.2 ± 0.15

(D) Right antenna removed 28 5.8 ± 0.22 28 5.3 ± 0.19
(E) 5–7 segments removed—both antennae 20 5.6 ± 0.25 20 5.2 ± 0.24
(F) Right antennae and 2 or 3 segments of the left

removed
27 5.8 ± 0.23 45 5.2 ± 0.31

(G) Tips of both antennae treated with HNO3 15 5.6 ± 0.28 15 5.2 ± 0.23
(H) 2–7 segments of both antennae cauterised and

covered with wax
23 5.9 ± 0.48 25 5.1 ± 0.33

Fig. 12.13 Variation (blue bars in lm, red bars % increase) in the thickness of the cell walls
built by antennectomised A. mellifera workers. Groups are as in Table 12.2. Group A (control)
being significantly different from all other groups (Martin and Lindauer 1966)
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different numbers of antennal segments from hundreds of bees (Table 12.2). The
bees, despite the mutilations, constructed combs similar to the controls, providing
negative results. However, returning to the palpations of the antennae, and because
amputation did not prevent building (Lau 1959; Martin and Lindauer 1966), in
future one just might have to re-define precisely the role of the antennae in comb-
building. In both studies (Lau 1959; Martin and Lindauer 1966) it was noticed that
the coping of the cell wall should show a deviation from the controls. The coping
of cells built by antennectomised bees were wider and higher than those of the
control groups (Martin and Lindauer 1966).

This suggests that the antennae play a role in maintaining tolerances on cell
thickness. In building, the milling of the cell wall is controlled by a single worker
working on a single side of the wall at a time. That the apical segment of the antenna
is of great importance is shown by the effect of partially removing it, which
increases the cell wall thickness significantly (Fig. 12.13). Martin and Lindauer
(1966) observed that a building bee continuously executes planing movements with
the curved edges of the mandibles during construction, while simultaneously
‘monitoring’ the forming or thinning wall with the antennae. As the mandibles are
dragged over the wax, it is deformed. Presumably the controlled pressure on the
mandibles could, in theory, be transmitted through the head capsule and onto the
neck organ, whose response may inform the bee’s brain of quantitative changes in
the wax. Part of the problem with the results reported above is that these questions
have to be answered experimentally. Otherwise, it is only conjecture as to what is
measured and how, if indeed, anything is measured at all.
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Chapter 13
Conversion of Wax Scales into Comb Wax

Abstract The cyclical changes in cellular organelles and the chemical composi-
tion of beeswax precursors found in the haemolymph and gland tissues, closely
coincide with age-related wax secretion rates. It is one of the divisions of labour, a
coincidence of physiology and behaviour that parallels other polyethisms. The
mechanical properties and crystal structure of wax change with chemical additions
by honeybees. Intact wax scales contain some non-lipoidal components and differ
from comb in lipid composition. The mechanical properties of scale and comb wax
vary with temperature. There is a linear relationship between load and elongation
in the tensile stress-strain curves to the maximum sustainable load, so that the yield
stress coincides with the ultimate strength of the material. New comb wax is an
isotropic plastic whose mechanical properties depend on temperature. Larvae
introduce silk into the comb in a random array, the addition of which improves the
load-carrying capacity of the combs. Over time, the combs become fibre-rein-
forced composite materials, with properties entirely different from the individual
components. Wax scales form as the liquid wax fractions transude from the pore
canals onto the surface of the wax mirror, where these small droplets coalesce to
form thin layers of wax, and this process continues until a wax scale forms. The
relatively crystalline scale is reduced to an amorphous state during cell con-
struction; but, given the warmth of the colony, the physical manipulations of the
wax by the bees gradually introduce an ordered texture.

13.1 Introduction

This chapter reviews the cycle of wax secretion in which the cyclical changes of
cellular organelles and the chemical composition of beeswax precursors, found in
the haemolymph and gland tissues, closely coincide with age-related rates of wax
secretion (Rösch 1927; King 1928; Hepburn et al. 1991). It is one of the divisions
of labour, and this temporal coincidence of physiology and behaviour parallels
other polyethisms, such as colony defense (Whiffler et al. 1988; Breed et al. 1990)

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_13,
� Springer-Verlag Berlin Heidelberg 2014
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and brood care (Liu 1989; Crailsheim and Stolberg 1989); all are predictable
activities correlated with age and cycles of glandular functions.

Some years ago, Robinson (1987) suggested that juvenile hormone was
involved in the regulation of physiological processes that are associated with
division of labor in honeybees, but the effects of juvenile hormone on behavior
were not clear. He went on to test the hypothesis that, juvenile hormone affects
worker age polyethism using a chemical analogue of the hormone, methoprene. On
the basis of his results Robinson (1987), and subsequently Robinson and Vargo
(1998) and Sullivan et al. (2000), claimed juvenile hormone was involved in the
control of age polyethism, and that the hormone may regulate a colony’s allocation
of labour by altering the probabilities of response to tasks. Robinson and Vargo
(1998) further stated that their experiments demonstrated that juvenile hormone
acts as a ‘‘behavioral pacemaker,’’ influencing how fast a worker grows up and
makes the transition from nest to foraging activities. Unfortunately, the juvenile
hormone analogue, methoprene, is a toxic, insect growth regulator, that was first
registered as a conventional chemical pesticide in 1975, and remains so to date
(US Environmental Protection Agency 2001). So in the circumstances, all of the
attempts to define a role for juvenile hormone in the division of labour, based on
methoprene, remain inconclusive.

Attempts to alter this cycle by increasing or decreasing the amounts of juvenile
hormone and/or the addition or removal of the corpora allata, had no measurable
effect on the onset of wax secretion, its duration, or the amount of wax actually
produced for this age cohort (Muller and Hepburn 1994). Juvenile hormone III and
the corpora allata do not play a role in regulating the age-related physiology of
wax secretion in adult worker honeybees, as neither factor affected either the onset
of wax production or the amount of wax produced. Allatectomy of newly eclosed
workers did not affect wax production in adult worker honeybees. An experi-
mentally increased juvenile hormone III haemolymph titre, as a result of either a
single large injection or by implanting corpora allata from older workers into
younger workers, did not affect either the onset of wax production or the mean
amount of wax produced. No critical period could be established during which an
elevated juvenile hormone III titre would affect the rate of wax secretion.
Methoprene, on the other hand, significantly reduced wax secretion. This suggests
that methoprene, applied pharmacologically as is done routinely in polyethism
studies, is sublethal and poisonous to worker honeybees. Methoprene is a com-
pound which mimics the action of an insect growth regulatory hormone and is used
as an insecticide because it interferes with the normal development.

Hepburn and Muller (1988) performed experiments to determine the nature of
the cycle of wax secretion. First, using bees of a precisely known age, it was shown
that secretion was a continuous process, there was no diel rhythm. This led to a
2 year study of wax secretion in queenright colonies, from which the wax scales of
some 11000 bees were recovered and weighed. Wax secretion was parabolically
cyclic and related to age: secretion begins at about 3 days after emergence, reaches
a peak between 9 and 12 days, and wanes between 18 and 21 days (Hepburn et al.
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1991). These data finally filled the gap between the histological observations of
Rösch (1927) and the physiology of the secretory cycles.

13.2 Wax Scales

The probable chemical changes in the conversion of wax scales into comb wax, first
suggested by Hunter (1792), rest on two pieces of evidence. The first comes from
Huber (1814), who found that wax scales dissolved quickly in turpentine, but frag-
ments of comb failed to dissolve completely, leaving many particles of comb wax in
the solvent. Moreover, fragments of comb disintegrated and fell to the bottom of a
flask of ether, but scales preserved both size and shape and lost only their translu-
cency. These two wonderful little experiments are easily repeated. The second arises,
en passant, from the work of Lambremont and Wykle (1979), in which scale wax was
analysed by thin layer chromatography and the resulting chromatograms lacked any
activity in the diester position. However, the presence of this fraction in scale wax has
since been confirmed (Schoening 1980; Kurstjens et al. 1985).

The components of the ‘salivary’ secretions of honeybees are poorly known, and
those added to wax during comb-building are totally unknown. However, Hesel-
haus (1922) suggested that the salivary material added to wax might derive from the
postcerebral gland, while others (Örösi-Pal 1957; Cruz Landim 1963, 1967)
implicated the mandibular gland. Indeed, Cruz Landim claimed that the secretion of
an isolated mandibular gland of some wild bees can dissolve wax. A ketone, 2-
heptanone, has been identified from this gland in honeybees by Shearer and Boch
(1966), which partially dissolves comb but does not affect scale wax at all.

13.3 Chemical Differences Between Scale and Comb Wax

While one can measure changes in the mechanical properties of wax that result
from chemical additions by honeybees, allowance must be made for the changing
crystal structure as well. Kurstjens et al. (1985) investigated permutations of scales
and comb wax by separately varying crystal texture and chemical composition (to
include or exclude a possible protein fraction in the wax—Kurstjens et al. 1990),
and then tested these waxes under identical mechanical conditions. This led to two
conclusions about the chemical differences of the waxes. First, intact scales must
contain some non-lipoidal component. Secondly, wax scales must differ from
comb wax in lipid composition as well (cf. Chap. 16).

Kurstjens et al. (1985) tested these inferences with standard techniques used for
both the gross analysis of proteins and lipids, and found that both waxes contain
proteins and also differ in gross lipid composition. Davidson and Hepburn (1986)
then found that some of the changes in lipid composition were associated with the
conversion of wax scales into comb wax. Although the total glycerol content of
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both waxes remains constant, the diacylglycerols predominate in scales, but are
reduced by nearly half in comb wax; on the other hand, the monoacylglycerol pool
of comb wax is nearly double that of scale wax. However, this potential reduction
in the stiffness of comb is ameliorated by a corresponding saturation of the
acylglycerol fatty acids in comb wax. That these transformations enhance the
stiffness of comb wax is evidenced by the fact that texturally isotropic and protein-
free sheets of comb wax are significantly stiffer than similar specimens made of
scale wax (Kurstjens et al. 1985).

The ‘saliva’ added to the wax scales by bees contains material with probable
lipolytic activity that reduces the diglyceride pool of the scale wax with a corre-
sponding increase in the monoglyceride fraction of the comb wax. The combined
affects of the crytstallographic and chemical changes on the mechanical properties
of the waxes are as follows: (1) scale wax is stronger than comb wax and, although
the latter is twice as stiff as scale wax, it is less distensible than the former; (2) the
energy to fracture comb wax (an index of the work bees must invest to shape it) is
only half that of scale wax over the range of temperatures likely to impinge on the
nests of honeybees; (3) the effects of mandibulation by the honeybees are to
transform the texturally anisotropic scale wax into isotropic comb wax.

Although the mechanical properties of scales and comb wax vary with tem-
perature (cf. Chap. 14), we have not considered the significance of temperature as
such. It has been documented (Hepburn et al. 1983; Hepburn and Kurstjens 1984)
that the physical effort required of bees and the mechanical performances of the
nest are a superb compromise between bees and material at 35 �C. At the only
slightly higher temperature of 40 �C, the mechanical properties of the nest are
dangerously compromised, and the bees themselves begin to die in droves. On the
other hand, were bees to work at lower temperatures, their construction costs
would burgeon with decreasing temperature (cf. Chaps. 11 and 14). All things
considered, one wonders why bees did not evolve a more heat-resistant wax. As it
is, once the wax scale forms on the wax mirror, it has a melting point of about
65 �C, but the wax precursors were transuded through the pore canals at bee-body
temperature, of only 35 �C. However, there is the intriguing reality that honeybee
enzymes of begin to denature above 40 �C. The selective processes that led to this
compromise must have been extraordinary.

13.4 Maturation of Newly Constructed Combs

Once the wax scales have been fashioned into pristine comb, many more physical
and chemical transformations of the nest material occur. The first hint of such
changes were observed by Huber (1814); that the very white wax of new combs
seemed more brittle than that of the stronger and more pliable yellow combs. He
also noted that bees add propolis (whose origin from plants he discovered inde-
pendently of Hornbostel 1744) to wax, both in bulk and as a surface varnish, which
he thought reinforced the combs. There is no dispute about the progressive
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changes in comb colour particularly associated with the rearing of several cycles
of brood in the nest. The new, white cells progress through yellow, various shades
of brown and finally become a very dark brownish-black.

The above is the usual sequence of colour changes in nests of all species of
honeybees that have been examined. However, bees have been known to secrete
pink or red wax; the pigment of candy floss collected by foragers in one case (S.
Taber, pers comm.), and from dye, Sudan III, fed to bees in a vegetable oil carrier
in another case (Örösi-Pal 1956). The blackness is said to derive partially from
larval excrements and from propolis, but the chemical identity of such pigments
has not been resolved (Chauvin 1962; Tischer 1962). The walls of brood cells also
become thicker with continued use and include the exuviae and silken fibres spun
by generations of larvae. Very old combs, from which the wax has been extracted,
leave behind fairly substantial ‘ghosts’ of hexagonal cells (Fig. 13.1).

Through some simple chemical studies, Huber (1814) was able to show that the
yellow principle was not likely to have come from propolis, a point subsequently
confirmed by Jaubert (1927), who identified the component as 1,3-hydroxyflavone
and named it chrysine. The origin of chrysine is totally obscure. Vansell and
Bisson (1935) believed that the yellow colour of the wax arose through contam-
ination by carotenoids from pollen, a view consistent with the report of Freu-
denstein (1962), that the combs of caged bees lacking pollen were white and those
of bees with access to pollen were yellow. This is a commonplace occurrence.
Alternatively, Philipp (1928) and Freudenstein (1932) suggested that it might be a
glandular secretion. The occasional occurrence of bright yellow cells in the midst
of new white combs with pollen nowhere near, also occurs.

What is the significance of these colour changes in comb? Reasonable
hypotheses were formulated by Woog and Yannaquis (1935, 1936a, b) on the basis
of their physical studies. They found that yellow and white wax taken from
recently constructed combs had the same degree of crystal orientation, far greater
than that of brown wax, which had only very slight, or no crystal orientation at all.

Fig. 13.1 Silken ‘ghost’
cells exhibit clear-cut
rhomboids on the bottom
outside of A. m. capensis cells
(Hepburn et al. 2007)
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However, in samples of white and yellow wax incubated at 38 �C for 3 days, the
orientation of crystals in the latter was enhanced, and even more so after 50 �C for
only 2 h. They concluded that chrysine somehow accelerates crystal orientation.
Brown wax, in contrast, appeared totally different. There was no measurable
crystallinity in these propolis-bearing waxes. Woog and Yannaquis (1935, 1936a,
b) suggested that the wax-propolis mixtures were more plastic than either the white
or yellow wax, and that the solidity of such constructions was augmented by the
bees incorporating pupal exuviae into the cell walls. They further argued that such
a fusion is highly dependent on good adhesion between the two, such forces being
greater than surface effects that might otherwise have led to increases in crystal
orientation.

The work of Woog and Yannaquis (1935, 1936a, b) provides ideas for a
mechanism by which changes in the cell walls of combs may occur. In any event,
other changes in comb have been explored by Hepburn and Kurstjens (1984) who
compared the tensile properties of propolis (whose older name ‘bee-glue’ is
actually more appropriate in view of its general use by bees), and of new white
comb wax. They found that propolis exhibited an unusual behaviour on tensile
deformation; there was a linear relationship between load and elongation from the
origin of the curves to the maximum sustainable load. Thus, the yield stress
coincided with the ultimate strength of the material. But propolis, like beeswax, is
an entirely plastic material in the range of 25–40 �C, so that this linearity was not
an elastic one. On yield, propolis was highly ductile and flowed about 200 %
before the necking thread finally failed.

The tensile strength of propolis decreased eightfold over the range of temper-
atures tested, and the yield strain some threefold (Table 13.1). The stiffness
remained virtually constant at lower temperatures with a major transition between
35 and 40 �C. The work to yield also decreased with increasing temperatures, as
did the ductility of the substance. Over the range of temperatures tested, beeswax
was at least four times stronger than propolis. Even so, the combs of bees in warm
countries sometimes fail in hot weather (wax and honey were actually observed

Table 13.1 Tensile properties of propolis and beeswax of the African honeybee, A. m. scutellata
(Hepburn and Kurstjens 1984)

Temperature
(�C)

Yield strain
(MPa)

Yield stress
(%)

Stiffness
(MPa)

Work to yield
(MJm -1)

Propolis 25 0.26 ± 0.07 38 0.68 0.07
30 0.16 ± 0.03 23 0.69 0.03
35 0.12 ± 0.02 17 0.71 0.02
40 0.08 ± 0.02 16 0.5 0.01
45 0.03 ± 0.01 14 0.21 0.004

Beeswax 25 1.13 ± 0.08 30 3.77 1.2
30 0.83 ± 0.06 14 5.93 0.5
35 0.54 ± 0.08 12 4.5 0.23
40 0.21 ± 0.03 4.2 5 0.04
45 0.07 ± 0.01 4 1.75 0.01
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flowing out of the entrance of hive exposed to the full sun in summer in South
Africa (Hepburn unpubl. obs.). Propolis at its strongest is comparable to beeswax
at its weakest over the range of temperatures tested that are likely to have an effect
on honeybees’ nests. These results are certainly consistent with the interpretation
of Woog and Yannaquis (1935, 1936a, b) as to the possible effects of propolis in
wax, but they do not constitute a direct test of the variables associated with the
maturation of combs.

The modifications of comb performance by the presence of proteins and water
can now be related to the material properties of combs as they evolve in the nest
(Hepburn and Kurstjens 1988). In the course of its development, new comb wax is
an isotropic plastic whose mechanical properties depend heavily on temperature.
In time, generations of larvae introduce silk into the waxen structure in a random
alignment to achieve equal properties in all directions. Thus with use, the comb
becomes a fibre-reinforced composite material which exhibits properties entirely
different to its individual components. The addition of silk greatly improves the
load-carrying capacity of the combs (Hepburn and Kurstjens 1988). Although not a
theoretically ideal stiff plate structure (Nachtigall and Kresling 1992), the mature
comb is nonetheless a remarkable compromise between technical construction and
the biological purposes it serves. A flow diagram showing the conversion of wax
scales into comb is given in Fig. 13.2.

Fig. 13.2 Simplified flow diagram showing the steps involved in the conversion of newly
secreted wax scales into new comb, followed by the events associated with the maturation and
use of combs (Hepburn 1998)
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13.5 Wax Scales

The wax scales of honeybees are roughly pentagonoid but with rounded corners
and are slightly convex in the surface plane. As such, they are of the same outline
shape as the surfaces of the wax mirror cuticle on which they form (cf. Fig. 12.1);
the most posterior of the four pairs of wax mirrors are somewhat smaller than the
anterior ones (Huber 1814; Dreyling 1903). The wax scales vary in thickness,
depending upon the time they have been developing on the abdomen of the
honeybee (Huber 1814; Dönhoff 1854). They normally range in thickness from
about 200 lm to 500 lm when used by bees (or fall from bees), but extremes of
1000 lm have been observed in A. mellifera (von Buttel-Reepen 1915; Jordan
1962) and A. cerana (HQ Zheng, University of Zhejiang, pers. comm. and pho-
tomicrograph). Whether scales are laminated has been a controversial point since
Huber (1814) originally asserted that they are. Dreyling (1906) examined the
fracture faces of thick scales that he had broken, and noted the jagged edges of
distinct layers. But because the entire scale readily took up coloured dyes rather
than penetrated the interstices of his apparent layers, he concluded that the scales
were fused. The laminations of scales have also been shown by others (Gwin 1936;
Baldaev 1968; Dietz and Humphreys 1970), but the suggestion that the layers are
fused remains (Coggshall 1953), and, indeed, they are.

The formation of wax scales, as intimated by Huber (1814), have been observed
microscopically by Philipp (1935), confirmed by Jordan (1962) and more recently
by Cassier and Lensky (1995). The liquid wax fractions transude from the pore
canals onto the surface of the wax mirror, where these small droplets coalesce to
form a first layer of very thin wax. In the next phase of secretion, more droplets
reach the surface of the mirror, lifting the first layer and become attached to it. So
the process continues until several layers have been secreted to form a full wax
scale. Scales usually consist of about three to six laminae by the time a bee uses
them (Jordan 1962), and the older and thicker they become, the greater the extent
of delamination at the edges. Dietz and Humphreys (1970) were able to resolve the
laminae into finer sublayers of about 80 lm in thickness. It is very likely that the
occurrence of real, but fused laminae, reflects ‘pulsations’ in the rate of wax
secretion (Hepburn and Muller 1988). Indeed, the secretion of wax, at least in
summer, follows a circadian rhythm (Baldaev 1968). As such, the layered nature
of the scale merely reflects the supposition of Brewster (1815) that beeswax, like
rubber, gum arabic and other substances, form by the successive deposition and
induration of thin layers, a point confirmed by the observations of Philipp (1935)
and Cassier and Lensky (1995).

Ever since Hunter (1792) observed that wax scales are translucent, but new
comb is white and opaque, the idea that comb wax might be a mixture arose.
Huber (1814) noted that worker bees chew and fragment wax scales and add a
frothy substance to them. These facts assured that both mechanical and chemical
changes occur in the conversion of scales into comb. The study of such changes
and how they might come about has been slow and, experimentally, extremely
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difficult. But, most importantly, studies of wax texture, or the arrangement of
crystallites in relation to temperature, mechanical deformation, pressure and time,
have provided much insight into how honeybees convert their minute scales of
wax into combs.

Armed with a reasonable description of the gross changes in shape and in
crystal texture that occur in the metamorphosis of wax scales into honeycomb, we
are left to consider how these and other changes might come about and affect the
wax combs as structural nest material. The roles of annealing, pressure, com-
pressive and tensile deformation and time have been identified as important means
by which the crystal texture of wax may change. The conceptual inter-relation-
ships of these factors were developed in the papers of Woog and Yannaquis (1935,
1936a, b). They argued, from experimental analogies, that while the relatively
crystalline scale is more or less reduced to an amorphous state during cell con-
struction, given the warmth of the colony, the mandibulation of the wax by the
bees, and the passage of time, the comb wax gradually becomes more ordered.
Time and the warmth of the nest in tempering wax have also been considered by
others (Hunter 1792; Kratky 1937; Schmidt 1941; Martin and Lindauer 1966). It is
implicit in this argument that the more crystalline the structure, the stronger the
material, an assumption that has now been tested experimentally.

13.6 Unnatural Building Materials

Recently, there have been several experiments and observations on the interspe-
cific uses of beeswaxes. The different honeybee species share some homologous
neutral lipids; but significant species-specific differences remain (Aichholz and
Lorbeer 1999; Phiancharoen et al. 2011). Hepburn et al. (2009) analysed behav-
ioural variation for wax choice in honeybees, calculated the Euclidean distances
for different beeswaxes and assessed the relationship of Euclidean distances to wax
choice among species. They tested A. m. capensis, A. florea, A. cerana and
A. dorsata beeswaxes, the plant waxes, Japan wax, candelilla and bayberry and the
mineral wax ozokerite. Foundation-like sheets of these waxes were produced and
placed in A. m. capensis, A. florea and A. cerana colonies. A. m. capensis accepted
the four beeswaxes, removed the Japan and bayberry waxes, and ‘ignored’ the
candelilla and ozokerite waxes. A. cerana colonies accepted the A. cerana,
A. florea and A. dorsata waxes but rejected or ignored the A. m. capensis, plant and
mineral waxes. A. florea colonies accepted the A. cerana, A. dorsata and A. florea
wax but rejected that of A. m. capensis. Unfortunately we had too little of the plant
and mineral waxes to test on these bees in this experiment. In retrospect this might
have been predicted on the basis of the Euclidean distances for the beeswaxes,
which are also consistent with currently prevailing phylogenies for Apis (Raffiudin
and Crozier 2007; Koeniger et al. 2011). Despite post-speciation chemical dif-
ferences in the beeswaxes, they remain largely acceptable interspecifically, while
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the plant and mineral waxes are not chemically close enough to beeswax for their
acceptance.

This experimental approach was further extended by Hepburn et al. (2010) who
worked on the basis that salvaging wax from an abandoned nest and reusing for the
construction of a new nest is only known for absconding colonies of the red,
A. florea (Pirk et al. 2011) and black dwarf honeybees, A. andreniformis (Du-
angphakdee and Wongvilas, pers. comm.). Hepburn et al. (2010) tested whether
A. florea would preferentially choose to salvage wax from their own, original natal
combs over other conspecific combs, and whether they would salvage wax from
comb ‘facsimiles’ of A. florea combs fashioned from the combs of A. cerana,
A. dorsata and A. mellifera. In the first experiments, A. florea preferences for their
own natal combs were significantly greater than for non-natal combs. In the second
experiment, A. florea did not collect wax from any of the heterospecific combs. It
is evident that wax discrimination is very much context-dependent, and that there
is considerable genetic variation for the wax-salvaging trait.

Gums, waxes and resins from plants are used as nest materials by many wild
bee species (Michener 1974; Roubik 1992), but honeybees primarily restrict the
building of their nests to beeswax and propolis. The popular literature occasionally
lists the use of various paints, tars and asphalt collected by honeybees and these
materials are sometimes recovered in pollen traps. It is also a comment on the
flexibility of A. mellifera bees to note that, while they readily recover propolis
from exposed and used frames and hives, they very rarely salvage wax beyond the
confines of the nest in A. mellifera (Meyer 1954); however, wax salvage from
abandoned nests is commonplace in A. florea (Pirk et al. 2011) and A. andreni-
formis (O. Duangphakdee and S. Wongvilas, pers. comm.). Moreover, the many
unsuccessful attempts by man to get honeybees to accept foreign materials, such as
raw plastics, as the base for their combs, attests to the reluctance of bees to work
with unnatural materials (Johansson and Johansson 1971).

Thus it would be of interest, from an evolutionary point of view, to examine the
extent of plasticity in honeybee behaviour regarding unusual materials. In this
respect, we have the extraordinary results from the experiments by Perret-Mai-
sonneuve (1927). In one instance, he gave A. mellifera colonies pieces of pure
beeswax as well as dyed or coloured samples of ruberoid, modelling clay, ceresine
(a purified ozokerite occasionally used as a substitute for beeswax), resins and
beeswax, a mixture of carnauba wax, ceresine and beeswax and various permu-
tations of these substances in different proportions. After a week, he found that
comb had been drawn on all these variously coloured substitutes, and yet the piece
of pure beeswax was virtually untouched. In a second experiment, Perret-Mai-
sonneuve (1927) prepared a sheet of aluminium covered to a depth of 1 mm with a
series of adjacent layers, each of which was composed of the same substitutes as
well as the pitch fraction of propolis mixed with wax. Although the bees worked
slowly, they constructed comb cells on all of the foreign bases, particularly worked
on ruberoid, which they mixed with beeswax. These experimental results were met
with some incredulity at the time, and were very soon repeated by Roussy (1929),
who confirmed them. The extent to which these kinds of results support a notion of
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plasticity in the choice of nest materials would probably be best assessed after the
principles of similarity of these different materials to wax have been ascertained.

These observations obviously hold great interest and importance for their
eventual application to studies of wax synthesis. It could be expected that the
differences in the relative amounts of the major compound families in the waxes
would be reflected in the physical and mechanical properties of the waxes (Buch-
wald et al. 2009). These authors recently reported the results of a comparative study
of the mechanical properties of several different beeswaxes (A. andreniformis,
A. cerana, A. dorsata and A. mellifera), and measured, among other things, the
relative stiffness and resilience of the waxes. Because the mechanical properties of
any structure result from both the intrinsic chemical nature of a material as well as
its structural form, it is obviously desirable, but extremely difficult experimentally
to work with whole comb specimens. So Buchwald et al. (2006) compromised by
eliminating structure and simply measured the behaviour of wax cylinders under
compression.

Although compression testing is not biologically appropriate for extrapolation
to whole combs, (which are actually tension members with a relatively complex
structure), the results of such measurements have heuristic value in trying to relate
mechanical behaviour to differences in the major compound families of comb
waxes given. Resilience represents the amount of energy required to deform the
test material until it begins to fail irrecoverably. Stiffness is simply the rate of
change of stress per unit strain. A. dorsata wax is significantly stiffer than those of
other species. The waxes of A. cerana and A. dorsata do not significantly differ,
but are significantly more resilient than that of the intermediate A. mellifera, which
in turn is more resilient than that of A. andreniformis.
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Chapter 14
Material Properties of Scale
and Comb Wax

Abstract Although the honeybee nest begins with the conversion of wax scales
into combs, these two materials differ in their chemistry, crystal structure, tensile
strength and stiffness which, in turn, are modified by honeybee secretions during
comb-building. The strength of wax scales is about the same at temperatures
between 25 and 35 �C, but declines above 35 �C; in contrast, comb wax is weaker
and progressively decreases in strength with increasing temperature. The relative
workability of wax scale is about the same between 25 and 45 �C, but it is the
converse with comb wax. Wax scales are stronger and more distensible, but less
stiff than comb wax at 35 �C, and require more energy to work than comb. The
reworking of constructed comb is significantly more cost-effective than starting
comb-building from scratch. Salvaging old comb wax is also energetically
advantageous. Differences in the mechanical properties of scale and comb wax
show that comb-building involves chemical modification of the waxes. The rela-
tive amounts and kinds of lipids affect comb stiffness amongst species. Likewise,
differing kinds and amounts of protein in the waxes affect their mechanical
properties. Highly-textured scales are converted from an anisotropic into an iso-
tropic state. Lipases added during chewing modify the lipid composition of the
scale in which stiffness is lost, but regained with the addition of proteins in comb-
building. Beeswaxes are crystalline, the crystallites in wax scales are aligned,
some perpendicular to the surface, others between 62� and 65� to the surface. Their
origin is probably due to a fusion of the liquid products reaching the surface from
the different cells in the wax gland complex.

14.1 Introduction

There are many reciprocal interactions between honeybees and their nests such as
providing dance platforms, allowing gaseous exchanges, heating and cooling,
transmission of vibrations in communication, humidity control and the like.
However, first and foremost, the nest, be it single or multiple combs, must serve as

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_14,
� Springer-Verlag Berlin Heidelberg 2014
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a structural framework adequate to bear the physical loads placed upon it (Hepburn
1998). Although the nest begins with the conversion of newly secreted wax scales
into combs, these two materials are startlingly different in their chemistry, crystal
structure, tensile strength and stiffness which, in turn, are modified by the addition
of secretions during comb-building (Kurstjens et al. 1985). These properties are
continually modified throughout the comb’s life span because, just before pupa-
tion, honeybee larvae cover the walls of their cells with silk, which immediately
increases the loading capacity of the combs. So there are variations in the
mechanical properties (elastic modulus, tensile strength and strain at maximum
loading of a cell wall) with age. Many of us have watched bees gnawing old comb
and dry-working wax (Lineburg 1924; Darchen 1980; Phiancharoen et al. 2011).
In physical terms, it is energetically less expensive to re-work old wax than to
work with newly secreted wax scales. The promiscuous reworking of previously
constructed combs has its origins in the mechanical data that describe the mate-
rials, and lie in the crystal and chemical changes that occur in fashioning comb
from newly secreted wax scales.

Comb wax lacks texture because it has been structurally and chemically
modified by the bees during the comb-building process. Like wax scales, naïve
comb wax also contains a unique profile of proteins, probably derived from both
the wax scales being carried over to the combs, as well as from some substance
added to the scales during mandibulation and comb-building (Huber 1814; Line-
burg 1924). There is also the matter of silk. Honeybee silk is an a9-helical fibroin
(Rudall 1962), the micelles of which form a four-stranded array of coiled-coils
parallel to the fibre axis (Atkins 1967). Honeybee fibroin is crystalline, relative to
other insect silks (Lucas and Rudall 1968), but the hydrated fibres are only half as
stiff as dry ones although they are equal in strength (Hepburn et al. 1979). Fibroin
is hygroscopic and when solvated is highly distensible, largely owing to its
molecular conformation (Flower and Kenchington 1967; Lucas and Rudall 1968).
These structurally undesirable properties of fibroin are largely suppressed by the
cocoon-spinning larvae. Turning to wax, from two centuries of optical and one of
X-ray diffraction studies, we know that sheets of wax form crystals perpendicu-
larly orientated to two sheets of glass when pressure is applied to them. As such,
beeswax belongs to a class of materials intermediate between hard and liquid
crystals. In this Chapter only the material properties of the waxes are considered,
while the silks are discussed in Chap. 18.

14.2 Temperature Effects

About 30 years ago, an intensive series of measurements were initiated to discover
how scale and comb wax behave mechanically when deformed at temperatures a
honeybee nest was likely to be subjected (Hepburn et al. 1983, et seq.). For these
measurements, rectangular slices of cell wall wax were taken from newly con-
structed combs, free of silk, and were stretched under controlled conditions
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(Hepburn and Kurstjens 1984). With some difficulty, Kurstjens et al. (1985) then
sliced thin slivers of wax scales with razor blades, along the width of the scales,
and stretched these specimens. Taking the scales first, their strength is more or less
the same at temperatures between 25 and 35 �C; but, there is a major transition
between 35 and 40 �C, over which strength declines very markedly indeed
(Fig. 14.1). In contrast to this, comb wall wax is considerably weaker than scale
wax over the whole range of temperatures, 25–45 �C, and steadily decreases in
strength with increasing temperature.

The extent to which stretching wax samples to breaking point demonstrates that
wax scales will literally flow three to six times more readily than comb wax below
35 �C, and above which there is about a 25-fold difference between the two waxes.
This departure in the rate of change comes about because the scale wax stays in the
range of 70–100 % elongation, while comb wax changes quite dramatically with
increasing temperature from 30 % down to 2.5 % (Fig. 14.2).

Fig. 14.1 Tensile strength of
A. m. scutellata scale wax and
newly constructed comb wall
wax at different temperatures
(Kurstjens et al. 1985)

Fig. 14.2 Tensile breaking
strain of A. m. scutellata scale
wax and comb wall wax at
different temperatures
(Kurstjens et al. 1985)
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Neither the theory of plastics nor our current knowledge of wax chemistry is yet
sufficiently robust to explain the basis of this behaviour. The stiffness (which is a
measure of a material’s resistance to deformation), of the two beeswaxes is shown
in Fig. 14.3.

Comb wax is, on average, twice as stiff as wax scales. In the conversion of
scales into comb, the bees must physically work the waxes. An indication of the
work required to break a piece of wax is shown in Fig. 14.4. With the exception of
the 40 �C value (which is simply anomalous and can simply be ignored), it is clear
that the relative workability of the wax scale is more or less constant between 25
and 45 �C. Not so with comb wax; there is a quite dramatic decrease in the
energetic cost of working comb wax at increasing temperature (Kurstjens et al.
1985).

To summarise, wax scales are stronger and more distensible, but less stiff than
comb wax at a nest temperature of 35 �C. Wax scales require a greater initial input
of energy to work than do cell wall wax. Thus, the promiscuous reworking of
previously constructed comb in A. mellifera nests (Lineburg 1923; Darchen 1980;
Hepburn and Whiffler 1991) and A. cerana nests (Phiancharoen et al. 2011), is a
significantly more cost-effective and energetically parsimonious behaviour than
starting any new building operation from scratch with scales. Likewise, salvaging
old comb wax from recently abandoned nests by A. andreniformis (Duangphakdee
and S Wongvilas, pers. comm.) and A. florea (Hepburn et al. 2010) is also
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energetically advantageous (Pirk et al. 2011). The results of mechanical tests on
scale and cell wall waxes are empirical in nature; they describe phenomena but do
not explain how they come about.

14.3 Crystal Changes

The origins of the mechanical data on beeswax lie in the crystal and chemical
changes that occur in fashioning comb from newly secreted wax scales (Kurstjens
et al. 1985). A coherent picture of the material properties of the different waxes has
been accumulating slowly over the years, beginning with Brewster (1815) and
more recently by Kurstjens et al. (1985), Hepburn and Kurstjens (1988), Kurstjens
et al. (1990) and Buchwald et al. (2006, 2009). There are orders of magnitude
differences in the mechanical properties of wax scales and comb wax, and their
texture-adjusted films clearly indicate that the process of comb-building involves
chemical modification of the waxes (Kurstjens et al. 1985). Further analysis of the
protein fraction revealed some 17 bands in the electrophoretograms, some unique
to each wax (scale and comb), and others shared (Kurstjens et al. 1990). Two
inferences were made from the data; two fractions common to both waxes are of
similar molecular weight to other insect lipophorins and they may well be gland-
to-surface transport proteins. In the mastication of wax scales, additional protein is

Fig. 14.4 Work to fracture
of A. m. scutellata scale wax
and comb wall wax at
different temperatures
(Kurstjens et al. 1985)
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added, presumably lipases, because combs have a higher monoacylglycerol
content than the diacylglyceride-richer wax scales (Davidson and Hepburn 1986).
The effect of the latter is to increase the degree of saturated bonds in comb wax,
thus contributing to better stiffness (Kurstjens et al. 1990).

Since lipolytic enzymes added by the bees to the wax require an aqueous
medium to form reactions, a source of moisture needs to be present in the wax
medium. Given an average relative humidity in a hive of about RH-50 (Simpson
1961), moisture is available as a by-product of worker bee respiration and ther-
moregulation as well as the dehydration of nectar (Ellis et al. 2010). Some means
to deliver this moisture into the wax is also required. Donhowe and Fennema
(1992) demonstrated that the water vapor permeance of beeswax films is sufficient
to deliver 1.7 g of water per kg wax into the comb structure. They further pointed
out that although beeswax is primarily hydrophobic, the esters, hydroxyl groups of
free alcohols and the carboxyl groups of free fatty acids in beeswax are
hydrophilic.

Finally, discoveries about comb chemistry have been made, but their signifi-
cance is not yet apparent. Puleo (1991) summarized the details of the minor
constituents of A. mellifera beeswax of and listed some 117 compounds derived
from propolis commonly found in comb wax (cf. Chap. 16). Of these, 41 are
specifically associated with wax aroma, which of course easily leads to discussions
of kin recognition and colony odour. Similar reports on compounds derived from
propolis have appeared elsewhere (Seifert and Haslinger 1989, 1991;
Tomas-Barberan et al. 1993).

Although ubiquitous in the hives of A. mellifera, propolis, or ‘bee gum’ by its
older name, is a collection of lipophilic plant exudates and resins that honeybees
collect from resins of buds, bark and sap of plants; but otherwise whose origins
have been intractably obscure (Nakamura and Seeley 2006). This, despite the fact
that it has become a recent pharmaceutical commodity of no small importance in
the Orient. Park (1946) provided an excellent account recalling that bees prefer-
entially collect propolis during in late northern summer when the tacky substance
is malleable. Many early accounts remark, unfavourably, on the propensity of
different A. mellifera races to gather propolis. The way in which foragers collect
propolis was described by Astor (1899), Betts (1921) and Alfonsus (1933).

An older view, never pursued beyond the time, was that there are actually two
kinds of propolis; that derived from plant exudates, and another as chyme from the
digestion of pollen (Philipp 1928). Philipp further observed that all cells in which
eggs will be laid are first coated with this substance, a point confirmed by Chauvin
(1962). The chemical, pharmacological and pharmaceutical uses for propolis have
been reviewed often (Marcucci 1995; Bankova et al. 2000, 2006). However, the
significance of propolis in honeybee hygiene, social immunity and medication
have only recently been investigated and is thoroughly discussed by Simone et al.
(2009) and Simone-Finstrom and Spivak (2010). While these matters are of
considerable importance in honeybee biology, their purview is beyond the needs of
the present text.
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The use of ‘propolis’ is thought to be unique to A. mellifera and is absent from
any mention in the Asian honeybee literature (Hepburn and Hepburn 2011).
Nonetheless, propolis in movable frame hives containing A. cerana has been
observed at Kathmandu, Nepal (Hepburn, unpubl. obs.). However other species
also use resins of one sort or another; the dwarf honeybees, A. florea and A. an-
dreniformis, both utilize plant resins as nest material but not structurally
(Duangphakdee et al. 2005a, b; Duangphakdee 2006). They apply a band of sticky
resin around the twigs supporting the comb (Fig. 14.5). These bands are about
2.8 ± 2.1 cm wide with a range of 0.5–10.05 cm, and trap any small animals
attempting to gain access to the colony (Seeley et al. 1982). A band is built on both
sides of the comb, but there is a strong tendency for the band to be thicker on the
side proximal to the tree trunk than on the distal side of the twig tip (Duang-
phakdee, pers. obs.).

The sticky bands of A. florea and A. andreniformis have clear-cut repellent
properties against weaver ants, Oecophylla smaragdina (Duangphakdee et al.
2005b). Repair and re-enforcement of the sticky bands by A. florea is strongly
correlated with invasions of weaver ants into the nest (Duangphakdee et al.
2005b). Duangphakdee (2006) performed some preliminary GC-MS analyses that
give a rough idea of the chemical constituents of the sticky bands. The resins
consist of more than 50 compounds (Fig. 14.6); the most abundant being a tri-
terpene (amyrin—45.72 %) and steroids (30.32 %).

Fig. 14.5 Resinous sticky band of a twig extending towards a single comb A. florea nest
(Phiancharoen et al. 2011)
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The physical effects of wax hydration would include matrix swelling and an
increase in the diffusion coefficient of the wax (Donhowe and Fennema 1992). The
modifications of comb performance by the presence of proteins and water can now
be related to the material properties of combs as they evolve in the nest (Hepburn
and Kurstjens 1988). In the course of its development, new comb wax is an
isotropic ‘plastic’ whose mechanical properties depend heavily on temperature. In
time, generations of larvae introduce silk into the waxen structure in a random
alignment to achieve equal properties in all directions (as in random mat fibre-
glass structures). Thus with use, the comb becomes a fibre-reinforced composite
material which exhibits properties entirely different from the individual compo-
nents. The addition of silk greatly improves the load-carrying capacity of the
combs (Hepburn and Kurstjens 1988). Although not a theoretically ideal stiff plate
structure (Nachtigall and Kresling 1992), the mature comb is nonetheless a
remarkable compromise between its technical construction and the biological
purposes it serves.

14.4 Tensile Properties

In their detailed analyses of combs, Zhang et al. (2010) noted that bees basically
need to stiffen and strengthen their combs to avoid fragility, which they explained
by performing a finite element analysis of the comb. They calculated the stress and

Fig. 14.6 Chromatogram of the sticky band material collected from A. florea nests. Preliminary
identifications were based on the WILEY 7 N library database. To consider only the main
constituents: Rt = 11.643, no satisfying library match; Rt = 14.604, triterpene (amyrin);
Rt = 14.917, heptacosane; Rt = 15.220, steroid (cyclolanostenol; Rt = retention time) (Duang-
phakdee 2006)
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strain fields in new and old combs using a linear elastic finite element model at
25 �C. For newly constructed comb, the maximum normal stress and the corre-
sponding strain along the axis of the cell were found to be 72 kPa and 0.05 %
respectively for the combined weight of honey and worker bees, which are well
below the tensile strength (1.1 Mpa) and the corresponding strain (0.65 %) of the
cell wall at 25 �C (Fig. 14.7). The computed maximum nominal out-of-plane shear
stress (0.11 kPa) and the corresponding shear strain (0.04 %) in new comb are also
below the nominal shear strength, results which explain how new comb can safely
carry the weight of both honey and bees.

Zhang et al. (2010) further examined the effect of the viscoelastic nature of new
beeswax on the stress and strain fields in the wall of new comb. The finite element
method and an appropriate viscoelastic model were used to calculate the stress and
strain fields in new comb at 45 �C. They found that, as a result of creep defor-
mation, the maximum out-of-plane shear strain in a fully laden new comb reaches
1.9 % higher than the shear strain at the maximum load of new comb (1.5 %) at
45 �C. Thus, a temperature increase inside the combs from 25 to 45 �C would
result in the collapse of fully laden new combs. That this does not actually happen
is because the comb walls are continuously reinforced by silk cocoons during use
(Hepburn and Kurstjens 1988). Old comb walls that contain 34 % silk cocoons by
mass are practically insensitive to temperature fluctuations (Hepburn and Kurstj-
ens 1988). The finite element calculations of Zhang et al. (2010) show that even if
there is some decrease in the shear modulus and strain of older combs with
increasing temperature, they will still have a sufficient margin of safety against
collapse, in an engineering sense.

Fig. 14.7 Variations in the
mechanical properties of an
A. m. ligustica comb cell wall
with age. Elastic modulus,
tensile strength, and strain at
maximum loading of a wall
(with kind permission from
Zhang et al. 2010)
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Differences in the relative amounts of the major families of compounds in the
waxes could be expected to be reflected in the physical and mechanical properties.
Buchwald et al. (2006) reported the results of a comparative study of the
mechanical properties of beeswax samples from A. andreniformis, A. cerana,
A. dorsata and A. mellifera and measured, among other things, the relative stiffness
and resilience of the waxes. Because the mechanical properties of any structure
result from both the intrinsic chemical nature of a material as well as its structural
form, it is obviously desirable, but experimentally extremely difficult, to work with
whole comb specimens. So Buchwald et al. (2006) compromised by eliminating
structure and simply measured the behaviour of wax cylinders under compression.

Although compression testing is not biologically appropriate for extrapolation
to whole combs, which are actually tension members with a relatively complex
structure, the results of such measurements have heuristic value in trying to relate
mechanical behaviour to differences in the major compound families of comb
waxes. Resilience represents the amount of energy required to deform the test
material until it begins to fail irrecoverably. Stiffness is simply the rate of change
of stress per unit strain. Figure 14.8 shows that A. dorsata wax is significantly
stiffer than the other Apis species tested. The waxes of A. cerana and A. dorsata do
not differ significantly but are significantly more resilient than that of the inter-
mediate A. mellifera, which in turn is more resilient than that of A. andreniformis.

Based on their results, Buchwald et al. (2006) showed that the combs of
A. dorsata, the giant honeybees, which build single but very large combs, are
indeed the stiffest and most resilient of all combs among the honeybee species.
They must also sustain the weight of the honey stores and brood nest (*45 kg),
and because the position of their nests are often on branches high up in trees, they
are also exposed to possible wind damage. The multiple combs of the medium-
sized bees (A. cerana, A. koschevnikovi, A. mellifera, A. nigrocincta and A. nul-
uensis), are usually constructed in cavities with multiple attachment sites so that
the load of nest contents is widely distributed over several points of attachment.
The dwarf honeybees make small, single combs which are seldom exposed to
extreme weather. At the end of the day, it must be remembered that mature combs
are not exclusively made of beeswax. The combs of all honeybee species are fibre-
re-inforced, with increasingly more silk deposited with each successive generation
of brood (Hepburn and Kurstjens 1988). And, while our knowledge of beeswax
advances, that of the silk fraction (cf. Chap. 18) is thus far restricted to A. mellifera
(Hepburn et al. 1979; Sutherland et al. 2011).

Just before pupation, honeybee larvae cover the walls of their cells with silk
(Huber 1814; Arnhart 1906; Jay 1964), paying out the fibres randomly so that by the
end of spinning the walls are covered by thin sheets in which the individual fibrils are
readily discernible (Jay 1964). Subsequently the larvae produce a colourless, pollen-
free material from the anus and then a yellow pollen-bearing one, both of which are
applied in turn to the silk base (Verlich 1930; Jay 1964). Nothing further is known of
these substances, but they invite the analogy of sizing in paper manufacture.
Successive generations of brood apply more silk to the walls, the cell volume
becomes reduced, and the mass ratio of silk to wax increases (Chauvin 1962).
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Thus, old brood combs are heavily impregnated with silk which is inseparable from
the wax except by fairly rigorous chemical and/or heat treatments. The development
and maturation of brood comb proceeds from a single-phase material of pure white
wax, to a coloured, fibre-reinforced, two-phase composite.

After a brief discussion of scale wax, the physical significance of these
observations will be illustrated by comparing the properties of naïve fibroin, wax-
free sheets of silk, silk-free wax, propolis and the final wax-silk composite. Wax
scales are fused laminated structures (Huber 1814; Philipp 1935; Jordan 1962;
Zhang et al. 2010), in which the well defined crystallites are vertically inclined to
the plane of the scale. Thus, in uniaxial tensile tests in the plane of the scale, the
crystallites have their c-axes normal and inclined to the direction of the load. The
significance of this textural arrangement in the deformation of scales is demon-
strated in part by comparing whole scales with chemically untreated but sheeted
specimens made from molten wax scale. The results and tests for significant
differences among them (Table 14.1) show that sheeted wax scale is both stronger
and stiffer than naïve wax scales, but are of equal distensibility at fracture at 23 �C.

Because the scales are loaded normal to the c-axis of their textured crystallites,
this implies that the crystallites probably flow passively in the amorphous matrix
of the wax scale and contribute little to strength or stiffness. The increased strength

Fig. 14.8 Comparisons among the waxes of five honeybee species (A. andreniformis, A. dorsata,
A. cerana japonica, A. cerana cerana and A. mellifera) for six mechanical measures: a yield
stress, b yield strain, c stress at proportional limit, d strain at the proportional limit, e stiffness,
f resilience (Buchwald et al. 2006)
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of sheeted scale wax could be due to the random re-orientation of the crystallites as
shown by x-ray diffractograms (Kurstjens et al. 1985). In that case, some of the
crystallites will have their molecular axes pointing more or less in the direction of
loading. With a relatively low extension rate, it is probable that other crystallites
become aligned to the load during deformation. This notion is supported by the
development of texture in crude beeswax prepared by annealing between plates of
glass (Brewster 1815; Schmidt 1941), film extrusion (Woog and Yannaquis 1936a,
b) or by cold-rolling (Schoening 1980).

Although a full chemical analysis of wax scales has not been made, the pres-
ence of differing kinds and amounts of protein in both scale and comb wax might
well contribute to their bulk mechanical properties. Kurstjens et al. (1985) assessed
this possibility by comparing specimens of scale wax that had been soxhlet-
extracted to obtain protein-free wax and then sheeted, with others that had only
been sheeted, so that the only difference was the presence of a protein fraction in
the scale wax. Their results showed that these two materials are indeed signifi-
cantly different from one another (Table 14.1). The sheeted wax is significantly
stiffer but less distensible than soxhlet-extracted sheeted wax. The implication is
that the protein fraction in wax scales makes a positive contribution to the strength
of this material.

In support of these interpretations, it is very gratifying to note that both wax
scales and comb wax (produced under pollen-free conditions) were found to
contain protein. Indeed, Kurstjens et al. (1985) found that, after 72 h of extraction,
the protein content of the scale and comb wax was 2.2 lg protein/mg and 5.6 lg
protein/mg, respectively. These results clearly demonstrate a more than twice
greater mass of protein to lipid in finished comb than in scale wax. Moreover, the
differences in rates of recovery of protein from the two waxes in a series of
sequential extractions further indicated specific differences in the two protein
fractions. It is also important to note that the comparison of mechanical mea-
surements of soxhlet-extracted sheeted waxes with only sheeted waxes, tacitly
subsumes the removal of protein in the extraction process. Indeed, this was
experimentally confirmed by the presence of only trace amounts of protein in a
Lowry assay (Lowry et al. 1951), performed on the soxhlet-extracted wax which
had been subjected to the Folch procedure (Folch et al. 1957).

Table 14.1 Tensile strength, strain and stiffness of the wax preparations from A. m. scutellata
deformed in the surface plane at 23 �C (mean ± SEM)

Wax sample Strength (MPa) Strain (%) Stiffness (MPa)

Wax scales (untreated) 1.5 ± 0.2 61.3 ± 9.9 2.6 ± 0.3
Comb wax (untreated) 1.5 ± 0.5 35.6 ± 3.2 4.2 ± 0.4
Wax scales (sheeted) 2.1 ± 0.14 56.8 ± 1.8 3.6 ± 0.3
Comb wax (sheeted) 1.1 ± 0.07 23.6 ± 2.4 4.9 ± 0.4
Wax scales (soxhlet-extracted) 1.87 ± 0.04 85.6 ± 4.3 2.2 ± 0.1
Comb wax (soxhlet-extracted) 1.13 ± 0.09 36.0 ± 0.8 3.2 ± 0.3

For each value given, n = 6. All of these waxes were planar isotropic except for wax scales
which could only be tested along its greatest length of sheeted wax (Kurstjens et al. 1985)
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14.5 Crystal Texture

It is also necessary to consider the structure, composition and mechanical prop-
erties of comb beeswax vis-à-vis those of the starting material. It has been shown
that comb lacks texture and it is known that the wax has been structurally and
chemically modified by the bees in the process of comb construction (Huber 1814;
Lineburg 1924; Hepburn and Kurstjens 1988). The results of the combined
mechanical measurements and chemical extractions provide the means for ana-
lysing how the final properties of the comb have arisen. The possible variables are
changes in texture, structure, chemistry and mechanical properties; the last a
consequence of the former three, and is used to illuminate the importance of the
other variables.

Unlike scale wax, comb wax lacks texture and is not laminated. It does,
however, have a loosely particulate structure (Huber 1814), readily visible with
polarizing microscopy (Schmidt 1941), and more clearly delineated in environ-
mental scanning electron micrographs (Zhang et al. 2010). The significance of
these differences is seen in a comparison of comb cell walls and sheeted comb
wax. While both are planar isotropic and of equal strength and stiffness
(Table 14.1), they differ significantly in extensibility. The greater extensibility of
naïve comb wax suggests that there is an incomplete fusion of the new pieces of
wax as they are added to the comb by bees during comb-building. This explana-
tion, which is based on incomplete fusion, is consistent with what is known about
the actual methods of comb construction (Casteel 1912; Lineburg 1924; Schmidt
1941). This is similar, by analogy, to the way in which sheets of comb wall wax
placed on filter paper fragment along ‘glue lines’ when treated ‘chromatographi-
cally’ by applying pentane to the edge of the filter paper (Hepburn, unpubl. obs.).

14.6 Wax Proteins

Like wax scales, comb wax also contains a unique profile of proteins that probably
derives both from the wax scales being carried over to the combs, as well as from
some substance added to the scales during mandibulation and comb-building
(Huber 1814; Lineburg 1924). The effect of the protein fraction in comb wax can
be observed in a comparison of sheeted comb with soxhlet-extracted sheeted
comb. While these two preparations are of about equal strength, untreated sheeted
wax is significantly stiffer and less distensible than is the soxhlet-extracted
equivalent (Table 14.1). Kurstjens et al. (1985) concluded that the presence of the
protein fraction in comb wax improves its resistance to deformation, a result very
similar to that observed for scale wax.

The differences in the mechanical properties of scale and comb waxes with
respect to crystallographic texture and protein composition invite a consideration
of their lipid compositions. That these waxes differ with respect to their lipid
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profiles is shown by several comparisons. For example, a comparison of soxhlet-
extracted, sheeted preparations of scale wax with similar preparations of comb
wax (texture and protein being absent from both preparations), shows that while
sheeted, soxhlet-extracted scale wax is stronger than its comb counterpart, its
greater extensibility makes it less stiff. These differences in mechanical behaviour
point to a substantial influence of the compositional variation in the lipids on the
properties of the wax scales and the wax of finished combs (Kurstjens et al. 1985;
Buchwald et al. 2009).

To further establish the effects of these probable chemical differences, a
comparison of scale and comb waxes, both of which have been soxhlet-extracted
and then sheeted, was made. In this case not only were texture and structure
equalised, but possible contributions from non-lipoidal material were eliminated as
well. The results (Table 14.1) show that the soxhlet-extracted scale wax is sig-
nificantly stronger and more distensible than the corresponding soxhlet-extracted
comb wax. The former is consequently not as stiff as the latter. The implication of
this finding is that beeswax scales differ from comb wax in lipid composition; a
fact subsequently confirmed by gross chemical analyses of the two waxes (Ku-
rstjens et al. 1985; Davidson and Hepburn 1986).

The thin-layer chromatography plates of these two waxes, run against the
appropriate mixed standards, showed that scale wax did not exhibit a monoglyc-
eride fraction detectable by the method used, but gave a relatively large diglyc-
eride pool. On the other hand, new comb wax contained detectable amounts of
monoglycerides and a diglyceride fraction that was less intense than that of scale
wax. These results show, pointedly, a gross difference in the monoglyceride and
diglyceride compositions of scale wax and new comb wax (Kurstjens et al. 1985;
Davidson and Hepburn 1986). The role of fatty acids in the mechanical properties
of beeswax has been confirmed and further explored by Buchwald et al. (2006,
2009). They reported that the removal of fatty acids from beeswax results in
diminished yield stress, resilience, stiffness, and proportional limit stress in
beeswax samples (Fig. 14.9).

The total effects of the manipulation of wax scales by honeybees can now be
summarised. In the process of mandibulation, the highly-textured scale is thor-
oughly masticated and is converted from a texturally anisotropic body into an
isotropic one. At the time of chewing, the bees also add a salivary secretion to the
wax that, at the very least, contains a lipase that modifies the lipid composition of
the starting material; there is a marked reduction of the diglyceride fraction of the
scale and a concomitant increase in the monoglyceride pool of the comb. Although
full analyses of the protein fractions is not as yet available, it is evident that
whatever protein is injected into the wax on chewing certainly acts to stiffen the
final product. So, the stiffness of the scale that arises from its texture is lost on
chewing, but is regained with the addition of proteins in comb-building.

In bee terms, the mechanical findings are of great significance. While wax
scales are ideal moulding material due to their very high distensibility and rela-
tively low stiffness, these properties make them unsuitable structural material.
However, comb wax, which is modified scale wax produced by the bees during
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comb-building, is a superior structural material. These are the conclusions that
have been reached in recent studies of these waxes at *23 �C, a temperature
likely to be fractionally too low for comb-building. But, given a nest temperature
of about *35 �C, the process of chewing and building comb results in a final
product that has twice the stiffness of the starting material, yet requires only half
the ergonomic effort after it has been modified by mandibulation and the probable
addition of a lipase.

14.7 a9-Helical Silk

Honeybee silk is a a9-helical fibroin (Rudall 1962), the micelles of which form a
four-stranded array of coiled-coils parallel to the fibre axis (Atkins 1967). Hon-
eybee fibroin is crystalline relative to other insect silks (Lucas and Rudall 1968), but
the hydrated fibre is only half as stiff as dry ones, although they are equal in strength
(Hepburn et al. 1979). The fibroin is hygroscopic and when solvated is highly
distensible largely owing to its molecular conformation (Lucas and Rudall 1968).
These structurally undesirable properties of fibroin are largely suppressed by the
cocoon-spinning larvae. The fact that silk is impacted in the wax of the cell wall,

Fig. 14.9 The effects of fatty acids on the mechanical properties of A. mellifera beeswax. Values
represent means and standard errors for beeswax with the free fatty acids removed, unmodified
beeswax, and beeswax with added stearic acid. Four mechanical properties were examined:
a yield stress; b stress at the proportional limit; c stiffness; and d resilience. N = 6 samples for
each column. Matching letters above columns indicate no significant difference between the
columns; differing letters indicate a significant difference (Buchwald et al. 2009)
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possibly aided by larval anal secretions, immediately checks the susceptibility of
fibroin to solvation. Thus it is likely that inter-micellar friction is also enhanced
(Warwicker 1960), and the conformational change restricted (Rudall 1962); effects
which are consistent with good stiffness and reduced distensibility (Hepburn et al.
1979).

That silk fibres are spun and randomly arranged in the cell wall overcomes the
basic anisotropy of the material; dewaxed sheets of cocoon silk are planar isotropic
on tensile deformation. Natural variations in the temperature of honeybee nests
invite a consideration of silk behaviour accordingly. The independence of the
mechanical properties of sheets of honeybee fibroin deformed in tension at a fixed
rate between 25 and 45 �C are given in Table 18.1. Sheets of silk maintain the same
relative strength and distensibility. Consequently, changes in stiffness or the energy
to fracture the sheet, an index of its relative workability, were not observed. The
tensile properties of silk sheets over this range of temperatures are in sharp contrast
to those of pure wax (Hepburn et al. 1983), propolis (Hepburn and Kurstjens 1984)
and the wax-silk composite of brood combs (Hepburn and Kurstjens 1988).

14.8 Optical Studies

The first studies on the crystalline nature of the comb wax of the honeybee, A.
mellifera, were those of Brewster (1815) who, in the early 19th century, investi-
gated the reflection and refraction of plane-polarised light in different materials,
the results of which now constitute Brewster’s Law (Fig. 14.10). In a seminal
paper, Brewster (1815) reported the results of experiments on the depolarisation of
such diverse substances as spinel rubies, soap, ice, grape-skins and beeswax. He
demonstrated that the cell walls of honeybee comb wax became transparent in
Canada balsam and then depolarised light in every direction, lacking any neutral
axis. The same was true of white comb wax that had been annealed between two
sheets of glass. In both cases, Brewster had shown that, although beeswaxes appear
amorphous, they are actually crystalline.

Brewster’s discoveries of the laws of polarization of biaxial crystals, optical
mineralogy, and double refraction by compression, remain major scientific
achievements for that time. The crystalline nature of A. mellifera beeswax was
rediscovered by Ehrenberg (1849); a principle subsequently confirmed many times
for A. mellifera by optical methods in different circumstances (Ambronn 1892;
Cesàro 1903; Gaubert 1910a, b; Schmidt 1924, 1941). Beeswax scales were first
examined with polarisation microscopy by Dujardin (1850), who noted that, if a
scale is crumpled or indented with a pin, the individual layers turn up at the edges
and strongly depolarise light at an angle inclined to the depolarised plane. Thus,
the crystals run more or less obliquely to the surface of the wax scale as was
subsequently corroborated by Ambronn (1892).

Recognition of the precise arrangement of the crystallites in beeswax followed
shortly after the Nobel laureate, Max von Laue, had developed the theory (1911):
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that the distance between layers of atoms in crystals might be of the right order of
magnitude for their measurement by the diffraction of X-rays. Indeed, this general
principle was demonstrated experimentally in 1913 by W Friedrich, who obtained
very regular patterns of spots from crystals of zinc sulphide, but only diffuse
patterns from beeswax (von Laue 1913). The inclination of crystallites in both wax
scales and in patches of comb cell wax were subsequently confirmed by X-ray
diffraction studies (Woog and Yannaquis 1935), but, the chemical nature of the
crystalline fraction had not yet been defined, despite the very large range of chain
lengths already known to occur in wax (Halle 1931; Chibnall et al. 1934).

Many years later, Schoening (1980) reinvestigated wax and showed that it
contains two crystalline components as well as an amorphous region. On the basis
of the side spacings in his diffractograms, he identified component ‘A’ as a
monoester fraction giving rise to needle-like crystals, and a component ‘B’ which
he thought probably represented the diester and free acid fractions due to their long
spacings. Shortly after, Kurstjens et al. (1985) extended Schoening’s analyses of A.
m. scutellata scale and honeycomb wax. The crystallites in wax scales are aligned,
some perpendicular to the surface, with others between 62� and 65� to the surface
plane. The comb wax did not show any clear arrangement of crystals. The
arrangement of crystals in a wax scale is shown diagrammatically in Fig. 14.11.

14.9 X-ray Diffraction Studies

Brewster (1815) had observed texture in annealed wax, an effect further explored
by Woog and Yannaquis (1935, 1936a). Using diffraction techniques, they showed
that wax ribbons prepared by extrusion at different temperatures (as is routinely

Fig. 14.10 David Brewster
(11 December 1781–10
February 1868) was a
Scottish physicist,
mathematician, astronomer,
and inventor
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done in the manufacture of sheets of beeswax foundation), showed enhanced
texture at higher temperatures (38 �C) than at lower ones (17 and 29 �C), and the
same was true of ribbons annealed at higher temperatures. New comb wax kept at
38 �C for 5 months was more crystalline than that stored at 15 �C. The former was
more delicate and brittle than the latter, an effect quantified by measuring the loads
required to break the ribbons. Wax kept at the higher temperature required 150 %
of the load necessary to break than at lower temperatures. Thus, Woog and
Yannaquis (1935, 1936a, b) showed that wax scales are more crystalline than
comb wax, and that this texture is largely destroyed by bees when they chew them
as reported by Casteel (1912). A diagrammatic interpretation of the arrangement of
crystallites in a beeswax scale is shown in Fig. 14.11. Against this, the initial
weakness of a newly constructed comb will be ameliorated in time by the warmth
of the nest. The possibility that heat enhanced crystallisation was briefly addressed
by Kratky (1937), and more extensively by Schmidt (1941). The significance of
this effect is discussed below.

Several important remarks on the induction of crystal orientation in wax have
appeared through the years. Following the note of Dujardin (1850) on wax scales,
Gaubert (1910a, b) found that beeswax, like cholesteric salts and ammonium
oleate, can form sheets of crystals perpendicularly orientated to two sheets of glass
when pressure is applied. As such, beeswax was shown to belong to a class of
materials intermediate between hard and liquid crystals. Similarly, the films of
wax that Woog and Yannaquis (1935, 1936a, b) prepared by extrusion were more
textured than comparably treated pieces of comb cell wax. Finally, the observa-
tions of Schoening (1980) are of great interest here because, using optical and X-
ray techniques, he showed that the molecular axes of the crystals tended to be
perpendicular to the axes of compression in deformed samples. Of equal interest,
the molecular chain axis was not preferentially orientated along the tensile axis in
specimens broken in tension.

Fig. 14.11 Diagrammatic
representation of the
arrangement of crystallites in
a newly secreted A. m.
scutellata wax scale
(Hepburn 1986)
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Kurstjens et al. (1985) extended the earlier observations of Schoening (1980)
with both wax scales and newly constructed combs produced by African honey-
bees, A. m. scutellata. Three different preparations of both wax scales and comb
wax were investigated: (1) untreated sheeted; (2) chloroform/soxhlet-extracted and
sheeted, and (3) untreated samples of comb cell wall and wax scales. The sheeted
waxes were formed on a spreader blade coater, with siliconised release paper as
the substrate. The molten wax was poured into the groove between the glass doctor
and the release paper, which was pulled at a uniform rate. Constant layer thickness
was obtained under conditions of maximal paper tension and minimal gape
between substrate and glass applicator. These different sheets of wax were then
used to produce test specimens. X-ray analysis was used to determine the presence
or absence of crystallographic texture in all six preparations of wax. To obtain
side-spacings, specimens were mounted on a goniometer and oscillated 10� about
an axis perpendicular to the beam. Nickel filtered copper K a9 radiation was used
for these measurements. Transmission photographs were taken with the X-ray
beam, both normal and parallel to the planar surface of the wax samples.

It is generally accepted that for long-spacings to be observed, molecules of a
given length must predominate in the sample, because if the crystallites are com-
posed of a mixture of chains of very divergent lengths, then no equally spaced
planes can be formed and therefore no long-spacings will appear. If, however, the
difference in chain lengths is not too great, mixed crystals may be formed and long-
spacings will be observed. On the other hand, when the difference in chain lengths
is too large, a mixture of crystals with different long-spacings may be observed. In
this case, a compound such as beeswax, which is a complex mixture of different
components, will exhibit more than one set of long-spacings, the reflections of some
of which may be extremely faint. In the usual X-ray camera these reflections may be
difficult to separate because of the relatively small radius of the camera.

In light of these considerations, Kurstjens et al. (1985) measured long-spacings
on the diffractometer and special procedures were used in sample preparation. This
involved melting the wax between two glass slides under slight finger pressure.
Long-spacings were obtained using manganese filtered Fe K a9 radiation. During
the X-ray measurements the specimens were rotated around an axis normal to the
specimen plane. To minimise systematic errors at low diffraction angles, diffrac-
tion peaks at both positive and negative diffractometer angles were obtained, and
the angular difference between them measured. These measurements showed the
presence of a strong reflection which was accompanied on its high angle shoulder
by a weaker reflection.

14.10 Crystallites of Beeswax

In the work by Kurstjens et al. (1985) on the waxes of A. m. scutellata side-
spacings for all specimens were easily observed in transmission and reflection. The
crystal structures were monoclinic (a = b = c, a9 = c = 90�, b = 90�) and
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orthorhombic (a = b = c, a9 = b = c = 90�). If the c-axis is taken to be along the
long axis of the molecule, then the side-spacings, d, are given by hkO reflections
with the quadratic form: 1=d2 ¼ h2=a02 þ k2=b2, where a0 is a in the orthorhombic
crystal structure, and a0 is a sin b in the monoclinic unit cell. The definitive
crystallographic parameters of a sin b and b were obtained from a linear plot of
d2 = h2 versus d2k2 using the equation: d2h2 = -a2 sin2 b/b2. d2k2 ? a2 sin2 b
(Fig. 14.12). The d values, Miller indices, intensities and crystallographic
parameters of all six preparations of wax are given in Table 14.2.

The results from powder photographs taken with the X-ray beam parallel to the
planar surface of the specimen are not included. In all cases, except for untreated
scale wax, these diffraction patterns gave results similar to those obtained when the
beam was at a normal angle. For the untreated scale wax, X-ray photographs were
taken with the beam parallel to the plane. The existence of a crystallographic
texture was obvious (Kurstjens et al. 1985). The a sin b and b parameters obtained
for the side-spacings of all tensile specimens compared well with those previously
obtained for monoesters (cetyl palmitate, a sin b = 0.492 nm, b = 0.742 nm)
(Kohlhaas 1938). For all but the untreated scale wax samples, the powder pho-
tographs showed full concentric rings, and therefore indicate random orientation of
the wax components. Untreated wax scales, on the other hand, have the molecular
c-axis of their aliphatic components approximately perpendicular to the plane of
the scales. Transmission with the beam normal to this plane shows continuous
powder rings. With the beam parallel to the plane of the scale, photographs typical
of an ordered molecular arrangement were obtained and the diffraction pattern
then shows pronounced arcs (Fig. 14.13).

A comparison of the recorded long-spacings for untreated scale wax and
untreated new comb wax are given in Table 14.3. However, as a result of possible
chain inclination to the plane of reflection, as well as the possibility of two
molecules joining end to end and thereby doubling the recorded chain length, a
certain ambiguity arises. This difficulty was resolved by comparing the spacings
with the results of Tulloch (1980). Subsequently a good correlation between both
primary and shoulder reflections from the results of Kurstjens et al. (1985), and the
diester component of the beeswax as reported by Tulloch, was obtained. The
shoulder reflection is attributed to an inclined form (angle of inclination about 62�
to 65�). Thus wax scales are textured as previously shown with polarised light
techniques (Dujardin 1850; Schmidt 1924) and by X-ray diffraction (Woog and
Yannaquis 1935).

The molecular c-axes of the crystallites are arranged perpendicular to and
inclined at an angle of between 62� and 65� to the planar surface. New comb wax,
and all of the variously treated waxes, exhibited no diffraction texture; therefore,
this is interpreted to mean that they have a random crystallographic arrangement.
Brewster (1815) had previously defined the comb cell walls as crystals, in which
the neutral and depolarising axes of adjacent layers are not coincident. However, it
should be noted that Woog and Yannaquis (1936a, b) reported the presence of very
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weak X-ray reflections in the comb cell walls of A. mellifera samples of wax,
which probably arose from patches of incompletely masticated scales, which are
occasionally included in the comb as noted by Casteel (1912).

Fig. 14.12 d2h2/d2k2 plots for all six preparations of A. m. scutellata beeswax: a natural comb
wax for which a9 sin b = 0.506 nm, b = 0.756 nm; b sheeted comb wax for which a9 sin
b = 0.503 nm, b = 0.772 nm; c soxhlet-extracted and sheeted comb wax for which a9 sin
b = 0.513 nm, b = 0.776 nm; d beeswax scales for which a9 sin b = 0.502 nm, b = 0.750;
e sheeted scale wax for which a9 sin b = 0.519 nm, b = 0.781 nm; f soxhlet-extracted and
sheeted scale wax for which a9 sin b = 0.506 nm, b = 0.762 nm (from Kurstjens et al. 1985)
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Table 14.2 The d values, Miller indices (hkl) and intensities (I) for all six wax preparations of A.
m. scutellata (Kurstjens et al. 1985)

hkl indices

? 110 020 120 200 210 130 220 ? 140
030 230

Comb wax untreated d
(nm)

0.474 0.425 0.382 0.306 0.254 0.239 0.217

I s vs s w w w w
Comb wax sheeted d (nm) 0.45 0.423 0.381 0.302 0.252 0.24 0.21
I w vs s w w w w
Comb wax soxhlet-

extracted d (nm)
0.481 0.439 0.393 0.31 0.256 0.229 0.21

I w vs s s w w w
Virgin wax untreated d

(nm)
0.466 0.423 0.378 0.302 0.252 0.238 0.224 0.209 0.19 0.17

I w s s w w vw w w vw vw
Virgin wax sheeted d (nm) 0.47 0.43 0.386 0.309 0.256 0.23 0.22 0.213 0.19
I w vs s w w w w w vw
Virgin wax soxhlet-

extracted d (nm)
0.415 0.373 0.302 0.249 0.223 0.209

I vs s w w w vw

vs very strong; s strong; w weak; vw very weak

Fig. 14.13 An X-ray
photograph of A. m.
scutellata wax scale taken
with the beam parallel to the
planar surface of the
specimen (from Kurstjens
et al. 1985)
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14.11 Origins of Crystallites in Beeswax

Before assessing the above, it is worth considering the origin of the crystal texture
of wax scales during their formation. That the scale is a fused, laminated structure,
coupled with the fact that the surface of the wax mirror is ‘wet’ during secretion
(Huber 1814; Philipp 1935; Cassier and Lensky 1995), jointly pointed to a
probable fusion of the liquid secretions of different glands. This process has now
been documented in the photomicrographs by Cassier and Lensky (1995). Their
results, however, raise several questions. Does the arrangement of crystals occur
after the proto-wax reaches the surface of the cuticle and only becomes textured
during the hardening of the wax, or do the crystals reach the surface of the cuticle
in a pre-orientated way (as do the a9-helical protein precursors of honeybee silk
before secretion—Flower and Kenchington 1968; cf. Chap. 18). The pore canal
tubules, through which the wax passes, are in excess of 0.01 lm in diameter
(Locke 1961), which is much greater than the chain length of the crystal con-
stituents which have been identified.

Attempts at melting scales in situ on the surface of a wax mirror, letting them
cool, and examining them for texture, have failed to obtain the same ordered
diffractogram that one gets from wax scales (Kurstjens et al. 1985). However,
Hallam (1967) removed wax from the leaves of Eucalyptus trees which, on re-
crystallisation, had a form very similar to that of untreated wax in situ. This
suggests that, for at least some plant waxes, chemical composition may be of
greater importance to the morphology of a wax than the particular surface on
which it dries after secretion. There remains the intriguing possibility that the
orientation of crystals in scale wax might well be the by-product of a slight
compression of the wax as it increases in thickness between the plates of the
abdomen. The affinity of beeswax to liquid crystals, noted by Gaubert (1910a, b),
would certainly be consistent with such a possibility.

Towards the end of the 20th century, the distinction between physical chemistry
and crystallography became increasingly blurred, but resulted in important addi-
tions to our understanding of beeswaxes. For example, in a detailed NMR
investigation including differential scanning calorimetry and X-ray diffraction
measurements of A. m. scutellata comb wax, Basson and Reynhardt (1988)
showed that the average chain length in beeswax, determined by ebullioscopic

Table 14.3 A comparison of the long-spacing reflections of A. m. scutellata wax scales and
comb wax (Kurstjens et al. 1985)

Strong reflection

d (nm) d (nm)

Comb wax 7.06 ± 0.05 6.40 ± 0.05
(n = 9) (n = 6)

Virgin wax scales 7.07 ± 0.04 6.22 ± 0.04
(n = 15) (n = 13)
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methods, is 40 carbon atoms. They also determined the liquid content of the wax
as a function of temperature, a characteristic of great ergonomic importance in
comb-building. More or less contemporaneously, Dorset (1983) began investiga-
tions on the crystallography of waxes, including beeswax. In a 1995 paper, Dorset
noted that the most intense reflections obtained from beeswax resemble the
electron diffraction patterns from the common plastic material, polyethylene.
However, A. m. scutellata comb wax is much less ordered, even though it shares
the same methylene sub-cell packing of most of the crystalline parts of harder
waxes. Dorset (1997, 1999) suggested that beeswax cannot ‘‘fully separate into
distinct lamellae, perhaps due to the presence of very long ‘tie’ molecules, and are
therefore ‘frustrated’ crystal structures’’. Indeed, Kameda (2005) investigated the
molecular structure of crude beeswax from A. cerana with solid-state NMR
spectroscopy and showed that, although beeswax is composed of many chemical
species, over 95 % of them consist of methylene units. Chemical shifts for at least
three components indicate at least three differences in the crystal packing in crude
beeswax. Kameda (2005) and Kameda and Tamada (2009) further found that the
methylene carbon chains occur in two crystal forms, one orthorhombic and another
triclinic or monoclinic, thus confirming the earlier interpretations of Kurstjens
et al. (1985).

Dorset (1995) reported that when molten insect or natural plant waxes are
recrystallized from the melt, they tend to form parallel arrays of polymethylene
chains with little or no aggregation of the molecules into distinct layers. However,
in an electron diffraction study of beeswax, he showed that the degree of molecular
organization into lamellar structures can be enhanced by annealing (as previously
shown by Dujardin 1850; Ambronn (1892) and more especially Woog and Yan-
naquis 1935). Nevertheless, the resultant layer structure in the annealed solid is not
the same as that found in paraffin wax fractions, probably because of a small but
significant fraction of a very long chain ingredient, the lamellar separation is
incomplete, incorporating a number of ‘bridging molecules’ that span the nascent
lamellar interface.
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Chapter 15
The Wax Gland Complex

Abstract The first correct descriptions of wax scales, their probable origin and
uses, were made by Hornbostel (1744). In subsequent years, microscopists
observed the synchronised rise and fall of the epidermis, oenocytes and fat body of
honeybees and thought that these were highly suggestive of a direct involvement
of all three tissues in wax production. In an attempt to prove a necessary rela-
tionship between wax secretion and the simultaneous development of the wax
gland epithelium, fat cells and oenocytes, Graber (1872) noted that the adipocytes
are interspersed with ‘oenocytes’ (Wielowiejski 1886), and Holz (1878) offered
the first alternative to the ‘wax-sweating’ hypothesis. Detailed studies were con-
ducted that provided circumstantial evidence to support this proposition. Indeed,
the wax mirror epidermis belongs to the Type 1 class of glandular cells and
indicates the reality of a system of microtubules to transport wax precursors from
the fat body cells and oenocytes to the surface of the cuticle, where they solidify,
and crystallise to become wax scales. Later studies of wax synthesis and secretion
specifically identified sites for the origin of the hydrocarbon and fatty acid com-
ponents within the wax gland complex, and established the necessary ultrastruc-
tural correlates of genesis and transport. The rates of wax secretion in honeybees
of different ages have been measured, and the chemical composition of the tissues
and ultrastructural changes corresponding with phases of wax production in
relation to the division of labour, finally established.

15.1 Introduction

The beginning of an understanding of beeswax extends into prehistoric times in
fashioning vessels and in early metallurgy (Crane 1999). Indeed, in the XII Book
of the Odyssey, Homer made note of the plasticity of beeswax, and of its suit-
ability as ear-plugs to escape the Sirens (dangerous and beautiful creatures who
lured sailors with their enchanting music and voices to shipwreck vessels on the
rocky coast of their islands). The Ancient Greek literature also abounds with small
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� Springer-Verlag Berlin Heidelberg 2014
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accounts of beeswax. Moving closer to our own times, Cowan (1908) recorded that
in the reign of Alfred the Great, the passage of time was measured by marking
beeswax candles into equal divisions. Throughout the medieval period, the system
of fiefdom routinely required the payment of tribute, to the manor or monastery, in
units of beeswax. The historical significance of beeswax during this period
included using beeswax in incendiary devices, sealing waxes and seals, the lost-
wax casting process, in paintings, writing tablets, as an adhesive, dyeing textile
(batik), in pharmacy and cosmetics, for preserving human remains and various
religious and liturgical procedures. Greater details of these examples are exten-
sively covered in the comprehensive monograph by Crane (1999) in her World
History of Beekeeping and Honey-hunting. Additional detailed information is
contained in the works of Walker (1983), Ransome (1937), Bull (1959–1970) and
in the archives of the Worshipful Company of Wax Chandlers (Dummelow 1973).

Just over a century ago, when Sir Joseph John Thomson was simultaneously
appointed Director of the Cavendish Laboratory and Professor of Experimental
Physics at Cambridge University, he described the available experimental equip-
ment as ‘‘string and sealing wax’’, the latter of course being primarily composed of
beeswax. This provides a small glimpse of mankind’s reliance on beeswax. The
ancient Orientals used beeswax (Luo et al. 2012), but we have no records of their
thoughts on its origin (Crane 1999). The Occidental ancients viewed the origin of
wax as derived from plants, and this view prevailed through the 17th century. A
full historical perspective on classical, western ideas about beeswax is given in the
monograph, Honeybees and Wax (Hepburn 1986).

By the 18th century considerable curiosity and argument attended the natural
history of honeybees, particularly with regard to the origin of beeswax. By mid-
18th century, the ancient notion of gathering wax had given way to the view that
pollen had somehow been transformed into wax by bees. Oddly enough, the
writings of three distinguished naturalists of that time, Swammerdam, Maraldi and
de Réaumur, all suggested that bees make wax of pollen, yet none of them seem to
have observed wax scales (Fraser 1931). Discoveries and claims for the origin of
beeswax, as in so many other areas of apicultural history, are fraught with con-
troversy. Walker (1909) documented the tortuous aspects of the story of the origin
of wax and identified sources of confusion, plagiarism and other reasons (editorial
excision) for historical obfuscation in the correspondence and publications of the
latter half of the 18th century. Moreover, he has put to rest the charming, but
tenuous claim, that a Lusatian peasant (reiterated in Huber 1814 and many other
sources), discovered the origin of wax.

From the published evidence we must conclude, as did Walker (1909) and von
Buttel-Reepen (1915) that the first correct description of wax scales, their probable
origins and uses, were made by Hornbostel (1744). Hornbostel’s published
observations failed to spread beyond the world of the German language. In view of
the primacy of Hornbostel’s (1744) discovery, it is worth recording some of his
observations from the original German. Thus, the worker bees ‘‘…. have small
flaps under their bodies which lie on top of one another in the manner of fish
scales, forming just as many compartments. In these compartments I once
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accidentally found small, thin oval cakes of clear white wax, as many as there were
compartments. These wax cakes in the bee were so robust that they protruded from
the scales or flaps and became so noticeable that the bee appeared to be quite
malformed’’.

‘‘I touched these protruding cakes of wax with my fingernail and they fell out
onto my hand. Just as the slivers of wax which one quite often sees lying under bee
hives were well known to me, so I had no reason to doubt any longer that I had
discovered the actual manner of how wax comes from bees’’. ‘‘Something remains
which is impossible to find out and which will have to be found out only through
conclusions and proper deductions. It is the question: by what manner do these
wax cakes form and how did they get into the compartments? Only two manners
can be thought of… either they are placed there as a previously prepared con-
coction by the bees themselves, or they come from the inside of the bees as a fluid
mass gradually separated from the chyle of the bee so that the matter aligns itself
in the compartments and remains there until they become so hard and thick that
they can be removed again’’.

Having rejected the first hypothesis on the grounds that flowers do not contain a
material remotely similar to wax, and that it would be anatomically impossible for
bees to insert wax cakes into the compartments, Hornbostel further developed his
surmise; ‘‘… these cakes of wax must of necessity come from the body of the bees
and be laid down in the compartments. This is my opinion. The wax particles are
mixed with the honey collected from the flowers, but are separated inside of the
bees by digestion in such a way that the wax comes as a fluid material through the
required vessels and is brought to the compartments through small passages. This
separation occurs gradually until the wax cakes become so thick that the bees can
take them out with the claws on their feet and are able to use them…’’

In 1792 John Hunter independently provided a totally new account of wax
production and showed that beeswax was really quite different from what his
forbearers thought it to be. He restated the problem by noting that his predecessors
held wax to be some form of transmuted pollen. But Hunter, like Hornbostel
(1744) and Dobbs (1750) before him, observed that the pollen loads of bees were
the same colour as the pollen in the flowers they had visited, and were not the
colour of wax. Hunter went on to perform the first recorded experiments to test
pollen for an oil base. Samples of pollen loads, which he held to a candle flame
burned, but did not smell of burning wax; they actually smelled like samples of
pure, hand-collected pollen when burned!

He confirmed his suspicions, that scales might be wax, by holding them to a
candle where they melted and immediately formed a round globule (like molten
wax). Hunter also noted that the pollen loads of bees were of many colours, but
that newly built comb was usually white. Moreover, pollen was collected more
avidly by established colonies than by founding ones—just the opposite of what
one would expect were pollen the basis of wax. He wrote that founding colonies
gather very little pollen during the first few days after they have settled, having no
storage capacity for it, but that they do secrete wax and build combs. He adduced
more circumstantial evidence against pollen as a precursor of wax from the fact
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that, when the weather had been too cold or wet for the bees to forage, they
constructed as much new comb as they would have in fair weather: bees do not
need pollen to make wax. (This dissociation of pollen from wax led in turn to the
idea that only sugar is needed to produce wax, a view which was expanded by
Huber (1814) and dominated much of 19th century thought).

Hunter went on to record direct observations made with glass hives: ‘‘The wax
is formed by the bees themselves; it may be called an external secretion of oil. It is
formed in doublets beneath each scale but is not attached to the bee’s body’’. He
assumed that pollen loads were for the feeding of brood and not a source of wax.
He recorded intact wax scales and tattered fragments on hive floors, as well as the
absence of wax scales on the bees outside the normal building period. Further-
more, Hunter specifically tried to observe bees handling scales and making combs
of them but failed to do so. He was nonetheless convinced of a scale-comb rela-
tionship, but since the thickness of comb exceeded that of scales he hedged,
proposing that bees possibly added either pollen or silk to increase the bulk of the
combs.

Natural wax is white but becomes yellow when rendered from old comb.
Hunter speculated that the yellowness might arise from staining by honey, larval
excrements or beebread. He steeped some white combs in honey, boiled others
with pollen and yet others with pieces of old, darkened combs, but the original
white wax did not acquire a deeper yellow hue. When bleached, wax returned to its
natural colour (white), which proved that the yellow derived from a mixture of
wax and some other substance. This notion of mixtures becomes extended: Hunter
(1792) suggested that the substance used for attaching combs to surrounding hive
parts was not common wax, but was softer, tougher and resembled cell cappings.
He concluded that the material was probably a mixture of pollen and wax.

Also, the first new combs of the nest are almost white, but became yellow by
the end of a season. In describing the structure of cells, Hunter often implied that
wax was mixed with other, if unspecified, substances. He had a feeling for the
physical properties of the building materials of bees, and linked their workability
to the heat of the bees; the warmth generated by a colony kept the wax warm and
soft enough for ease of modelling. Hunter’s was the first substantial document on
beeswax. By observation and experiment he showed that the scales on the bellies
of bees were wax, and provided a reasonable, if still somewhat equivocal case that
wax was not transmuted pollen but was secreted only by worker bees. The works
of Hornbostel (1744) and Hunter (1792) never really gained currency in the
development of ideas or hard knowledge on the biology of beeswax. Hunter,
incidentally, was an eminent surgeon and anatomist and his place in the history of
science hardly lies with honeybees. Nonetheless, his only paper on bees, the last he
published before his death, is a quite remarkable document. It forms, coupled with
that of Hornbostel, the basis for a modern biology of beeswax that has been
developing, slowly, over the past two centuries.
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15.2 Source of Secretion

A major figure in the history of the study of beeswax was the blind Swiss naturalist
François Huber (1814), who observed bees through the eyes of his assistant
François Burnens. This collaboration was succinctly described by the novelist,
Sara George (2002), quoting correspondence from de Candolle to Burnens,
‘‘…yours was the sight and his the vision’’. They noted that wax scales are more or
less pentagonal as is the surface of the cuticle, the wax mirrors, on which they
form (Fig. 15.1). Huber tried to identify the origin of the liquid secretion by
dissection, but failed to find any channels connecting the epidermal cells to the
exterior surface, and surmised that the wax was somehow ‘sweated out’. Then, in
an extensive study of wax secretion, Claus (1867) observed that the wax gland
epithelium in bees actively secreting wax is larger than in foragers, and concluded
that the wax glands were simply a specialised region of the epidermis, subtended
by a fat layer, the adipocytes, that might be involved in wax production.

These observations were confirmed by Graber (1872), who further noted that
the adipocytes are interspersed with ‘oenocytes’ (Wielowiejski 1886). As an
alternative to the ‘sweating’ hypothesis, Holz (1878) observed fatty tissue attached
to the epidermis of bees actively secreting wax, and its absence in queens and
drones. He interpreted the ‘striped’ appearance of the epidermis as tubes that
convey the wax secretion to the surface of the wax mirror. Thus, even at this early
stage (*1850) there was the general inference that the wax complex of the worker
honeybee consisted of a specialized cuticle, epidermis, fat body, oenocytes and a
tracheal air supply as well as a proposal that beeswax was a product of secretion.

15.2.1 The Cuticle

In the first electron microscopical study of the honeybee wax gland complex,
Reimann (1952) noted that the cuticle was fully formed in the pharate adult, but
that the procuticle of the mirror lacked an endocuticle, which was present on the
adjacent non-mirror portion of the same sternite. The mirror cuticle is about 3 lm
thick and does not increase in thickness, as do other regions of the cuticle with the
ageing of a bee (King 1928; Menzel et al. 1969). Locke (1961) subsequently
showed that the wax mirror cuticle consisted of an outer epicuticle of oriented
lipid, and an inner epicuticle, but lacked a cement layer (Fig. 15.2). The inner
epicuticle was penetrated by ‘wax canal filaments’ (Locke 1961) and was sub-
tended by a lamellate procuticle (Neville et al. 1969; Cassier and Lensky 1995).

The procuticle of the wax mirror differed markedly from other regions of the
honeybee cuticle, and also from other insects, because the ‘pore canals’ which
extend up to the inner epicuticle, were tightly packed with filaments of about
0.01–0.03 lm in diameter, and were of the same dimensions as the wax canal
filaments seen in the epidermal cells beneath the cuticle (Fig. 15.2). The pore
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canals also formed a distinct layer between the procuticle and epithelium and were
filled with dense material (Reimann 1952; Locke 1961; Cassier and Lensky 1995).
The wax canal filaments project through the cells in bundles of microtubules and
into the cuticle (Locke 1961).

All of the filament-like structures of the epicuticle, procuticle and epidermis are
in the 0.01–0.03 lm range. Those passing through the cells average about 75–100
filaments or tubules per bundle, and range from 0.15 to 0.30 lm in diameter. Those
passing through the pore canals are of the same dimensions, but there are fewer
tubules in each pore canal than in the cellular bundles. The possible involvement of
these structures, described by Reimann (1952), Locke (1961) and Sanford and Dietz
(1976) in wax transport, long remained moot. Whorls of apparent tubules enter the
cuticle from the cell, traverse the procuticle and terminate at the surface of the outer
epicuticle (Hepburn 1986; Cassier and Lensky 1995) (Fig. 15.3). It has

Fig. 15.1 Scanning electron
photomicrograph of a a wax
scale (WS) in situ; and b the
surface of the mirror (WM)
after removal of the scale
from an A. m. scutellata
worker (Hepburn 1986)
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subsequently been confirmed that this system of microtubules transports wax
precursors from the fat body cells and oenocytes to the surface of the cuticle, where
they solidify and crystallise to become wax scales (Cassier and Lensky 1995).

15.2.2 The Epidermis

The epidermis of the wax gland complex was first recognised as such by Claus
(1867), while cell nuclei, nucleoli and membranes were reported by Carlet (1890)
and illustrated by Mayer (1892). The epidermis below the wax mirror cuticle is
associated with the oenocytes and fat body, and they collectively constitute the
‘wax gland’ tissue of the honeybee (Fig. 15.4). All three undergo dramatic changes
during development and between periods of glandular activity. Histologically, the
wax gland epidermis forms a continuous sheet of cells under the mirror cuticle of
young bees, while in older bees past their prime for wax secretion, the epidermis
reverts to a squamous epithelium (Dreyling 1906).

The solution to the problem of distinguishing bees whose wax glands were
either in the ascending or descending phase, was provided by Rösch (1927).

Fig. 15.2 Electron photomicrograph of the outer portion of the wax mirror cuticle of an A. m.
ligustica worker, showing an outer epicuticle (OEp) subtended by a dark-staining inner epicuticle
(IEp). In the body of the photograph, what are now thought to be wax canal tubules (PrC) and
plasma membrane (PM), can be seen as twisted hanks within the pore canals (dark patches),
microfilaments (arrows) linked to the folds of the apical plasma membrane form the pore canal
system (bottom arrow) of the wax plate (Cassier and Lensky 1995, with kind permission,
Apidologie)
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In very young bees, the epidermal cells are cuboidal and abut one another. At the
first sign of development, intercellular spaces begin to appear in the epidermis
(Fig. 15.5), and the cells are elongated. At peak development, the epidermal cells
are narrow-waisted and are partially separated by intercellular spaces. In the rising
phase of activation and secretion, cell membranes, nuclei and protoplasm are well
defined. In the descending phase, cell height decreases and membranes, nuclei and
protoplasm are far less defined; the cells become squamous and gradually dete-
riorate into a flat sheet (Fig. 15.4).

Electron microscopical studies (Fig. 15.6) have shown that the epithelium
underlying the wax mirror is supported by a basement membrane (Reimann 1952).
The cytoplasm of the cell contains numerous pleomorphic mitochondria, a rough
endoplasmic reticulum, polyribosomes and microtubules (Sanford and Dietz 1976;
Hepburn et al. 1991) that are common to most cells. The smooth endoplasmic
reticulum and a Golgi apparatus, normally regarded as essential for protein
secretion but thought to be absent from these cells, were finally observed in detail

(a)

(b)

(c)

Fig. 15.3 SEM of honeybee,
A. m. ligustica, wax mirrors.
a. Outer surface of a cleaned
wax mirror showing the
cuticular pattern. Each unit
shows numerous holes and
pits (arrows, 9 1,800).
b. Extrusion of globular
droplets of wax through the
holes of a wax mirror, (9
2,500). c. Droplets of wax
fuse and form irregular
puddles which mask the
cuticular pattern (arrow, 9

750) (Cassier and Lensky
1995, with kind permission,
Apidologie)
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by Cassier and Lensky (1995). The abundant tracheae ramify into tracheoles that
extend three or four cell widths and terminate either intra- or extracellularly in the
tissues of the wax gland complex (Reimann 1952; Sanford and Dietz 1976).

15.2.3 Fat Body and Oenocytes

In the heyday of histological studies, Koschevnikov (1900) and Hollande (1914)
finally forged a link between the oenocytes, the fat body and wax secretion.
Moreover, using specific staining techniques, Koschevnikov also established

Fig. 15.4 Changes in the
ascending and descending
phases of the wax gland
system as documented by
Dreyling (1906), Rosch
(1927, 1930) and Boehm
(1965). a newly emerged bee;
b a young bee at the onset of
development; c the wax gland
system at the peak of
glandular activity and wax
secretion; d the degenerate
glands in an older forager.
E epidermis, F fat body,
O oenocytes (after Boehm
1965)
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Fig. 15.6 Transmission
electron microscopy. The
epithelial cells of A. m.
ligustica with the apical part
of cell just below the wax
mirror cuticle (arrow) in the
top photomicrograph. The
pore canal system is well
developed. JS junction
system, M mitochondria,
N nucleus, RER rough
endoplasmic reticulum,
(9 14,000). In the basal part
of the cell (bottom
micrograph) BL basal lamina,
d desmosomes, IS
intercellular space, SER
smooth endoplasmic
reticulum (9 9,000) (from
Cassier and Lensky 1995,
with kind permission,
Apidologie)

Fig. 15.5 Light
photomicrograph of the wax
gland complex of a 9-day-old
African honeybee, A. m.
scutellata. The epidermal
cells (E) below the cuticle
(C) have become elongated,
and hyaline intercellular
spaces (I) occur between the
tubular cells. The epidermal
cells have ellipsoid nuclei
(N) which are characteristic
of an active epithelium. On
the lower right, an oenocyte
(O), closely appressed to the
epithelium, is in position to
discharge its contents into the
epithelium (Hepburn 1986)

310 15 The Wax Gland Complex



functional differences between the two intimately related tissues. Pursuing this
lead, Rösch (1930) found that the cell membranes of the epithelium seem to
dissolve at the places where a fat cell or oenocyte is in apposition to it, and the
contents of the fat body cells appear to escape into the wax gland epithelium
(Fig. 15.6). Rösch (1930) eventually found histological sections in which the
oenocytes were being disgorged into the epidermal cells. After communicating
with the epithelium, the nuclei of both oenocytes and the fat body eventually
dispersed into chromatin granules. Rösch (1930) concluded that the fat body and
oenocytes make a major contribution to wax secretion. Furthermore, they not only
reach their greatest sizes at the peak of wax secretion but also simultaneously
decline following secretion, observations subsequently confirmed by Reimann
(1952), Boehm (1965) and Hepburn (1986).

The synchronised rise and fall of the epidermis, oenocytes and fat body are
highly suggestive of a direct involvement of all three tissues in wax production,
but does not constitute direct proof of the hypothesis. Nonetheless, by 1965 it had
become a tenet of insect cell biology that the fat body plays a major role in the
storage and transformation of fats, protein and carbohydrates and as a major organ
of intermediate metabolism (Chino and Gilbert 1965). So armed, Boehm (1965)
repeated the work of Dreyling (1906) and Rösch (1927, 1930) and extensively
described the rise and fall of the wax gland epithelium, oenocytes and fat body of
the wax gland complex. Thus, in the conversion of a newly emerged bee into a
full-blown wax producing bee, there is a strong correlation between the increase in
the size of the oenocytes and the epidermis, previously suggested by Freudenstein
(1960) and confirmed in considerable detail by Boehm (1965) (cf. Fig. 15.7).

15.2.4 Synchronising Cellular Activity

In an attempt to prove that there was an essential relationship between wax
secretion and the simultaneous development of the wax gland epithelium, fat cells
and oenocytes previously claimed by Rösch (1930), Boehm (1965) conducted
detailed studies that provided a reasonable amount of circumstantial evidence to
support this proposition (Figs. 15.7 and 15.8). However, solutions to two general
questions were still required: (a) what are the functions of the respective tissues
thought to be involved in wax synthesis? and (b) once the wax or wax precursors
have been formed, how do they physically reach the cuticle to form wax scales?

These problems were considered by Rösch (1930) who interpreted his histo-
logical sections as follows. The cell membranes of both oenocytes and fat cells
appeared to ‘dissolve’ into the epidermis. By using differential stains, he observed
that the otherwise non-staining epidermis gradually acquired the stained material
of the oenocytes as they emptied their contents into the epidermis; the same
happened to the fat cells, but in a less pronounced way. However, the fat cells were
markedly smaller after having given up their secretions, than were the oenocytes.
The nuclei of both the epidermis and oenocytes deteriorated more quickly than the
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Fig. 15.7 Relationship between the diameters of the oenocytes and the height of the wax gland
epithelium of an A. mellifera worker. The curve joining the closed circles is based on the largest
oenocytes seen, and that joining the open circles represents the smallest oenocytes seen (Boehm
1965)

Fig. 15.8 Increase in the diameter (lm) of oenocytes of old A. mellifera field bees that had been
induced to reactivate their wax glands, secrete wax and build combs. The average and standard
deviation of the smallest oenocyte (blue) and the biggest oenocyte (red), are shown. Each average
is based on 12 workers (Boehm 1965)
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fat cells, the contents of both cells passing into the epidermis. This hypothesis of
Rösch (1930), that the fat cells and oenocytes contribute wax precursors to the
epidermis (which turned out to be correct), certainly ran counter to the prevailing
physiological opinion of the day.

The surmise that the oenocytes grow at the cost of the fat cells, coupled to her
exhaustive histological study of the wax organs, subsequently led Boehm (1965) to
postulate a working hypotheses relating the putative wax organ complex: (1) the
oenocytes stimulate the development of the wax gland epithelium with substances
that are sequestered from the fat cells and then liberated in the haemolymph; or (2)
the oenocytes stimulate the fat body cells which in turn affect the epidermis. In
either case, the fat cells would be the driving force for development of the wax
epithelium. Alternatively, (3) the oenocytes might themselves produce wax
precursors.

15.2.5 Ultrastructure of the Organelles of Wax Gland Cells

The wax gland epithelium had long been thought to lack several organelles—Golgi
apparatus and associated vesicles and granules and a smooth endoplasmic retic-
ulum regarded as indispensable for secretion (Boehm 1965; Sanford and Dietz
1976, Hepburn et al. 1991); however, these organelles were subsequently con-
firmed (cf. Fig. 15.5). Indeed, the wax mirror epidermis belongs to the Type 1
class of glandular cells (Noirot and Quennedey 1974). This strongly indicates the
reality of a system of microtubules to transport wax precursors from the fat body
cells and oenocytes to the surface of the cuticle where they solidify and crystallise
to become wax scales (Cassier and Lensky 1995).

Searches for the means by which synthesized wax within the abdomen actually
reaches the surface of the wax mirrors, strongly suggests that it passes through the
pore canal system of the epidermis and cuticle (Locke 1961; Hepburn 1986;
Hepburn et al. 1991; Cassier and Lensky 1995). Yet the means by which the
precursors are transported from as yet unidentified points of origin, remained
elusive. Hepburn et al. (1991) conducted studies of wax synthesis and secretion to
specifically identify sites for the origin of the hydrocarbon and fatty acid com-
ponents within the wax gland complex, and to establish the necessary ultrastruc-
tual correlates of genesis and transport. They also measured the rates of wax
secretion in honeybees of different ages, to assess how well chemical composition
of the tissues and ultrastructural changes correspond with phases of wax produc-
tion, in relation to the division of labour.

In newly enclosed honeybees the SER of the oenocytes is barely discernible,
but by day 4 the volume and density of these organelles is elevated (Table 15.1;
and cf. Hepburn et al. 1991).

Likewise there is a large increase in oenocyte volume as previously noted by
Boehm (1965), which remains elevated throughout the secretory phase
(Table 15.1). By day 18, both the oenocytes and SER begin to decrease with the
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simultaneous appearance of primary lysosomes and autolytic vacuoles. Lipid and
protein droplets were never observed in the oenocytes and no other organelles
showed cyclical changes associated with wax synthesis (Table 15.2).

During wax synthesis glycogen stores are notably large, and the reticular sys-
tem of the organelles remains unchanged or show small decreases in size
(Table 15.2). Adjacent adipocytes within the fat body tissue are separated by a gap
of about 0.25 lm, which is filled with material of the basal lamina. There are many
hemidesmosomes between each adipocyte and its basal lamina. In places where

Fig. 15.9 The wax gland complex of an A. m. scutellata worker illustrating: wax scale (WS),
wax mirror (WM), cuticle (C), outer epicuticle (OE), inner epicuticle (IE), wax canal tubules (T),
epidermal cells (E), nuclei (N), mitochondria (M), oenocytes (O), fat body adipocytes (F) ,
tracheole (TR) (original artwork by CP Richards; Hepburn 1986)
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adjacent adipocytes are \0.05 lm, they are joined by desmosomes and gap
junctions. The basal laminae of neighbouring oenocytes are separated by a gap of
0.15 lm, and like the adipocytes, are attached by hemidesmosomes to their basal
laminae. Similarly, where oenocytes and the fat body cells are closely applied to
the basal lamina of the epidermis, particularly during synthesis and secretion
(Hepburn 1986), only hemidesmosomes are present. During synthesis and secre-
tion the epidermal cells and fat body cells are not connected by any junctions.

In earlier studies, Sanford and Dietz (1976) and Hepburn et al. (1991) both
reported that smooth endoplasmic reticulum (SER) is absent from wax-secreting
workers, and concluded that the epidermis mainly provides an elaborate system for
wax precursor transport (Reimann 1952; Locke 1961; Hepburn 1986). However, in
further electron microscopical studies of the wax gland complex, Cassier and
Lensky (1995) reinvestigated the possible role of the epidermis and its transport
modalities. They were able to show that there are indeed large cisternae of SER
and that they are probably involved in the transport of wax precursors from the
oenocytes to the pore canals, as well as carrying apolipophorins from the hae-
molymph to the wax mirrors. Although the entire discussion in this chapter is
based on studies of A. mellifera, it can be noted that a brief paper on the ultra-
structure of the wax gland of A. cerana confirms that this species is conformal with
the details given here (Du and Li 1991).

Finally, we include a reconstruction of the combined elements of the wax gland
complex of A. m. scutellata (Fig. 15.9). This drawing was prepared by examining a
large number of serial sections from electron micrographs.

References

Boehm B (1965) Beziehungen zwischen Fettkörper, Oenocyten und Wachsdrüsenentwicklung bei
Apis mellifica L. Zeit Zellforsch Mikrosk Anat 65:74–115

Bull R (1959–1970) Vom Wachs. Hoechster Beirage zur Kenntnis der Wachs. Hoechst, Frankfurt
Carlet G (1890) La cire et ses organes sécréteur. Le Naturaliste 12:149–151
Cassier P, Lensky Y (1995) Ultrastructure of the wax gland complex and secretion of beeswax in

the worker honey bee, Apis mellifera L. Apidologie 26:17–26
Chino H, Gilbert LI (1965) Lipid release and transport in insects. Biochim Biophys Acta

98:94–110
Claus C (1867) Über die Wachbereitenden Hautdrüsen der lnsekten. SB Ges Beford Naturwiss

Marburg. (Cited from von Buttel-Reepen 1915)
Cowan TW (1908) Wax craft. Sampson Low, London
Crane E (1999) The world history of beekeeping and honey hunting. Duckworth, London
Dobbs A (1750) A letter from Arthur Dobbs Esq: to Charles Stanhope Esq; F.R.S. concerning

bees, and their method of gathering wax and honey. Phil Trans R Soc 46:536–549
Dreyling L (1906) Die wachsbereitenden Organe bei den gesellig lebenden Bienen. Zoo1 Jahrb

Abt Anat Ont Tiere 22:289–330
Du ZL, Li N (1991) The ultrastructure of the wax gland cell of the worker honey bee, Apis

cerana. Acta Ent Sinica 34:289–291 [In Chinese]
Dummelow J (1973) The wax chandlers of London. Phillimore & Co, London
Fraser HM (1931) Beekeeping in antiquity. University of London Press, London

15.2 Source of Secretion 317



Freudenstein H (1960) Einfluss der Pollennahrung auf der Bauvermögen, die Wachrdrüsen und
den Fettkörper der Honigbiene (Apis mellifera L.). Zoo1 Jahrb Allg Zool Physiol Tiere
69:95–124

George S (2002) The beekeeper’s pupil. Headline Book Publishing, London
Graber V (1872) Vorläufiger Bericht über den propulsatorischen Apparat der Insekten. Sber Akad

Wiss Wien 65:189–204
Hepburn HR (1986) Honeybees and wax: an experimental natural history. Springer, Berlin
Hepburn HR, Bernard RTF, Davidson BC, Muller WJ, Lloyd P, Kurstjens SP, Vincent SL (1991)

Synthesis and secretion of beeswax in honeybees. Apidologie 22:21–36
Hollande S (1914) Les cérodécytes ou oenocytes des insectes. Arch Anat Microsc Morphol Exp

16:l–66
Holz H (1878) Das Organ der Wachsbildung. Bienen-Ztg 34:l83–l184
Hornbostel HC (1744) (orig Melittophilus Theosebastus) Neue Entdeckung, wie das Wachs von

den Bienen Komt. Hamburg Vermis Bibliothek 2:45–62
Huber F (1814) Nouvelles observations sur les abeilles (English translation, 1926). Dadant,

Hamilton
Hunter J (1792) Observations on bees. Phil Trans R Soc 82:128–196
King GE (1928) The larger glands in the worker honey-bee. A correlation of activity with age and

with physiological functioning. Ph.D. thesis, University of Illinois, Urbana
Koschevnikov GA (1900) Über den Fettkörper und die Oenocyten der Honigbiene (Apis mellifera

L.). Zoo1 Anz 23:337–353
Locke M (1961) The cuticle and wax secretion in Calpodes ethlius (Lepidoptera: Hesperidae).

Q J Microsc Sci 101:333–338
Luo W, Li T, Wang C, Hiang F (2012) Discovery of beeswax as binding agent on a 6th-century

BC Chinese turquoise-inlaid bronze sword. J Archeol Sci 39:1227–1237
Mayer P (1892) Zur Kenntnis von Coccus cacti. Mitt Zool Stn Neapel 10:505–518
Menzel R, Wladarz G, Lindauer M (1969) Tagesperiodische Ablagerungen in der Endokutikula

der Honigbiene. Biol Zentralbl 88:61–67
Neville AC, Thomas MG, Zelazny B (1969) Pore canal shape related to molecular architecture of

arthropod cuticle. Tissue Cell 1:183–200
Noirot C, Quennedey A (1974) Fine structure of insect epidermal glands. Ann Rev Entomol

19:61–80
Ransome HM (1937) The sacred bee. Allen & Unwin, London
Reimann K (1952) Neue Untersuchungen über die Wachrdrüse der Honigbiene. Zoo1 Jahrb Abt

Anat Ont 72:147–188
Rösch GA (1927) Über die Bautätigkeit im Bienenvolk und das Alter der Baubienen. Weiterer

Beitrag zur Frage nach der Arbeitsteilung im Bienenstaat. Z Vergl Physiol 6:265–298
Rösch GA (1930) Untersuchungen über die Arbeitsteilung im Bienenstaat. 2. Die Tätigkeiten der

Arbeitsbiencn unter experimentell veränderten Bedingungen. Z Vergl Physiol 12:l–71
Sanford MT, Dietz A (1976) The fine structure of the wax gland of the honeybee (Apis mellifera

L). Apidologie 7:197–207
von Buttel-Reepen H (1915) Leben und Wesen der Bienen. Vieweg, Braunschweig
Walker HJO (1909) The discovery of the origin of beeswax. Br Bee J 37(31–34):42–45
Walker P (1983) Beeswax publications of historical interest, vol 34. IBRA Bibliography, London
Wielowiejski H (1886) Über das Blutgewebe der insekten. Z Wiss Zoo1 43:512–536

318 15 The Wax Gland Complex



Chapter 16
The Chemistry of Beeswax

Abstract Publications on the physical constants for the comb waxes of Asian and
European beeswaxes first appeared a century ago. It was soon shown that carbon
chain length was, on average, shorter in the Asian beeswaxes than in A. mellifera,
which explains the lower melting points of the former. The Asian waxes are more
similar to one another than to A. mellifera. In Asian beeswaxes, the amounts of C31

and C33 in the pool offree fatty acids are reduced, but C25 hydrocarbons are increased
compared to that of A. mellifera. The major compound families in beeswax are
alkanes, alkenes, free fatty acids, monoesters, diesters and hydroxymonoesters,
while fatty alcohols and hydroxydiesters are minor constituents. There are notable
species-specific differences in the beeswaxes among honeybee species, but all share a
complex mixture of homologous neutral lipids. The amounts of acylglycerols are the
same in scale and comb wax, but diacylglycerols dominate the former and monoa-
cylglycerols the latter. There are more double-bonded fatty acids in comb than in
scale wax, and a greater saturation of fatty acids in comb wax. Beeswaxes analysed
with high temperature gas chromatography yielded a characteristic elution pattern
for waxes of each honeybee species. A parsimonious, unweighted, pair-group
analysis based on the distribution of the chemical constituents for 82 elution peaks of
the derivatized comb waxes of six species of honeybees. The Euclidean distances of
the beeswaxes present a picture very similar to those obtained from morphometric,
behavioural and DNA sequence analyses. The wax glands and the products of their
secretions were highly conserved features during honeybee evolution.

16.1 Introduction

In this chapter, discussions on the chemistry of beeswax are restricted entirely to
honeybee wax scales and comb wax in a biological context. Investigations of both
the chemical composition and physical properties of beeswaxes of A. mellifera
have been pursued for centuries, and these earlier works have been documented by
Grün and Halden (1929). Preparations for and practical uses of beeswax have also

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_16,
� Springer-Verlag Berlin Heidelberg 2014
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been documented (Cowan 1908; Coggshall and Morse 1995), and the commercial
industrial aspects of beeswax have been exhaustively monographed (Büll 1977);
thousands of publications have appeared on these topics since then. However, the
very first studies of Asian beeswaxes appeared only a century ago (Hooper 1904;
Bellier 1906; Büchner 1906; Hooper and Büchner 1906; Ueno 1915; Roberts and
Islip 1922; Ikuta 1931, 1934), who between them recorded the physical constants
(specific gravity, melting point, acid and saponification values, etc.) of the comb
waxes of A. cerana, A. dorsata, A. florea and A. mellifera.

As our knowledge of the hydrocarbon, alcohol and acid fractions of beeswaxes
developed, two points of importance to honeybee biology emerged. Firstly, Phadke
(1961) re-examined the physical constants of A. cerana, A. dorsata, A. florea and A.
mellifera beeswaxes, and showed each to be extremely homogenous as evidenced by
the very small standard deviations in the physical values of the samples measured.
Shortly after, Narayana (1970) and Phadke et al. (1971) determined that carbon chain
length was, on average, shorter in the three Asian beeswaxes than in A. mellifera,
which accounts for the lower melting points of the Asian waxes. Progress in wax
chemistry advanced with gradually improved analytical techniques of both thin-layer
and gas-liquid methods of chromatography in the 1940 and 1950s (Touchstone 1993).

16.2 Chemical Composition

The composition and origin of A. mellifera comb beeswax has relatively recently
been summarised by Tulloch (1980), and is shown in Table 16.1. The major
components are defined as those exceeding more than 5 % of each fraction; those
of lesser abundance are regarded as minor constituents. Tulloch regarded, as major

Table 16.1 Composition of
beeswax derived from A.
mellifera combs (Tulloch
1980)a

Constituent fractions Number of components in fractions

Percentage % Major Minor

Hydrocarbons 14 10 66
Monoesters 35 10 10
Diesters 14 6 24
Triesters 3 5 20
Hydroxy monoesters 4 6 20
Hydroxy polyesters 8 5 20
Acid esters 1 7 20
Acid polyesters 2 5 20
Free acids 12 8 10
Free alcohols 1 5 ?
Unidentified 6 7 ?
Total 100 74 210
a Major components are those forming more than 1 % of the
fraction; for minor components only estimates are given
(Tulloch 1980)
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components, those which constituted more than 1 % of each fraction; those of
lesser abundance were regarded as minor constituents. Nevertheless, if a particular
fraction is itself small, then a given compound may well be ‘major’ in that fraction,
but very minor with respect to the bulk composition of a beeswax sample. Tulloch
(1980) regarded the large number of minor hydrocarbons as probably dispropor-
tionate, because of the relative ease with which they can be separated, vis-à-vis the
seven groups of esters. The residue of some 44 % of beeswax is taken up entirely
by minor constituents, to which Tulloch ascribed the relatively low melting point
of intact beeswax and its plasticity.

By combining both gasliquid and thin-layer methods of chromatography Tulloch
(1973, 1974, 1975, 1980) also studied the composition of waxes from different
honeybee species. He found that the waxes from different A. mellifera races were
very similar as a group, but the unsaturated C31 hydrocarbon peak was smaller and
the C35 hydrocarbon peak larger in the African bee, A. m. scutellata, than in the
European races of A. mellifera. By contrast, he reported that waxes of the Asian
bees, A. cerana, A. dorsata and A. florea, resemble each other more closely than any
of them do to A. mellifera waxes as previously reported by Narayana (1970) and
Phadke et al. (1971). In the Asian waxes there is a smaller pool of free fatty acids
(analysed as methyl esters), reduced amounts of C31 and C33, but increased C25

hydrocarbons compared to A. mellifera waxes. The recordings from the gas-liquid
chromatography analyses by Tulloch are shown in Fig. 16.1.

Despite the assiduous efforts of numerous chemists who have sought to analyse
the composition of beeswax, we have very few observations on the chemistry of
newly secreted wax scales. Huber (1814) investigated the solubility properties of
wax scales and of fragments of newly fashioned white comb wax. He observed that
the wax scales readily dissolved in turpentine (presumably comprising then, as
now, a pot-pourri of terpenes, but mainly the monoterpenes a9- and b-pinene), but
that comb wax left a white residue. When scale and comb wax samples of
equivalent weight were placed in vessels of sulphuric ether (probably diethyl
ether), the former became opaque but did not dissolve, while the latter dissolved
leaving a white residue in the vessel.

When Huber allowed the ether to evaporate from the vessels, he always obtained
a recoverable layer of scale wax residue, which led him to conclude that if the scales
were indeed crude wax, then the bees must impregnate them with some additional
substance to obtain the whiteness and ductility of newly constructed comb wax. To
this we can add the observations of Young (1963), who analysed wax scales for the
presence of (2-14C)-acetate that had been injected into wax-producing bees. He
found that the label was incorporated in the free acid and ester fractions of wax
scales. Finally, Lambremont and Wykle (1979) performed a thin-layer chromato-
graphic separation of scale wax and found the resulting chromatographic pattern
similar to that obtained by Tulloch (1970) from cappings wax, with the exception
that their chromatograms lacked activity at the diester position.

Subsequently, Davidson and Hepburn (1986) compared the glycerols of scale
and comb wax. Their assays showed that the monoacylglycerol and diacylglycerol
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fractions comprised about 91 % of the total glycerol in scale and comb wax. While
the total level of the acylglycerols were the same in scale and comb wax, the
diacylglycerols dominated the scale wax glycerol pool, and the monoacylglycerols
the comb wax glycerols. Within the acylglycerol fractions there were substantially
more double-bonded fatty acids in scale than in comb wax. Although about 50 %
of the fatty acid fractions were the same in the two waxes, there was a significantly
greater degree of saturation in the fatty acids of comb wax.

In the absence of hard analytical knowledge as to the total composition of
beeswax scales vis-à-vis that of newly built comb, a rather circuitous route must be
taken to assess the possible differences among European, African and ‘africanized’
(A. m. scutellata) subspecies. Of equal importance, what exactly is it that a hon-
eybee worker does when she chews scales in the process of comb construction? To
this end Eckert (1922, 1927) repeated the basic experiment of Dumas and Edwards
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Fig. 16.1 The spectra
obtained from gas–liquid
chromatographic analyses of
A. mellifera, A. m. scutellata
(= adansonii), A. dorsata, A.
cerana and A. florea comb
waxes. Hydrocarbons are
indicated by odd-numbered
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even numbers (40–50)
(Tulloch 1980)

322 16 The Chemistry of Beeswax



(1843) to assess the effects of cane sugar versus honey on the composition of wax.
He compared the fresh, white wax of newly constructed combs built by bees fed
sugar, with the yellowish wax produced by a colony given nectar and honey, and
found no differences between them. The dimension of age was added to compo-
sition studies by Jordan et al. (1940), who compared old comb wax, wax newly
secreted by young bees and new wax produced by bees of more than a month old.
Replicate and parallel measurements were made on cleaned combs, but no sig-
nificant differences were found between the waxes of young and old bees. These
two waxes did, however, differ from old comb wax in that the latter had an iodine
number twice that of the former. This they attributed to a greater contamination of
the old wax by carotenoids derived from pollen.

16.3 Chemometrics

Titschack (1969) analysed and tabulated the acid, saponification and ester values
for A. mellifera African waxes, ranging in origin from Morocco and Ethiopia
through the Ivory Coast and south to Mozambique. Because these data were sorted
by countries, individual results cannot confidently be ascribed to any particular
honeybee subspecies (Hepburn and Radloff 1998). Nonetheless, there were sta-
tistically significant differences in composition between several African waxes
from different sources, pointing to possible genetic differences among the races.
This approach was extended by Tulloch (1980) who showed that the waxes of
Asian honeybees were chemically different from those of A. mellifera, and that the
African and European subspecific profiles of A. mellifera waxes also differed.

With the development of high resolution capillary gas chromatography, this work
has been extended, particularly by Brand-Garnys and Sprenger (1988). They char-
acterised the waxes of different A. mellifera races on the basis of unique hydrocarbon
and ester profiles, and recognised 16 subspecific waxes, ten of which are of African
geographical origin (Table 16.2). Unfortunately no information is given as to the
origin of these waxes, or of variations between the samples, so these data elude
chemotaxonomic analysis. Recently, Beverly et al. (1995) showed that the pyroly-
sis-mass spectral peaks obtained from European and African beeswaxes differed in
their relative intensities, but no unique molecules peculiar to any specific wax were
obtained. Nonetheless, this approach might be a useful line of further inquiry.

With even more sophisticated gas-chromatographic methods than previously
available Aichholz and Lorbeer (1999) and Aichholz et al. (2000) re-examined the
comb waxes of the Asian honeybees, A. andreniformis, A. cerana, A. dorsata,
A. florea and A. laboriosa as well as A. mellifera, and showed that they are
complex mixtures of homologous neutral lipids containing a range of 20–64
carbon length molecules. Aichholz et al. (2000) investigated beeswaxes with high
temperature gas chromatography and obtained a characteristic elution pattern for
the waxes of each honeybee species, confirming and extending the earlier analyses
of Tulloch (1980) and Brand-Garnys and Sprenger (1988).
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In another analysis of beeswaxes Puleo (1991) published gas chromatograms of
the comb waxes of African A. m. scutellata and European A. m. ligustica honey-
bees, and demonstrated striking differences in both their hydrocarbon and straight
chain monoester fractions. In the former, the percentage of C33:1 unsaturated
hydrocarbon is greater than the concentrations of C29 and C31 saturated hydro-
carbons, while the converse occurs in the latter subspecies. Also, the percentage of
C35:1 unsaturated hydrocarbon is ten times greater in A. m. scutellata (*1.2) than
in A. m. ligustica (*0.2). Likewise, there is a lower percentage concentration of
C48 relative to the C46 esters in A. m. scutellata than in A. m. ligustica (Puleo 1991).
He also reported that there are also minor components associated with the hydro-
carbon fraction, in that the even-numbered, straight chain hydrocarbons vary in
length from C22 to C34 and may constitute 0.02–0.2 % of the total.

Following Tulloch (1980), Aichholz et al. (2000) defined the major compound
families as those exceeding 5 % of the total, so that alkanes, alkenes, free fatty
acids, monoesters, diesters and hydroxymonoesters are the major compound
families, while fatty alcohols and hydroxydiesters are minor constituents
(Table 16.3). There are notable species-specific differences in the waxes among
honeybee species (Table 16.3), but all share a complex mixture of homologous
neutral lipids: C25–C29 alkanes, C40–C54 monoesters, C42–C52 hydroxymonoesters,
and C56–C58 diesters (Aichholz and Lorbeer 1999; Aichholz et al. 2000). Presently
our knowledge of the composition of the waxes of all honeybee species is nearly
equal; however, pathways of synthesis remain available only for A. mellifera
(Hepburn et al. 1991). Given what is known of species-specific composition

Table 16.2 Wax characteristics of different A. mellifera races (Brand-Garnys and Sprenger
1988)a

Races R1 R2 R3 R4 R5 R6 Type

adansonii 0.181 0.267 0.079 1.314 0.76 1.238 II
anatolica 0.261 0.341 0.019 0.908 0.721 0.905 III
capensis 0.257 0.222 0.055 1.121 1.095 1.54 III
carnica 0.184 0.351 0.017 0.921 0.678 0.937 II
caucasica 0.237 0.274 0.003 1.178 0.725 0.914 III
iberica 0.26 0.155 0.01 1.401 0.706 1.012 II
intermissa 0.213 0.285 0.076 0.958 0.768 1.163 II
jemenitica 0.235 0.328 0.027 0.883 0.893 0.846 I
lamarckii 0.215 0.262 0.168 0.952 0.943 1.329 IV
ligustica 0.264 0.257 0.015 1.124 0.685 0.975 II
litorea 0.261 0.212 0.048 1.324 0.748 1.281 II
mellifera 0.323 0.167 0.009 1.282 0.785 0.981 III
monticola 0.269 0.212 0.052 1.082 1.001 1.438 II
nubica 0.218 0.255 0.087 1.19 0.829 1.256 II
scutellata 0.228 0.247 0.063 1.13 0.891 1.358 II
unicolor 0.211 0.254 0.101 1.191 0.689 1.1 II

a R1 is defined as the quotient of the quantity of hydrocarbons and 27 carbon atoms out of the
total hydrocarbon pool and so on. Types are defined as the sequence of the absolute quantity of
straight chain esters 40, 42 and 44 carbon atoms
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(Table 16.4), there is considerable opportunity for biochemical studies of
beeswaxes in future.

16.3.1 Chemometric Classification of Beeswaxes

For any experimental study into the numerous interactions between pheromones
and comb and/or cuticular waxes known to occur (Breed et al. 1995a, b, 1998), it is
essential to know the chemical composition of the waxes involved and to be able
to classify them. The chemical compositions of comb and cuticular waxes of
honeybees have been extensively investigated (Blomquist and Ries 1979; Blom-
quist et al. 1980; Lockey 1985; Hepburn 1986; Francis et al. 1989), but with
different methods. In a seminal paper, Frölich et al. (2000) established objective
and quantitative chemometric tools for distinguishing between comb waxes of
different ages and the cuticular waxes from different castes and sexes of A. m.
carnica. Previously there had been no studies on chemical composition of different
age classes of comb waxes using quantitative classification tools.

When Frölich et al. (2000) analyzed their fractions by gas chromatography,
56–75 % of the total mass of the wax samples could be identified (Table 16.5). All
comb waxes of different age classes were dominated by long-chain aliphatic
compounds, with chain lengths ranging in length from C21 to C54 (Fig. 16.2). The
chain lengths exhibited a bimodal distribution, and there were no differences in
chain length distributions among wax scales, new, middle-aged, and old comb
waxes respectively. The respective medians for the shorter and longer chain length
distributions were also fairly close. Chain lengths were in the range of C42 to C44

for all comb wax classes (Fig. 16.2). These data are consistent with those of other
studies on A. mellifera (Basson and Reynhardt 1988), as well as waxes of the
Asian honeybee species (Narayana 1970; Phadke et al. 1971).

Table 16.3 The major compound families of A. andreniformis, A. florea, A. cerana, A. mellifera,
A. dorsata and A. laboriosa comb waxes (Aichholz and Lorbeer 1999)

Compound family A.
andreniformis

A.
florea

A.
cerana

A.
mellifera

A.
dorsata

A.
laboriosa

Alkanes total 18.5 12.5 11.4 12.8 10.8 10.8
Alkenes total 5.9 7.5 7.4 2.9 0.6 5.3
Diene total 3.4 – – – – –
Hydrocarbons total 27.8 20 18.8 15.7 11.4 16.1
Fatty acids total 2.6 0.8 3.6 18 4.9 4.3
Fatty alcohols total – 0.4 1.8 0.6 – –
Monoesters total 27.5 41.1 33.4 40.8 36.9 37.5
Hydroxymonoesters total 13.6 9.1 18.1 9.2 23.3 23.6
Diesters total 12.9 15.7 12.2 7.4 11.9 8.8
Hydroxydiesters total 3.9 2.3 3 – 1.4 1.1
Esters total 57.9 68.2 66.7 57.4 73.5 71
Total 88.3 89.4 90.9 91.7 89.8 91.4
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Table 16.4 Comparison of the compound composition of derivatised comb waxes of
A. mellifera, A. cerana, A. florea, A. andreniformis, A. dorsata and A. laboriosa by GC–FID
analysis on a SOP-50-PFD column (modified from Aichholz and Lorbeer 1999)

Structure Peak Apis
mellifera

Apis
cerana

Apis
florea

Apis
andreniformis

Apis
dorsata

Apis
laboriosa

Alkane C23 1 0.4 0 0 1.1 0.4 0.3
Alkane C25 3 1.5 0.9 1.5 7 4.3 3.8
Alkane C27 10 6.2 8.2 6.3 4.9 3.6 3.6
Alkane C29 17 2.6 2.3 3 2.8 1.2 1.7
Alkane C31 22 1.5 0 1.2 1.8 0.9 1
Alkane C33 26 0.3 0 0.5 0.5 0.4 0.4
Alkane C35 30 0.3 0 0 0.4 0 0
Alkene C27 8 0 0 0.6 0.5 0 0
Alkene C29 16 0 0.6 1 1 0 0
Alkene C31 21 0.8 0 2.3 0 0 0.3
Alkene C33 25 2.1 0.4 3 0 0.6 1.9
Alkene C35 29 0 5.4 0.6 1 0 1.7
Alkene C37 34 0 1 0 1.4 0 0.8
Alkene C39 38 0 0 0 1.3 0 0.6
Alkene C41 41 0 0 0 0.7 0 0
Fatty acid C20 13 1.1 0 0 0.8 0.8 0
Fatty acid C22 19 0.7 0 0 0 0.3 0.4
Fatty acid C24 24 6 0 0 0 1.4 0.7
Fatty acid C26 27 2.1 0.5 0 0 0 0
Fatty acid C28 31 2.6 1.2 0.4 0.5 0 0
Fatty acid C30 35 2.1 1.9 0.4 0.4 0 0
Fatty acid C32 39 1.6 0 0 0.2 0.3 0.6
Fatty acid C34 43 1.5 0 0 0.3 1.4 1.8
Fatty acid C36 46 0.3 0 0 0.4 0.7 0.8
Fatty alcohol C33 32 0.3 1.8 0.4 0 0 0
Fatty alcohol C35 36 0.3 0 0 0 0 0
Diene C35 28 0 0 0 0.4 0 0
Diene C37 33 0 0 0 0.9 0 0
Diene C39 37 0 0 0 1.1 0 0
Diene C41 40 0 0 0 1 0 0
Diester C54 67 0 0 0 0 1 0.6
Diester C54 68 1.2 0 0.7 0.7 5.6 4.1
Diester C56 69 0 0 0 0 1 0.9
Diester C56 70 1.2 0.6 1 1 2.4 2
Diester C58 72 0 0 0.8 0.6 0.5 0.3
Diester C58 73 1.4 2.3 5.2 4.2 1 0.9
Diester C60 75 0 1.1 1.1 0.9 0 0
Diester C60 76 2 5.3 4.2 3.4 0.4 0
Diester C62 78 0 0.7 0.7 0 0 0
Diester C62 79 1.2 1.6 1.7 1.6 0 0
Diester C64 81 0.4 0.6 0.3 0.5 0 0

(continued)
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Table 16.4 (continued)

Structure Peak Apis
mellifera

Apis
cerana

Apis
florea

Apis
andreniformis

Apis
dorsata

Apis
laboriosa

Hydroxydiester C50 71 0 0.7 0 0.4 1 0.7
Hydroxydiester C52 74 0 0 0 0.6 0.4 0.4
Hydroxydiester C54 77 0 1 1.1 1.6 0 0
Hydroxydiester C56 80 0 1 0.6 0.9 0 0
Hydroxydiester C58 82 0 0.3 0.6 0.4 0 0
Hydroxymonoester C40 48 0 0 0 0.4 3.3 2.3
Hydroxymonoester C40 49 0.9 0 0 0.4 9.6 8.4
Hydroxymonoester C42 51 0 0 0 0 4 4.5
Hydroxymonoester C42 52 0.8 0.4 0.4 0.8 2.5 2.6
Hydroxymonoester C44 54 0 2.8 0 0 1.3 1.3
Hydroxymonoester C44 55 1.8 0 3.3 4.3 0.5 0.6
Hydroxymonoester C46 57 0.9 9.2 0 0 0.4 0.4
Hydroxymonoester C46 58 2.3 0 2.9 4.7 0.3 0.4
Hydroxymonoester C48 61 0.6 4.4 0 0 0.3 0.5
Hydroxymonoester C48 62 1.6 0 1.5 1.9 0.5 0.9
Hydroxymonoester C50 64 0 0.5 0 0.8 0.3 0.7
Hydroxymonoester C50 65 0.3 0.8 0.7 0 0.3 0.5
Hydroxymonoester C52 66 0 0 0.3 0.3 0 0.5
Monoester C38 42 0 0 0 0 0.5 0.7
Monoester C40 44 6.6 0.7 1.5 1.3 26.8 24.9
Monoester C42 47 4.6 0.9 3.4 1.5 4.7 4.5
Monoester C44 50 5.7 4.8 9.7 7.7 0.7 1
Monoester C46 53 11.9 23.7 17 10.7 0.9 1.6
Monoester C48 56 9 2.2 7.3 4.7 1.7 2.7
Monoester C50 60 2.6 0.6 1.8 1.3 1.2 1.6
Monoester C54 63 0.4 0.5 0.4 0.3 0.4 0.5

Table 16.5 Analytical yields derived from gas chromatographic analyses of A. m. carnica scale
and comb waxes (Frölich et al. 2000)

Sample type Relative amounts of masses (%), Means ± 95 % confidence intervalsa

Identified in GC Unidentified in GC Polar fraction

Comb waxes
Wax scales 71 ± 2.2 4.2 ± 2.24 25 ± 1.8
New wax 68 ± 2.1 3.0 ± 2.13 29 ± 6.6
Middle-aged wax 70 ± 1.9 4.6 ± 1.93 26 ± 2.6
Old wax 69 ± 1.5 5.4 ± 1.51 26 ± 4.0
Cuticular wax
Workers 67 ± 0.7 1.6 ± 0.76 31 ± 5.1
Drones 54 ± 0.7 2.2 ± 0.72 43 ± 6.2
Queens 57 ± 2.8 7.7 ± 2.79 36 ± 9.7

a Fractions 1–3 were subjected to gas-chromatographic (GC) analysis. The values given are
related to the total mass of fractions 1–4. The limit of detection was 0.01 % and the decimals
were set accordingly
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Fig. 16.2 Distribution of chain lengths of A. m. carnica comb waxes. Median1 refers to the
chains ranging from C19 to C36; Median2 refers to the chains ranging from C37 to C54; and
Medianall characterizes the whole range of chain lengths (Frölich et al. 2000)
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The chemical compositions of all waxes were dominated by long-chain alkyl
esters contributing 47 % ± 4.0 to 57 % ± 6.9 of the total of fractions 1–3
(Table 16.6).

With the increasing age of comb wax, the overall median of the different age
classes decreases, but the relative contributions by alkenes, alkadienes and branched
alkanes increased from 3.4 % ± 1.43 (alkenes), 0.06 % ± 0.044 (alkadienes) and
0.00 % ± 0.008 (branched alkanes) in wax scales, to 12 % ± 1.3, 2.0 % ± 0.21
and 0.95 % ± 0.129 in old comb wax respectively. These systematic changes of
alkene, alkadiene, and branched alkane contents were even more pronounced when
the hydrocarbon fraction (fraction 1) alone was analysed. In this case, the contri-
butions of the three substance classes to the total of hydrocarbons increased from
24 % ± 1.1, 0.38 % ± 0.071 and 0.05 % ± 0.048 in wax scales, to 40 % ± 0.5,
7.0 % ± 0.09 and 3.3 % ± 0.08 in old comb wax respectively (Table 16.7).

Table 16.6 Relative chemical composition of A. m. carnica comb waxes of different ages
(Frölich et al. 2000)

Substance classes Relative amounts of masses (%), Means ± 95 % confidence intervalsa

Wax scales
(N = 6)

New wax
(N = 6)

Middle-age wax
(N = 6)

Old wax
(N = 6)

Alkanes 11 ± 4.9 13 ± 1.7 15 ± 1.7 14 ± 1.1
Alkenes 3.4 ± 1.43 6.0 ± 1.04 8.8 ± 0.98 12 ± 1.3
Alkadienes 0.06 ± 0.044 0.24 ± 0.041 0.72 ± 0.077 2 ± 0.21
Branched alkanes 0.00 ± 0.008 0.19 ± 0.117 0.46 ± 0.053 0.95 ± 0.12
Esters 57 ± 6.9 57 ± 3.6 47 ± 4 48 ± 4.3
Unsaturated alkyl

esters
13 ± 3.3 11 ± 0.7 12 ± 1.4 9.5 ± 1.54

Hydroxzalkyl esters 8.0 ± 3.08 7.9 ± 5.72 8.1 ± 1.57 6.4 ± 0.98
Acids 1.3 ± 2.00 0.14 ± 0.158 0.51 ± 0.338 0.08 ± 0.10
Alcohols 0.41 ± 0.239 0.53 ± 0.317 0.74 ± 0.128 0.48 ± 0.20
Unidentified 5.6 ± 2.97 4.2 ± 2.99 6.2 ± 2.59 7.3 ± 2.03

a The values given related to the total mass of fractions 1–3; limit of detection at 0.01 %,
decimals were set accordingly

Table 16.7 Relative chemical composition of A. m. carnica hydrocarbon fractions of comb
waxes of different ages (Frölich et al. 2000)

Substance
classes

Relative amounts of masses (%), Means ± 95 % confidence intervalsa

Wax scales
(N = 6)

New Wax
(N = 6)

Middle-age wax
(N = 6)

Old wax
(N = 6)

Alkanes 75 ± 1.2 67 ± 0.9 60 ± 0.3 50 ± 0.6
Alkenes 24 ± 1.1 31 ± 0.7 35 ± 0.2 40 ± 0.5
Alkadienes 0.38 ± 0.071 1.2 ± 0.03 2.9 ± 0.05 7.0 ± 0.09
Branched

alkanes
0.05 ± 0.048 1.0 ± 0.31 1.8 ± 0.05 3.3 ± 0.08

a The values given related to the total mass of fraction 1; the limit of detection was 0.01 % and
the decimals were set accordingly
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More recently, Namdar et al. (2007) published GC and GC/MS analyses of light
and dark coloured A. m. ligustica and A. m. syriaca combs (Fig. 16.3). They found
that, as beeswax ages and darkens, its n-alkane composition changes. The amount
of even numbered n-alkanes (C22–C32), is significantly higher in darker coloured
beeswax compared to light beeswax. They attributed these differences, at least in
part, to the accumulation of cuticular residues known to contain C23 to C32 odd and
even numbered n-alkanes. They determined the presence of odd and even num-
bered n-alkanes, and showed that there was a clear predominance of the C27

alkane, with only very small amounts of even numbered n-alkanes in the range of
C22–C32. Also, darker beeswax contains on average about 3 times more even
numbered n-alkanes than lighter coloured beeswax.

16.3.2 Discrimination and Classification of Beeswaxes

Before introducing this topic, it is often important to identify and separate pure
beeswax from contaminant resins, such as slumgum, which occur in beeswax
samples (Grout 1946; Morales-Corts et al. 2010). It was recently reported that
waxes and contaminating resins can readily be identified by differential scanning
calorimetry (Zhang et al. 2012). Quantitative criteria for the distinction between
comb age classes, castes are possible based on chemical features of the respective
waxes are both desirable and possible Frölich et al. (2000) subjected their data to a
discriminant function analysis which allows the predictive classification of cases
(wax samples) by computation of classification functions. These functions are not

Fig. 16.3 Histogram of the averaged peak areas of the alkanes extracted from light coloured
(white columns) and dark coloured (black columns) A. m. ligustica beeswax samples. The relative
peak areas are normalized to the most abundant alkane. Cx refers to n-alkane with x carbons in its
chain. Y axis = % (from Namdar et al. 2007)
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to be confused with discriminant functions. Only substance classes that could be
positively identified by gas chromatography-mass spectrometry, were included.
The results of their analysis functions achieved 99.3 % unambiguous discrimi-
nation into the classes: wax scales, new wax, middle aged wax and old wax.

The chemical changes recorded by Frölich et al. (2000) during the ageing
process of comb wax, seem to consist of two parallel processes. They proposed
that the decrease in chain length with age (process 1), may be due to lipolytic
enzymes (Kurstjens et al. 1985; Davidson and Hepburn 1986; Hepburn 1986),
which bees add to the wax scales during their conversion into comb wax. These
enzymes might be esterases, and this could result in a decrease in long-chain esters
and subsequently an increase in shorter chains. The second process (2), may be due
to spontaneous physical and chemical processes rather than the direct influence of
the bees. The olfactory system of the honeybee is very sensitive to hydrocarbon
compounds (Page et al. 1991), the clearly distinguishable wax compositions may
be cues for the honeybees to distinguish different regions of the nest for allocating
tasks, or to identify nestmate bees they meet in the darkness of the nest (Tautz
2009) (cf. Chap. 5). Phiancharoen et al. (2011) calculated the weighted frequency
distributions of the compounds in Table 16.4 to determine the average chain
length of each type of wax as shown in Table 16.8. There were no significant
differences among the waxes, although there is a trend suggesting that the waxes of
the dwarf honeybees have the longest chain lengths. This is surprising because, as
a general rule, stiffness, strength, yield stress and other properties increase with
increasing carbon chain length in polymers (Salamone 1996), but this relationship
does not hold for beeswaxes.

In a further study on wax discrimination Phiancharoen et al. (2011) performed a
cluster analysis of beeswax composition, based on the data of Aichholz and
Lorbeer (1999) (Table 16.4) to assess their relative affinities, as measured by the
Euclidean distances using the unweighted pair-group centroid amalgamation rule.
A parsimonious unweighted pair-group analysis based on the distribution of the
chemical constituents for 82 elution peaks of the derivatized comb waxes of A.
andreniformis, A. cerana, A. dorsata, A. florea, A. laboriosa and A. mellifera is
shown in Fig. 16.4. The giant honeybee group (A. dorsata and A. laboriosa) is
clearly separated from the other species, as are the dwarf species (A. andreniformis
and A. florea), while A. mellifera is placed close to its sister-group, A. cerana.

The Euclidean distances of beeswaxes presented a very similar picture, which is
consistent with the recent analyses of Apis species, in which three distinct clusters
of sister-groups result from morphometric (Alexander 1991), behavioural (Raf-
fiudin and Crozier 2007) and DNA sequence analyses (Arias and Sheppard 2005):
(1) dwarf bees (A. andreniformis and A. florea); (2) giant honeybees (A. dorsata
and A. laboriosa); and (3) a cluster consisting of the medium-sized bees (A.
cerana, A. koschevnikovi, A. mellifera, A. nigrocincta and A. nuluensis). In any
event, the close proximity of the beeswax unweighted pair-groups to those based
on DNA and morphometrics, suggests that the wax glands and the products of
secretions were highly conserved features during honeybee evolution (Fig. 16.4).

16.3 Chemometrics 331

http://dx.doi.org/10.1007/978-3-642-54328-9_5
http://dx.doi.org/10.1007/978-3-642-54328-9_5


T
ab

le
16

.8
W

ei
gh

te
d

fr
eq

ue
nc

y
di

st
ri

bu
ti

on
s

fo
r

ca
rb

on
ch

ai
n

le
ng

th
va

ri
at

io
n

in
A

.
m

el
li

fe
ra

,
A

.
ce

ra
na

,
A

.
flo

re
a,

A
.

an
dr

en
if

or
m

is
,

A
.

do
rs

at
a

an
d

A
.

la
bo

ri
os

a
w

ax
es

ca
lc

ul
at

ed
fr

om
th

e
da

ta
in

T
ab

le
16

.4
(P

hi
an

ch
ar

oe
n

et
al

.
20

11
)

S
tr

uc
tu

re
A

.
m

el
li

fe
ra

A
.

ce
ra

na
A

.
flo

re
a

A
.

an
dr

en
if

or
m

is
A

.
do

rs
at

a
A

.
la

bo
ri

os
a

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
20

1.
1

7.
9

0.
0

0.
0

0.
0

0.
0

0.
8

6.
0

0.
8

5.
9

0.
0

0.
0

C
22

0.
7

5.
5

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
3

2.
4

0.
4

3.
2

C
23

0.
4

3.
3

0.
0

0.
0

0.
0

0.
0

1.
1

9.
5

0.
4

3.
4

0.
3

2.
5

C
24

6.
0

51
.8

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

1.
4

12
.3

0.
7

6.
1

C
25

1.
5

13
.5

0.
9

8.
2

1.
5

13
.8

7.
0

65
.4

4.
3

39
.5

3.
8

34
.3

C
26

2.
1

19
.6

0.
5

4.
7

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

C
27

6.
2

60
.2

8.
2

80
.4

6.
9

68
.8

5.
4

54
.5

3.
6

35
.7

3.
6

35
.1

C
28

2.
6

26
.2

1.
2

12
.2

0.
4

4.
1

0.
5

5.
2

0.
0

0.
0

0.
0

0.
0

C
29

2.
6

27
.1

2.
9

30
.5

4.
0

42
.8

3.
8

41
.2

1.
2

12
.8

1.
7

17
.8

C
30

2.
1

22
.7

1.
9

20
.7

0.
4

4.
4

0.
4

4.
5

0.
0

0.
0

0.
0

0.
0

C
31

2.
3

25
.7

0.
0

0.
0

3.
5

40
.1

1.
8

20
.9

0.
9

10
.3

1.
3

14
.6

C
32

1.
6

18
.4

0.
0

0.
0

0.
0

0.
0

0.
2

2.
4

0.
3

3.
5

0.
6

6.
9

C
33

2.
7

32
.1

2.
2

26
.4

3.
9

47
.5

0.
5

6.
2

1.
0

12
.1

2.
3

27
.4

C
34

1.
5

18
.4

0.
0

0.
0

0.
0

0.
0

0.
3

3.
8

1.
4

17
.5

1.
8

22
.1

C
35

0.
6

7.
6

5.
4

68
.6

0.
6

7.
8

1.
8

23
.5

0.
0

0.
0

1.
7

21
.5

C
36

0.
3

3.
9

0.
0

0.
0

0.
0

0.
0

0.
4

5.
4

0.
7

9.
3

0.
8

10
.4

C
37

0.
0

0.
0

1.
0

13
.4

0.
0

0.
0

2.
3

31
.8

0.
0

0.
0

0.
8

10
.7

C
38

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

0.
5

7.
0

0.
7

9.
6

C
39

0.
0

0.
0

0.
0

0.
0

0.
0

0.
0

2.
4

35
.0

0.
0

0.
0

0.
6

8.
4

C
40

7.
5

10
8.

0
0.

7
10

.2
1.

5
22

.1
2.

1
31

.4
39

.7
58

3.
6

35
.6

51
4.

1
C

41
0.

0
0.

0
0.

0
0.

0
0.

0
0.

0
1.

7
26

.0
0.

0
0.

0
0.

0
0.

0
C

42
5.

4
81

.6
1.

3
19

.8
3.

8
58

.9
2.

3
36

.1
11

.2
17

2.
9

11
.6

17
5.

9
C

44
7.

5
11

8.
8

7.
6

12
1.

4
13

.0
21

1.
1

12
.0

19
7.

3
2.

5
40

.4
2.

9
46

.1
C

46
15

.1
25

0.
0

32
.9

54
9.

4
19

.9
33

7.
9

15
.4

26
4.

7
1.

6
27

.0
2.

4
39

.9

(c
on

ti
nu

ed
)

332 16 The Chemistry of Beeswax



T
ab

le
16

.8
(c

on
ti

nu
ed

)

S
tr

uc
tu

re
A

.
m

el
li

fe
ra

A
.

ce
ra

na
A

.
flo

re
a

A
.

an
dr

en
if

or
m

is
A

.
do

rs
at

a
A

.
la

bo
ri

os
a

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
om

p.
%

W
t.

fr
eq

.
C

om
p.

%
W

t.
fr

eq
.

C
48

11
.2

19
3.

5
6.

6
11

5.
0

8.
8

15
5.

9
6.

6
11

8.
4

2.
5

44
.1

4.
1

71
.1

C
50

2.
9

52
.2

2.
6

47
.2

2.
5

46
.1

2.
5

46
.7

2.
8

51
.4

3.
5

63
.2

C
52

0.
0

0.
0

0.
0

0.
0

0.
3

5.
8

0.
9

17
.5

0.
4

7.
6

0.
9

16
.9

C
54

1.
6

31
.1

1.
5

29
.4

2.
2

43
.9

2.
6

52
.5

7.
0

13
8.

9
5.

2
10

1.
4

C
56

1.
2

24
.2

1.
6

32
.5

1.
6

33
.1

1.
9

39
.8

3.
4

70
.0

2.
9

58
.6

C
58

1.
4

29
.2

2.
6

54
.7

6.
6

14
1.

3
5.

2
11

2.
7

1.
5

32
.0

1.
2

25
.1

C
60

2.
0

43
.2

6.
4

13
9.

4
5.

3
11

7.
4

4.
3

96
.4

0.
4

8.
8

0.
0

0.
0

C
62

1.
2

26
.8

2.
3

51
.8

2.
4

54
.9

1.
6

37
.1

0.
0

0.
0

0.
0

0.
0

C
64

0.
4

9.
2

0.
6

13
.9

0.
3

7.
1

0.
5

12
.0

0.
0

0.
0

0.
0

0.
0

T
ot

al
91

.7
90

.9
89

.4
88

.3
89

.8
91

.4
M

ea
n

39
.7

43
.9

44
.4

42
.5

40
.9

40
.7

S
D

55
.7

98
.4

73
.9

58
.4

10
4.

8
92

.4

16.3 Chemometrics 333



16.4 The Proteins of Beeswax

That beeswax might contain non-lipoidal material has been a very real possibility
since Huber (1814) showed that beeswax scales and comb wax have different
solubility characteristics. A century later Lineburg (1924) described in detail how
worker bees chew and maul wax scales, adding a frothy substance to them. Ku-
rstjens et al. (1985) pursued this probability as a by-product of their studies on the
physical changes that occur in the conversion of wax scales into fashioned comb.
They found that scale wax did not exhibit a detectable monoglyceride fraction, but
had a relatively large pool of diglycerides. In comb wax there was a pronounced
monoglyceride fraction, and the diglyceride fraction was considerably less than
that in scale wax.

These gross chemical differences between wax scales and finished combs led
directly to a search for proteinaceous material that could be added to the wax
during chewing, and which might have the expected lytic properties, as had been
noted decades earlier by Lineburg (1924). In the search for bee-derived proteins in
beeswax, it was essential to preclude any contamination of the scale and comb
waxes used in the analyses. Such wax was obtained by keeping small colonies of
bees made from newly enclosed brood, confined in a laboratory with no oppor-
tunity to forage, nor access to pollen or honey. The bees were only fed a syrupy
solution of sucrose. Kurstjens et al. (1985) were able to confirm that scale wax
obtained under these conditions contained about 2 lg of protein /mg of wax, and
that comb wax contained about 6 lg of protein/mg of wax.

Because beeswax is hydrophobic, it was surmised that it is transported through
the pore canals to the exterior surface of the wax mirror by lipophorins. This
appears to be the major transport mechanism of hydrophobic natural products in
insects (Gilbert and Chino 1974; Haruhito and Chino 1982). Because the lipid
composition changes in the conversion of scales into comb wax (Kurstjens et al.
1985), it is also likely that some lipolytic protein is introduced into the scale wax
when the bees chew it (Lineburg 1924; Kurstjens et al. 1985). In a series of

Fig. 16.4 Hierarchical
clustering diagram derived
from single linkage clustering
compound composition of
derivatized comb wax
(Phiancharoen et al. 2011)
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electrophoretic studies on the beeswax proteins of A. m. capensis and A. m. scu-
tellata, Kurstjens et al. (1990) showed that the substructures of the wax scale and
comb protein fractions contained 11 and 13 bands respectively. Seven of these
bands were common to both scale and comb waxes for both subspecies.

The proteins ranged between 19 and 100 kD. Bands 1, 2, 6 and 17 (about 97, 89,
66, and 19 kD respectively), were unique to scale wax, while bands 3, 4, 10, 11
and 15 (87, 82, 54, 47 and 43 kD respectively), were unique to comb wax. The
waxes shared bands 5, 7–9, 12, 14 and 16 (70, 60, 57, 55, 51, 44 and 29 kD
respectively). The densitometric scans showed the relative molecular weight dis-
tributions of the bands, and that band 17 is dominant in scale wax, while bands
7–12 are collectively dominant in comb wax. Although wax scales and comb wax
contain both unique and shared proteins, their functions are unknown. However,
two kinds of lipophorins occur in honeybees (Ryan et al. 1984), and it was sur-
mised that apolipophorin II of honeybees at 78 kD is very close to the 82-kD
fraction of comb wax, and to the 70-kD fractions shared by both comb and scale
waxes. Although workers chew wax during comb-building, sometimes almost
intact scales can be seen in cell walls (Casteel 1912; Zhang et al. 2010), this too
points to the addition of a salivary secretion because when incorporated in scale
wax, the diacylglycerol component of scales is reduced, and the monoacylglycerol
fraction of comb wax increases (Davidson and Hepburn 1986).

16.5 Plant-Derived Aromatic Volatiles and Colourants
in Beeswax

Although beeswax has long been a very valuable commodity and its aroma one of
its particularly favoured qualities, no analyses of these volatiles were undertaken
until the work of Ferber and Nursten (1977). They used a combined GC-MS

Table 16.9 Volatile components of beeswax characterized by gas chromatography-mass spec-
trometry (Ferber and Nursten 1977)

Hydrocarbons Alcohols Carbonyls

p-cymene cis-linalol oxide (5-membered) Octanal
Durene trans-linalol oxide (5-membered) Nonanal
Isodurene cis-linalol oxide (6-membered) Decanal
Decane trans-linalol oxide (6-membered)
Dodecane Hotrienol
Tridecane a9-terpineol
Tetradecane Guaiacol
Pentadecane Benzyl alcohol
Hexadecane 2-phenethyl alcohol
Naphthalene Phenol
a9-methylnaphthalene
b-methylnaphthalene
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Table 16.10 Components of propolis recovered from beeswax (Puleo 1991, and references
therein)

1 Citronellol
2 Cinnamic acid
3 Cinnamyl alcohol
4 Coumaric acid, p-hydroxycinnamic acid
5 Coumaric acid, p-methoxycinnamic acid
6 Cinnamyl-p-coumate
7 Vanillin, 4-hydroxy-3-methoxybenzaldehyde
8 Isovanillin, 3-hydroxy-3-methoxybenzaldehyde
9 Caffeic acid, 3,4dihydroxycinnamic acid
10 Ferulic acid, 4-hydroxy-3-methoxycinnamic acid
11 Ferulic acid, 2-hydroxy-4-methoxyacetophenone
12 Ferulic acid, 2-hydroxy-4,6-methoxyacetophenone
13 Pterostilbene, 4-hydroxy-2-4-dimethoxystilbene
14 Pterostilbene, 20-hydroxy-40,60-dimethoxychalcone
15 Pterostilbene, 20-hydroxy-4-acetyl-5-hydroxy-2-methyl-2H-3H-naptho (1,8-b,c)pyran
16 Pterostilbene, 20-hydroxy-4,4060-trimethoxychalcone
17 Pterostilbene, 20-hydroxy-3,4,40-trimethoxychalcone
18 Xanthorrhoeol, 4-acetyl-5-hydroxy-2-methyl-2H-3H-naptho(1,8-b,c)pyran
19 Xanthorrhoeol, 3,5-dimthoxybenzyl alcohol
20 Benzoic acid
21 Benzyl alcohol
22 Sorbic acid, hexa-2,4-dienoic acid
23 Eugenol, 4-aliyl-2-methoxyphenol
24 Lanosterol
25 Squalene
26 Cholesterol
27 Chrysin, 5,7-dihydroxyflavone
28 Techochrysin, 5-hydroxy-7-methoxyflavone
29 Acacetin, 5,7-dihydroxy-40- methoxyflavone
30 Acacetin, 5-hydroxy-40,70- dimethoxyflavone
31 Quercetin, 3,3040,5,7-pentahydroxyflavone
32 Kaempferide, 3,5,7-trihydroxy-40-methoxyflavone
33 Rhamnocitrin, 3,40,5- trihydroxy-40,7-methoxyflavone
34 Rhamnocitrin, 3,5-dihydroxy-40,7-methoxyflavone
35 Galangin, 3,5,7-trihydroxyflavone
36 Isalpinin, 3,5-dihydroxy-7-methoxyflavone
37 Pectolinarigenin, 5,7-dihydroxy-40,6-methoxyflavone
38 Apigenin, 405,7-trihydroxyflavone
39 Kaempferide, 3,405,7-tetrahydroxyflavone
40 Flavone, 5-hydroxy-407-methoxyflavenone
41 Pinostrobin, 5-hydroxy-7-methoxyflavenone
42 Pinocembrin, 5,7-dihydroxyflavenone
43 Sakuranetin, 40,5-dihydroxy-7-methoxyflavenone
44 Quercetin-3,30dimethyl ether, 40,507-trihydroxy-330-dimethoxyflavone
45 Pinobanksin, 3,5,7-trihydroxyflavenone
46 3-Acetylpinobanksin, 5,7-hihydroxy-3-acetylflavenone
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approach, and for positive identification, they used retention indices of ±0.10 for
unknowns and standards on each of two columns of differing polarity, as well as
acceptable mass spectral data (Table 16.9). In view of the now well-established
interactions between pheromones and comb and/or cuticular waxes (Breed et al.
1995a, b, 1998), it is essential to know the chemical composition of the waxes
involved, and to be able to classify same. The aromatic volatiles detected in A.
mellifera wax and listed by Ferber and Nursten (1977) could lead to unimagined
possibilities for studies on nestmate recognition.

Subsequently Puleo (1991) performed an exhaustive analysis of the minor
constituents of beeswax. Table 16.10 demonstrates the extraordinary diversity of
plant-derived compounds (collectively, propolis). Among them is a large per-
centage of chromophoric (C = C, C = O, N = N, C–NO2) and auxochromic (C–
OH, CNH2, COOH) groups, which contribute to the strong colour of beeswax. This
results from the fact that the auxochromes enhance the colouring capacity of the
chromophores (Puleo 1991).
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Chapter 17
Synthesis of Beeswax

Abstract The notion that honeybees secrete wax and not gather it from blossoms
was first shown in the mid-18th century (Hornbostel 1744). Later, Huber (1814)
observed that newly settled swarms do not gather pollen but construct combs, and
he concluded that beeswax was the secretory product of the glands of the wax
mirrors and fuelled by honey. However, the actual amount of fatty material present
in bees, before and after their incarceration in experimental cages and in combs
constructed in the interim, had to be determined. This Dumas and Edwards (1843)
did, and they concluded that the amount of fatty material present at the onset of the
experiment could not account for the wax produced by the end of the experiment;
hence bees both synthesise and secrete wax. A century later, Piek (1961, 1964) fed
captive bees (1-14C)-acetate, (UL-14C)-glucose and deuterated water and recov-
ered the labels both from bees and newly constructed combs. Lambremont and
Wykle (1979) incubated homogenates of the wax glands with (1-3H)-tetracosanol
and recovered the label only in the wax ester fraction and the 3H wax ester
fraction, which yielded a 3H-fatty alcohol with the same Rf value as authentic
tetracosanol. Blomquist and Ries (1979) showed that long-chain primary alcohols,
fatty acids and the acyl group of acyl-CoA were incorporated in wax monoesters,
and that (1-14C)-palmitate entry into the monoester pool was enhanced by ATP,
CoA and MgCl2, while the addition of palmitoyl-CoA resulted in a fivefold yield
increase. Subsequently, the specific cellular sites for the origin of hydrocarbons
and fatty acids within the wax gland complex and the necessary ultrastructural
correlates of this activity and of their transport, were determined Hepburn et al.
(1991).

17.1 Introduction: Proof of Beeswax Synthesis

At the outset of this chapter, it must be pointed out that all published work on the
synthesis of beeswax by honeybees has been restricted to A. mellifera; none of the
Asian species have been examined in this regard as yet. More than two centuries

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_17,
� Springer-Verlag Berlin Heidelberg 2014
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ago, careful observations and shrewd inferences led Hornbostel (1744), and then
Hunter (1792), to conclude that honeybees secrete wax, a view that ran counter to
the 2000 year-old belief that bees gather wax from blossoms, as was promulgated
by Aristotle (Fraser 1931). Having reached the same conclusion, quite indepen-
dently, Huber (1814) (Fig. 17.1) attempted an experiment to show that bees
actually synthesise wax rather than merely secrete it as a chyme-treated, trans-
muted form of pollen. Added to this was the contentious problem of the route of
secretion: was wax secreted from the proboscis (de Réaumur 1740), the anus
(Dobbs 1750), or from the wax mirrors, as Hornbostel, Hunter and Huber
believed?

17.1.1 François Huber (1814)

A key piece of evidence that led to Huber’s experiments were observations, by
both de Réaumur and Hunter, that newly settled swarms do not gather pollen, but
avidly construct combs, whereas old established colonies readily gather pollen.

Fig. 17.1 François Huber (2 July 1750–22 December 1831) was a blind Swiss naturalist who,
with the assistance of François Burnens, was able to carry out investigations that laid the
foundations of scientific knowledge of the life history of the honeybee. His Nouvelles
Observations sur les abeilles was published in Geneva in 1792, and was revised and published in
1814 (this was the edition that was used by CP Dadant for an English translation in 1926). It is in
this volume that Huber described, in considerable detail, the construction of comb and
experiments on the respiration of bees. It remains a modern honeybee text and is still cited today
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Huber converted these observations into a series of experiments. He fully appre-
ciated that the time element must be such as to preclude the elaboration of wax
from pollen that might have been ingested before the experiment. Huber hived a
swarm in a wax-free skep, and placed it in a room where the bees were given water
and honey, but no pollen. Five days later, the bees had eaten the honey and
produced new combs. He repeated this experiment for about a month, and always
obtained the same result: a continuous supply of honey was sufficient for comb
construction to proceed. He then mounted the reciprocal experiment and fed pollen
to the bees but not honey. After 8 days he found neither any combs in the skeps
nor wax scales on any of the bees. He concluded correctly, if prematurely (cf.
below), that beeswax was the secretory product of the glands of the wax mirrors
and that the fuel for synthesis was honey, wax was not made from pollen.

Huber anticipated any objections that may arise (the honey he fed his bees
might be contaminated with wax), and performed a complementary experiment.
Oddly enough he did not mention pollen contamination of honey. He incarcerated
three colonies and fed one of them syrup made from white sugar, another syrup
from brown sugar, and the third honey. Eight replicated feeding trials always
resulted in the production of wax combs in the apparent absence of pollen.
Unfortunately, in attempting to discredit pollen as the source of wax, Huber missed
the significance of pollen as an essential source of protein. His experiments cer-
tainly showed that sugar drives wax secretion, even if his conclusions about pollen
were equivocal. Berzelius and Thénard, distinguished academic chemists of the
day, regarded Huber’s conclusions with reserve, and rightly stated that it had not
been conclusively shown that bees have the faculty to produce wax (Holmes
1985); nor had any other animal been shown to be capable of synthesising lipids
(Dumas and Edwards 1843).

17.1.2 The Chemists: Dumas and Edwards (1843)

To legitimise the claims of Huber, it was clearly necessary to determine the actual
amount of fatty material present in bees before their incarceration in any experi-
mental cage and again at the end of the experiment, as well as that contained in any
combs which may have been constructed in the interim. After a few false starts,
Dumas and Edwards (1843) hived a small swarm of bees, having removed 5 % to
sample for fat analysis. They determined the mean fat content and mass of the
standing population of the colony, and of samples obtained from three other such
colonies. They proceeded to measure: (1) the wax content of the honey which they
fed to their other colonies of confined bees; (2) collected wax scales dropped on
the floor of the hive; (3) the amount of comb produced over the 11 days of the
experiment; (4) the amount of fatty material contained in larvae and eggs present
in the comb, and finally; (5) they measured the amount of fatty material present in
the bodies of the bees at the end of the experiment. The results from the experi-
ment are shown in Table 17.1.
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They concluded that the amount of fatty material present at the onset of the
experiment, both as body fat and wax present in honey, was insufficient to account
for the amount of wax produced by the end of the experiment; hence bees both
synthesise and secrete wax.

17.2 Routes of Synthesis

Of far greater importance than the proof that honeybees synthesise wax, was the
demonstration for the first time by Dumas and Edwards (1843) that an animal
could synthesise fats. This was a burning issue among chemists of the 1840 period,
championed on theoretical grounds by the German chemist, Justus von Liebig
(Fig. 17.2), and actually opposed by the French under the leadership of Jean-
Baptiste Dumas (Fig. 17.3). Thus it is only fitting that Dumas and Edwards should
have answered this question in their ‘balance sheet’ studies of bees. Oddly enough,
Dumas and Edwards did not consider their results from bees to hold any signifi-
cance to the questions as to whether animal are able to synthesize fats. They, and
other academicians of their day, were only willing to accord this trait to animals
after it had been shown to be so shortly after with Persoz’s experiments with geese,
and Boussingault’s work on pigs (Florkin 1977; McCosh 1984). The confirmation
by Dumas and Edwards that sugar or honey was sufficient for the secretion of wax
and building of comb, gradually seeped into the general apicultural literature as a
method for producing wax (Langstroth 1853; Dzierzon 1861), and soon after, the
first attempts to quantify the energetics of the process appeared.

17.3 Biochemical Investigations on Beeswax Synthesis

17.3.1 Hypothetical Scheme for Beeswax Synthesis

A thorough analysis of the synthesis of beeswax is clearly predicated on knowl-
edge of its composition; and, while studies on the latter had been in progress for a
good 150 years (Grün and Halden 1929), real headway was only made

Table 17.1 Results obtained by Dumas and Edwards (1843) in their experiment to prove that
honeybee workers can synthesize wax

Input (mg) Output (mg)

1. Mean fatty material per bee at the beginning of the experiment 1.80
2. Wax particles in honey fed to bees did not exceed 0.38
3. Mean quantity of fatty substance available per bee (1 ? 2) 2.20
4. Mass of wax produced per bee during the experiment (2 ? 3) 6.40
5. Mean fat content of bees at the end of the experiment (5) 4.30
6. Balance (4 ? 5 - 3) 8.50
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intermittently over the past 75 years. Following an extensive series of wax anal-
yses, Chibnall and Piper (1934) and Chibnall et al. (1934) postulated that the
primary alcohols of beeswax are formed as reduction products of the corre-
sponding acids. They also suggested that the hydrocarbons arise through decar-
boxylation of the corresponding acids, hypotheses that remained untested. In an
early series of experiments, Piek (1961, 1964) investigated wax synthesis in or

Fig. 17.2 Justus Freiherr
von Liebig (12 May 1803–18
April 1873) was a German
chemist who made major
contributions to agricultural
and biological chemistry. On
theoretical grounds he
championed the idea that
animals could synthesize
lipids, and was proven right
with the works of Dumas and
Edwards (1843) on
honeybees, Persoz (1843) on
geese, and Boussingault
(1843) on pigs, as cited by
McCosh (1984)

Fig. 17.3 Jean Baptiste
André Dumas (14 July
1800–10 April 1884) was a
French chemist, renowned for
his experiments on organic
analysis and synthesis and the
determination of relative
atomic masses and molecular
weights. Although opposed to
the idea that animals might
synthesize lipids on
theoretical grounds, his
experiments with honeybees,
published in 1843, provided
the first proof that an animal
could synthesize lipids
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which he fed captive bees (1-14C)-acetate, (UL-14C)-glucose and deuterated water
for two weeks, and then recovered the labels from both the bees and the newly
constructed combs.

Piek found that both the hydrocarbon and free acid fractions were labelled, but
was unable to measure any activity in either the fatty alcohols or wax esters.
Coupling his results with the prevailing histological picture of the wax gland
complex and the views of Chibnall and Piper (1934), Piek proposed a hypothetical
scheme for the synthesis of wax. He concluded that esters are produced by the fat
cells (they did not take up acetate, but sequestered monoses from the haemo-
lymph), the hydrocarbons and free wax acids by the oenocytes; the products of
both tissues being delivered to the wax glands on the surface of the cuticle as
shown schematically in Fig. 17.4.

That Piek did not recover any labelled material in either the ester or alcohol
fractions is, in retrospect, possibly attributable to the low specific activity of his
starting material and/or to the loss of label through other metabolic pathways.
Young (1963) had touched on this problem by injecting (2-14C)-acetate into the
body cavities of bees rather than feeding them. Twelve hours after injection he
recovered labelled material in both the wax ester and free acid fractions of
beeswax scales. Young’s results are obviously inconsistent with Piek’s conclusion
that the fat body cannot metabolise acetate; but, the possibility of partitioning wax
synthesis in different tissues prior to secretion, remained an untested and viable
possibility.

Fig. 17.4 Hypothetical scheme for the synthesis of beeswax based on feeding A. mellifera bees
with labelled acetate. Asterisks indicate the fate of labelled 14C-labelled material (Piek 1964)
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17.3.2 Monoester Synthesis

Two refinements in the study of wax synthesis appeared somewhat later, when
Lambremont and Wykle (1979) prepared homogenates of worker bees’ wax glands
and incubated their cell-free preparations with (1-3H)-tetracosanol. The metabo-
lism of this primary alcohol is such that the label is only known to be recoverable
as tritiated water, and the unmetabolised alcohol in wax esters derived from the
alcohol. After incubation, they recovered the label only in the wax ester fraction,
and showed that the 3H wax ester fraction yielded a 3H-fatty alcohol having the
same chromatographic Rf value as authentic tetracosanol. The labelled ester also
had the same chromatographic mobility as those of other wax monoesters, which
had previously been shown by Tulloch (1970) to consist mainly of palmitates of
C24–C34 alcohols.

Lambremont and Wykle (1979) concluded that their labelled ester was most
probably the monoester, tetracosyl hexadecanoate. They established that the
enzyme activity of their preparation was functional between a pH of 6.5–7.4, with
maximum activity at a pH of 7.1 at 37 �C, and that Coenzyme A and Mg2+ are
cofactors in a monoester synthesis driven by ATP. The temperature value of 37 �C
for maximum enzyme activity is within 5 % of brood nest temperature and of wax
producing bees (Hepburn and Muller 1988). Lambremont and Wykle regarded the
enzymes that synthesise the wax esters as not specific for long chain alcohols,
because both hexadecanol and tetracosanol were readily incorporated in ester
synthesis. Lambremont and Wykle (1979) claimed that tetracosanol and short-
chain alcohols are absent from wax monoesters, possibly because the wax gland
does not form shorter chain alcohols as opposed to the specificity characteristics of
the relevant enzymes. This is open to debate in view of Tulloch’s report (1971) on
the presence of tetracosanol in commercial samples of beeswax. Finally, Lam-
bremont and Wykle (1979) suggested a route for monoester synthesis that had
been previously shown to occur in other animals and in plants (Fig. 17.5).

In a parallel study of ester synthesis, Blomquist and Ries (1979) also used a
microsomal preparation of workers’ wax glands to investigate the incorporation of
long-chain primary alcohols, fatty acids and the acyl group of acyl-CoA into wax
monoesters. They showed that (1-14C)-palmitate entry into the monoester pool was
enhanced by ATP, CoA and MgCl2, while the addition of palmitoyl-CoA resulted
in a fivefold increase in monoester synthesis when labelled tetracosanol was used as
the substrate. Accordingly, they concluded that the acyl group of acyl-CoA is
transferred to the primary alcohol during the synthesis of monoesters. The works of

Fig. 17.5 Proposed route for monoester synthesis in A. mellifera (Lambremont and Wykle 1979)
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both Lambremont and Wykle (1979) and Blomquist and Ries (1979) were based
entirely on the recovery of reaction products from microsomal preparations, and the
methods and the conclusions they reached were the same. However, neither study
had precluded the possible synthesis of epicuticular lipids as distinct from those of
wax scales, until Blomquist et al. (1980) specifically addressed this problem.

17.3.3 Cuticular and Comb Waxes

The composition of the wax of the epicuticle of worker honeybees differs quan-
titatively from that of comb wax (Lockey 1991). While the major component of
the epicuticular lipids is hydrocarbon (*58 %), the hydrocarbon content of comb
wax is relatively low (*13–17 %) as monoesters comprise the largest component
(Tulloch 1971). Blomquist et al. (1980) analysed the major fractions of the epi-
cuticular waxes by gas–liquid chromatography, and found that they were quali-
tatively similar to those of comb wax. When Blomquist et al. (1980) injected
radio-labeled acetate into worker honeybees that were not actively producing
comb, they recovered much of the radioactivity in the hydrocarbon fraction. In
bees actively producing comb wax, a higher percentage of radioactive products
were recovered in the monoester fraction.

Blomquist et al. (1980) also recorded the dramatic effect of age on the distri-
bution of radioactivity from acetate into the various wax fractions from honeybees
studied during the summer months. The major wax component synthesized by the
wax-secreting age group was monoester, while in both younger and older bees
hydrocarbon was the major wax component formed (Fig. 17.6). Both in vivo and
in vitro experiments, using insects actively producing comb wax, showed that the
abdomen produced significant amounts of monoester, hydrocarbon and other
esters, whereas the thorax synthesized mostly hydrocarbon. These data show that
the epidermal cells and wax glands each produce a wax with a distinct compo-
sition, and that the age and seasonal differences observed in wax synthesis are due
to the presence or absence of active wax glands (Blomquist et al. 1980).

Using winter bees, which are not actively engaged in any significant comb-
building (although some wax scales are still secreted—Cassier and Lensky 1995),
Blomquist et al. (1980) demonstrated that the cuticular waxes, while qualitatively
similar in composition to comb wax, differ quantitatively as shown in Table 17.2.

Comb wax is considerably poorer in hydrocarbons but moderately richer in
monoesters than the epicuticular waxes of worker honeybees. Turning to the
synthesis of wax, Blomquist et al. (1980) proceeded to show that more label could
be recovered from the hydrocarbon fraction of bees not actively secreting wax and,
conversely, that more label could be recovered from the monoester products of
bees actively secreting wax (Table 17.3). Similarly, an analysis of summer bees,
(workers raised during spring and the beginning of summer), showed that the
greatest amount of labelled acetate was recovered from 11- to 18-day-old bees,
those at the peak of wax production (Rösch 1927; King 1928), while labelled
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hydrocarbons dominated the products of both younger and older bees. Against this,
they also found that the relative composition of the hydrocarbon pool varied with
age (Table 17.4), and independently of whether the bees were actively secreting
wax. The hydrocarbon pool also varied seasonally. Finally, on the evidence that
the hydrocarbons are derived from acetate, Blomquist et al. (1980) suggested that
the (Z)-C23–C29 alkenes are derived from fatty acids desaturated at the 9 position,
while those desaturated at the 8 and 10 positions serve as intermediates in the
formation of longer chain alkenes.

A most interesting piece of natural history traced by Blomquist et al. (1980)
involved monitoring the distribution of 1-(1-14C)-acetate in both the monoester
and hydrocarbon fractions of adult worker bees (Fig. 17.7). They noted that the
rise and fall in wax secretion is closely related to that of labelled monoester

Fig. 17.6 Distribution of
(1-14C)-acetate in the
hydrocarbon and monoester
fractions of A. mellifera
worker bees of wax secreting
age. H hydrocarbon,
M monoester (Blomquist
et al. 1980)

Table 17.2 Chemical
composition of A. mellifera
cuticular and comb waxes
(Blomquist et al. 1980)

Class Percent by weight

Cuticular wax Comb wax

Hydrocarbon 58 13–17
Monoester 23 31–35
Diester 9 10–14
Triester 2
Free fatty acids 3
More polar material 9 34
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synthesis, and, conversely, to that of hydrocarbon synthesis. This observation is in
accordance with the fact that the increase in monoester synthesis, observed in bees
during the northern summer which are actively producing wax, is absent from
autumnal bees, which normally do not produce wax, nor show any increase in
monoester synthesis. These few and hard-won battles towards unravelling wax
synthesis in honeybees might well gain impetus from the striking advances made

Table 17.3 Incorporation of (1-14C)-acetate into A. mellifera comb wax (Blomquist et al. 1980)

Class Percent distribution

Insects not producing
Comb waxa

Insects actively producing
Comb waxb

Hydrocarbon 47 ± 3c 32 ± 6
Monoester 18 ± 2 35 ± 7
Diester 7 ± 1 9 ± 2
Triester 12 ± 1 3 ± 1
Free fatty acids
More polar lipid 16 ± 3 21 ± 4

a Insects used in April 1978 when they were not actively producing comb wax
b Insects were actively producing comb wax as evidenced by wax scales on the ventral abdomen.
Insects were used in June 1978
c Values are the mean ± S.D. Five groups of five insects per group were used in each experiment

Table 17.4 Changes in the composition of the major hydrocarbons in A. mellifera with worker
age (Blomquist et al. 1980)

Hydrocarbon component Percentage composition

7 days 9 days 16 days 18 days 22 days 26 days

nC23 2.8a 2.5 2.3 4.1 3.8 25.8
nC23:1 0.7 0.4 0.3 0.2 1.1 4.6
nC25 3.0 3.0 2.5 5.7 5.7 27.2
nC25:1 1.3 0.9 1.1 1.3 2.3 7.6
nC27 7.8 9.4 7.8 11.9 14.5 12.4
nC27:1 0.7 0.3 0.2 3.2 1.1 1.8
nC29 7.1 10.4 9.9 10.0 9.0 6.8
nC29:1 1.8 1.6 2.2 1.1 2.6 0.8
nC31 6.9 8.5 8.3 7.5 5.7 3.6
nC31:1 19.4 17.7 22.8 19.6 17.2 3.2
nC33 1.4 1.5 1.4 1.0 1.0 0.4
nC33:1 43.6 41.2 40.1 32.4 35.2 5.6
nC35:1 3.5 2.6 1.1 0.7 0.8 0.2
% Saturated 29.0 35.3 32.2 40.2 39.7 76.2
% Unsaturated 71.0 64.7 67.8 59.8 60.3 23.8
% C23–C29 Components 25.2 28.5 26.3 37.5 40.1 87.0
% C31–C35 Components 74.8 71.5 73.7 62.5 59.9 13.0

a Values are the mean of two groups of fifteen insects per group. The range for each value was
less than 15 % of the mean
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by plant chemists in recent years. That many of the components of wax are
synthesised from acetate is now accepted as a general principle.

The older view of Chibnall et al. (1934) has been supplanted by the discovery
by Kolattukudy (1967a): hydrocarbons and their derivatives are produced by an
‘elongation-decarboxylation’ mechanism, by which fatty acid synthetase (a multi-
enzyme protein that catalyzes fatty acid synthesis) produces palmitic acid. This
end-product is elongated through the addition of C2 units until the growing chain is
eventually decarboxylated with the release of hydrocarbons, a pathway which
precludes both ketones and secondary alcohols from being sources of wax
hydrocarbons. Kolattukudy (1968) further suggested that there are chain-elon-
gating enzymes with different specificities, but this idea awaits confirmation. The
origin of fatty alcohols from exogenous fatty acids has also been confirmed with
the discovery of fatty acyl-CoA reductase (Kolattukudy 1969). Finally, Kol-
attukudy (1967b) demonstrated the existence of a protein which catalyses an acyl-
CoA-dependent esterification of fatty alcohols giving rise to wax esters. The
biosynthesis of long-chain fatty acids requires fatty acid synthetase; however,
exogenous units ranging in length from C2 to C24 can be incorporated in syntheses
by plants, for which malonyl-CoA is the elongating agent and NADPH the
reductant (Kolattukudy et al. 1976) (Fig. 17.8).

17.4 Cellular Basis of Synthesis

Since the work of Clements (1959) on the fat body of locusts, the adipocytes have
emerged as the major seat of intermediary metabolism in insects (Candy 1985;
Keeley 1985). The peripheral adipocytes, such as those associated with the wax

Fig. 17.7 Distribution of (1-14C)-acetate in the hydrocarbon fraction (open circles) of A.
mellifera worker honeybees and the corresponding rise and fall of the epithelium (closed circles)
of the wax gland in relation to worker age (Hydrocarbon data from Blomquist et al. 1980; wax
gland data from Rösch 1927)
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mirror epidermis, are regarded as the primary site of lipid synthesis and storage
(Dean et al. 1985). However, production of specific classes of compounds is not
understood. In studies of hydrocarbon synthesis, Diehl (1973, 1975) demonstrated
that the oenocytes of locusts produce hydrocarbons from acetate. Chino (1985)
showed that lipophorins transport both hydrocarbons and diacylglycerol from the
oenocytes to the cuticle in cockroaches. Similarly, the elongation-decarboxlyation
of long chain fatty acids, proposed by Kolattukudy (1967a), has found support in
the synthesis of alkanes (Major and Blomquist 1978) and alkenes (Dwyer et al.
1981) in cockroaches.

Because cellular synthesis ultimately depends on mitochondrial respiration, the
possibility of neuroendocrine control in relation to wax synthesis must be briefly
considered. Altmann (1959) showed that extracts of the corpora allata from laying
workers increased the respiratory rate of normal queenright workers, a result
clouded by the stimulation of ovarial activation in the recipients. This problem was
ultimately clarified in other insects by Slama (1964) and Wiens and Gilbert (1965),
who showed that respiration at the cellular level is controlled by the corpora
cardiaca. There is also evidence that lipogenesis in the insect fat body is stimulated
by the corpora cardiaca (Downer and Steele 1972), and possibly governed by
juvenile hormone, since allatectomy results in high levels of lipid production
(Gilbert 1967; Steele 1985).

While lipogenesis proceeds from carbohydrate precursors in the fat body
(Chino and Gilbert 1965), the rate-limiting reaction in the conversion of glucose to
lipid has not been identified. Still, extracts of the corpora allata accelerate
glycolysis (Steele 1985). It is also of interest that 20-hydroxyecdysone stimulates

Fig. 17.8 Proposed route for the synthesis of wax esters in plants (Kolattukudy 1980)
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hydrocarbon synthesis in flies (Arnold and Regnier 1975), and that the oenocytes
of a beetle can synthesise ecdysteroids (Romer et al. 1974). Finally, Gast (1967),
and then Robinson (1985), showed that the implantation of active corpora allata
into young bees resulted in the hypotrophy of hypopharyngeal glands and the
movement of bees away from brood care, while allatectomy extended the life of
these glands (Imboden and Luscher 1975). However, somewhat later, Muller and
Hepburn (1994) experimentally established, by allatectomy and corpora allata
implants, that neither Juvenile Hormone III nor the corpora allata play a role in
regulating either the onset of wax secretion nor the amount of wax secreted.

17.4.1 Chemical Composition and the Ages of Worker Bees

Hepburn et al. (1991) conducted studies on wax synthesis and secretion in hon-
eybees to identify specific cellular sites for the origin of hydrocarbons and fatty
acids within the wax gland complex, and to establish the necessary ultrastructural
correlates of this activity and of their transport. Of equal importance, they mea-
sured the actual rate of wax secretion in bees of different ages, to assess how well
chemical composition of the tissues and cycles of ultrastructural change corre-
sponded with the cycles of wax production within the division of labour. They
developed a technique to isolate the epidermis, oenocytes and adipocytes, and
were able to study each tissue separately. The hydrocarbons and fatty acids of the
epidermis and oenocytes were analyzed in bees of the same age as those used in
the ultrastructural studies (Tables 17.5 and 17.6). There was an increase in the
saturated hydrocarbons dominated by the 2 C5 and 2 C7 groups, and a decrease in
the 3 C3 fractions of the oenocytes in relation to age (Table 17.5). The saturated
groups increased at the expense of the unsaturated groups, particularly in the case
of 33:1.

Table 17.5 Changes in hydrocarbons in the wax gland epidermis of the Cape honeybee, A. m.
capensis, workers with age (Hepburn et al. 1991)

Hydrocarbon Bee age (days)

0 3 6 9 12 15 18 21

25:0 20.6 22.3 21.9 21.3 21.6 24.0 23.2 22.5
27:0 39.7 37.0 33.3 35.0 33.6 37.4 37.8 43.7
29:0 6.9 7.4 8.3 9.7 8.4 10.4 12.2 9.9
31:0 4.4 2.5 3.1 3.9 3.7 2.1 3.7 4.2
33:0 10.3 11.1 12.5 14.6 15.9 12.5 13.4 12.7
35:0 2.9 3.7 2.1 1.9 3.7 3.1 2.4 2.8
Total 83.8 84.0 81.2 86.4 86.9 89.5 92.7 95.8
33:1 4.4 3.7 6.3 5.8 5.6 4.2 2.4 1.4
35:1 11.8 12.3 12.5 7.8 7.5 6.3 4.9 2.8
Total 16.2 16.0 18.8 3.6 13.1 10.5 7.3 4.2
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The trends for the epidermal cells are similar, but on a smaller scale
(Tables 17.5 and 17.6). Notable differences include an increase in the 2 C9 pool,
while 2 C5 and 2 C7 remained about the same.

Among the unsaturated groups, there was a marked reduction of 35:1 in the
epidermis in relation to age (Table 17.5). The fatty acid profiles of the oenocytes
and epidermal cells in relation to age are given in Tables 17.7 and 17.8
respectively.

While the total pool of saturated fatty acids in the oenocytes remained much the
same, there were notable increases in 12:0, and decreases in 16:0 and 24:0, in
relation to age (Table 17.7). Only minor changes occurred in the unsaturated fatty
acids pool. The epidermal cells showed even fewer changes in fatty acid com-
position in relationship to age (Table 17.8).

Values for scale wax were based on samples harvested over several years in
other age-related experiments. Thus, these values represented the already averaged
content of thousands of individual wax scales taken from as many bees between
the ages of 3- and 21- days-old (an internal control run established no differences
between wax scale samples of that were freshly secreted or 2 years old.) Because
of the necessity to pool wax scale samples, the data of Tables 17.5, 17.6 and 17.7
were re-expressed as total averages for direct comparison with scale wax in
Tables 17.8 and 17.9. The former provided insight into the metabolic activities of
the wax gland tissues, on an age-related basis, the latter allowed comparisons of
average product content. The average content of scale wax hydrocarbons showed a
50 % reduction in the saturated 2 C5 groups, compared with the two wax gland
tissues (Tables 17.9 and 17.10). Also, the C33 hydrocarbons of the oenocytes were
far less than those of either the epidermis or scale wax. The other hydrocarbons
were much the same for tissue and scale wax (Table 17.7). In the case of the fatty
acids, there were large differences between the short chain (C12 and C14) and the
long chain (C24 to C28) groups in both the tissues and the scale wax. There were
also notable differences between the tissues and scale wax among the unsaturated
fatty acids (Table 17.10).

Table 17.6 Changes in hydrocarbons in the wax gland oenocytes of the Cape honeybee, A. m.
capensis, workers with age (Hepburn et al. 1991)

Hydrocarbon Bee age (days)

0 3 6 9 12 15 18 21

25:0 23.8 23.0 21.9 26.9 26.6 30.0 29.9 31.0
27:0 38.8 37.2 35.8 36.1 40.7 44.0 47.8 51.7
29:0 4.5 6.4 7.5 12.0 9.7 8.0 6.3 2.0
31:0 3.0 2.6 2.8 2.8 3.5 2.0 3.0 3.4
33:0 6.0 6.4 4.7 4.6 5.3 4.0 4.5 3.4
35:0 1.5 1.3 0.9 0.9 1.8 2.0 3.0 1.7
Total 77.6 76.9 73.6 83.3 87.6 90.0 92.5 93.2
31:1 4.5 6.4 8.5 6.5 5.3 4.0 4.5 3.4
33:1 17.9 16.7 17.9 10.2 7.1 6.0 3.0 3.4
Total 22.4 23.1 26.4 16.7 12.4 10.0 7.5 6.8
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17.5 Secretion of Beeswax

The amounts of wax borne on average by worker bees of different ages are shown
in Fig. 17.9. Paired comparisons of different age groups showed that not all age
groups differed significantly. It is nonetheless worth commenting on the magnitude
of the standard deviations. It requires between 24 and 48 h for any particular
honeybee worker to produce a moderate-sized wax scale (Hepburn and Muller
1988). Moreover, on harvest, one cannot tell whether an individual honeybee, with
no or only a little wax on it, is because it either did not secrete any wax, or had
recently removed its scales and added them to the comb-building in progress.
Consequently, one cannot relate any specific amount of wax back to a defined zero
time. However, the general trend of the data is highly significant, and fully sup-
ported by the one-way analysis of variance. Thus, the amount of wax borne per bee
is significantly affected by the age class of the bee.

When an adult worker bee emerges from its cell, the cuticle of the wax mirror is
about 3 lm thick and, unlike other regions of the exoskeleton which increase in
thickness with age (Menzel et al. 1969), it remains the same. Its basic ultra-
structure has already been described (Locke 1961; Hepburn 1986; Hepburn et al.

Table 17.7 Changes in fatty acids in the wax gland oenocytes of the Cape honeybee, A. m.
capensis, workers with age (Hepburn et al. 1991)

Fatty acid Bee age (days)

0 3 6 9 12 15 18 21

12:0 0.0 0.0 0.0 0.0 3.1 7.0 14.1 28.8
14:0 4.4 4.6 4.8 3.9 4.2 3.5 2.5 2.5
16:0 19.3 17.6 15.0 14.7 14.5 12.0 10.9 8.4
18:0 4.1 3.9 4.1 4.4 4.7 4.8 5.2 4.4
20:0 2.2 1.9 1.7 1.9 1.8 1.9 1.8 1.7
22:0 1.2 1.1 1.2 1.6 1.8 2.0 2.2 1.9
24:0 48.5 48.9 50.8 50.9 54.3 49.2 45.2 34.8
26:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 79.7 77.0 77.6 77.4 79.4 80.4 81.9 82.5
16:1n9 2.3 3.7 4.7 4.6 3.9 3.2 3.0 2.8
18:1n9 4.5 5.4 5.3 5.5 6.0 4.9 3.6 3.9
20:1n9 1.5 1.9 1.4 1.5 1.1 1.0 1.0 0.9
Total 8.3 11.0 11.5 11.6 11.0 9.1 7.6 7.6
18:2n6 7.4 6.7 6.6 6.6 6.8 6.7 6.6 6.3
18:3n6 2.0 1.5 1.3 1.3 1.4 1.3 1.4 1.4
20:4n6 1.2 1.3 1.2 1.1 1.2 1.1 1.1 0.9
Total 10.6 9.5 9.1 9.0 9.4 9.1 9.1 8.6
18:3n3 1.0 1.3 1.6 1.7 1.1 1.0 1.2 1.0
20:5n3 0.4 0.4 0.4 0.5 0.4 0.3 0.4 0.4
Total 1.4 1.7 2.0 2.2 1.5 1.3 1.6 1.4
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1991; Cassier and Lensky, 1995). The epidermis was earlier reported to lack both
dermal glands and, more importantly, smooth endoplasmic reticulum (SER) during
peak wax secretion (Sanford and Dietz 1976; Hepburn et al. 1991). This oversight
was later amended by Cassier and Lensky (1995) who provided electron

Table 17.8 Changes in fatty acids of the wax gland epidermis of the Cape honeybee, A. m.
capensis, workers with age (Hepburn et al. 1991)

Fatty acid Bee age (days)

0 3 6 9 12 15 18 21

12:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
14:0 2.5 2.5 2.9 3.1 2.8 2.9 2.8 2.7
16:0 26.5 23.8 25.9 24.7 26.2 25.6 25.9 25.3
18:0 10.0 7.0 5.5 4.6 3.3 3.9 3.7 7.6
20:0 0.3 0.3 0.2 0.3 0.3 0.4 0.3 0.2
22:0 0.6 0.6 0.6 0.6 0.4 0.3 0.4 0.2
24:0 21.5 25.8 24.4 27.2 25.0 20.4 23.5 22.5
26:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
28:0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 61.4 59.9 59.6 60.4 58.1 53.5 56.7 58.5
16:1n9 2.4 2.4 2.1 2.2 2.3 2.1 1.9 2.0
18:1n9 8.0 7.7 7.7 8.4 9.5 9.0 8.5 8.1
20:1n9 2.4 2.4 2.6 2.5 2.6 2.9 2.7 2.6
Total 12.8 12.6 12.4 13.1 14.3 14.0 13.1 12.8
18:2n6 18.1 16.7 17.7 16.2 19.3 22.9 21.0 20.7
18:3n6 0.6 0.6 0.3 0.3 0.3 0.4 0.4 0.4
20:4n6 6.8 9.9 9.9 8.1 7.6 8.8 8.4 7.4
Total 25.4 27.2 27.8 26.6 27.2 32.1 29.8 28.5
18:3n3 0.3 0.3 0.2 0.4 0.4 0.4 0.5 0.3
20:5n3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total 0.3 0.3 0.2 0.4 0.4 0.4 0.5 0.3

Table 17.9 Composition (percentage) of hydrocarbons in the wax gland tissues and waxes of the
Cape honeybee, A. m. capensis, workers (Hepburn et al. 1991)

Hydrocarbon Oenocytes Epidermis Scale wax Comb wax

25:0 26.6 22.2 11.4 6.6
27:0 41.5 37.2 39.8 33.3
29:0 7.0 9.0 8.1 13.8
31:0 2.8 3.5 4.1 8.9
33:0 4.6 12.9 14.6 15.4
35:0 1.6 2.8 3.3 3.3
Total 84.3 87.6 81.3 81.3
31:1 5.4 – – –
33:1 10.3 4.2 4.9 6.5
35:1 0.0 8.2 13.8 12.2
Total 15.7 12.4 18.7 18.7
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micrographs of SER in epidermal cells. The idea that the epidermis has no role in
the actual synthesis of beeswax is not new (Holz 1878). The major role of the
epidermis in the production of wax appears to be the development of an elaborate
system of small transport tubules (Reimann 1952; Locke 1961; Hepburn 1986;
Cassier and Lensky 1995). The most notable and dynamic feature of the oenocytes
is the abundant SER, whose rise and fall are synchronized with measured periods
of secretion (Hepburn and Muller 1988), and which is considered to be indis-
pensable for lipogenesis.

Table 17.10 Average composition (percentage) of the fatty acids in wax gland tissues and waxes
of the Cape honeybee, A. m. capensis, workers (Hepburn et al. 1991)

Fatty acids Oenocytes Epidermis Scale wax Comb wax

12:0 6.6 – – –
14:0 3.8 2.7 8.3 4.7
16:0 14.1 25.4 15.2 20.2
18:0 4.5 5.7 4.9 1.4
20:0 1.9 0.3 1.8 1.8
22:0 1.6 0.5 5.0 3.3
24:0 47.8 23.7 28.3 35.8
26:0 – – 3.0 2.9
28:0 – – 1.9 2.1
Total 80.3 58.4 68.4 72.1
16:1n9 3.5 2.8 0.9 1.9
18:1n9 4.9 8.4 18.2 15.0
20:1n9 1.3 2.6 – –
Total 9.7 13.1 19.1 16.9
18:2n6 6.7 19.1 7.2 6.9
18:3n6 1.5 0.4 3.5 2.0
20:4n6 1.1 8.4 – –
Total 9.3 28.1 10.7 8.9
18:3n3 1.2 0.4 1.8 2.1
20:5n3 0.4 – – –
Total 1.6 0.4 1.8 2.1

Fig. 17.9 Wax secretion
(mg) by individual A. m.
capensis worker honeybees of
different ages (Hepburn et al.
1991)

17.5 Secretion of Beeswax 357



On the other hand, adipocytes are the primary site of intermediary metabolism
in insects (Downer 1985; Keeley 1985), and the large quantities of lipid, protein
and glycogen in the adipocytes associated with the wax gland support this gen-
eralization. The early mobilization of lipid from the adipocytes (Table 17.11)
suggests that it might produce beeswax precursors. However, the absence of
communicating junctions between adipocytes and oenocytes, and the fact that
adipocyte lipid reserves are depleted prior to both the maximal development of the
oenocyte SER and wax production, mitigates against this possibility. Likewise, at
maximal wax production, the lipid content of the adipocyte is more or less con-
stant. Finally, paraffins are synthesized by oenocytes and triglycerides by the
adipocytes of locusts (Diehl 1973), and in beetles, lipid oxidation proceeds in
oenocytes after they have taken up lipid droplets through the plasma membrane
reduction–oxidation system of the adipocytes (Romer et al. 1974). Collectively
these observations do not support an adipocyte origin for beeswax lipids.

Although the fine structure of the wax mirror cuticle and its wax transport
tubules have now been visualized (cf. Hepburn 1986; Cassier and Lensky 1995),
there remains the problem of the physical transport of beeswax precursors. Ku-
rstjens et al. (1990) reported a partial characterisation of the proteins of wax scales
and comb wax, in which some 17 fractions were separated. Two of these fractions
have been implicated in wax precursor transport, on the grounds that their
molecular weight distributions closely approximate those of known honeybee
apolipophorins. Thus, it is highly probable that hydrocarbons and fatty acid pre-
cursors of beeswax may be synthesized in the oenocytes, an interpretation strongly
supported by the data of Hepburn et al. (1991), and then transported through the
haemolymph to the surface of the insect in the form of primary or modified
apolipophorins (Kurstjens et al. 1990; Hepburn et al. 1991), probably derived from
the epidermis (Cassier and Lensky 1995).

Before comparing the chemical content of the wax gland tissues with that of
scale wax, it is important to note that the hydrocarbon and fatty acid contents of A.
m. capensis comb wax (Tables 17.9 and 17.10) are virtually identical to those of
its sister-race, A. m. scutellata, as reported by Tulloch (1980); results which lend
confidence to the analyses presented here. The nature and origins of the large
differences between scale and comb wax (Tables 17.9 and 17.10) are post-secre-
tory phenomena, and have been dealt with in detail elsewhere (Kurstjens et al.
1985; Davidson and Hepburn 1986; Hepburn and Kurstjens 1988; and cf. Chaps.
13 and 14). The general trends in the hydrocarbon profiles of the oenocytes include
an age-related increase in the saturated components (Table 17.6), reflecting con-
siderable synthetic activity. By comparison, the epidermal hydrocarbons showed
more modest changes in relation to the ages of the bees (Table 17.5); these are
pronounced among the more minor groups, the unsaturated compounds. The
hydrocarbons of the epidermis probably reflect oenocyte-derived material in transit
because its age-related changes in hydrocarbons are not synchronized with the
cycle of secretion.

There is an apparent discrepancy between the high C25 and low C35 content of
the oenocytes vis-à-vis wax scales; but it could be that C33 is formed from C25 and
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C27 outside the oenocytes. The fatty acid profiles of the epidermal cells lacked
evident patterns of change consistent with the ageing of the bees or with the cycle
of wax synthesis and secretion (Table 17.8)—excepting C18. By contrast, large
differences among the fatty acid pools of the oenocytes related both to the ages of
the bees and to the cycle of synthesis (Table 17.7) and secretion (Fig. 17.6).
Likewise, the average composition for fatty acids in oenocytes more closely
mirrors those of scale wax than that of the epidermis (Table 17.8). The presence
and increase of C12 in the oenocytes coupled to its absence from epidermis and
scale wax (Tables 17.7, 17.8 and 17.10), further suggests that the oenocytes per-
form chain elongation reactions. The decrease in C16 and C24 in the oenocytes over
time is also consistent with synthesis and subsequent export. The oenocytes are the
only cells of the wax gland complex whose developmental fate closely matches
periods of wax synthesis (Tables 17.11, 17.12 and 17.13).

Unlike those of the epidermis, the hydrocarbon and fatty acid profiles of iso-
lated oenocytes shared much in common with newly secreted wax scales. That the
oenocytes are the probable source of beeswax hydrocarbons is supported by the
close cyclical changes in ultrastructure that coincide with age-related cycles of
secretion of beeswax by worker honeybees. These interpretations are consistent
with the histochemical data of Reimann (1952), the autoradiographic studies of
Piek (1964), studies of hydrocarbon synthesis in other insects by Diehl (1973,
1975), and with the electron microscopical study results of Cassier and Lensky
(1995). Finally, it must be remembered that comb wax also mediates the acqui-
sition of nestmate recognition cues in honeybees. Indeed comb wax in the colony,
and the hydrocarbon layer of the epicuticle most probably serve as continuous
media for hydrocarbon-soluble substances used by honeybees in nestmate recog-
nition (Breed et al. 1988, et seq.) This aspect of the hydrocarbon story is further
developed in Chap. 13.
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Chapter 18
Material Properties of Honeybee Silk

Abstract Colourless honeybee silk, *3 lm diameter, is produced through a
spinneret at the tip of the labium-hypopharynx. Successive generations of brood
apply silk to the cell walls, making the cells smaller, as silk is deposited in the old
brood combs. X-ray diffraction data show that honeybee silk contains a9-helical
proteins ordered into coiled-coil structures, with an axial periodicity of about
28 nm, and form a four-stranded array parallel to the fibre axis. Honeybee fibroin
is crystalline, but, when hydrated, is only half as stiff as when dry, although they
are equal in strength. The fibroin is hygroscopic and highly distensible when
solvated because of its molecular conformation. The mechanical properties of silk
are independent of temperature. Lithium thiocyanate and urea virtually eliminate
the yield point of honeybee silk tested both dry and in distilled water, and values
for stress in the slope of the solvent-related curves is reduced. The solvents act
directly on hydrogen bonds and then the silks behave as unconnected bends during
tensile deformation. The components, hierarchical structure and the conditions of
their production all affect the mechanical properties of natural silks. The amino
acid sequence in honeybee silk protein provides an explanation of why the coiled-
coil packing is atypically tight, and the most abundant core residue is the small
amino acid, alanine. An atomistic simulation for the unfolding behaviour of a9-
helical protein shows that two discrete transition states correspond to two fracture
mechanisms. Six honeybee silk genes have now been identified, using a combi-
nation of genomic and proteomic techniques.

18.1 Introduction

The honeybee nest contains areas for the storage of nectar and pollen and the
rearing of brood. While wax is the basic building material for the nest, with
continued use the combs become modified by the addition of silk and propolis
(Hepburn and Kurstjens 1988). Thus, much of the honeybee nest gradually
changes from a single phase (wax) to a two-phase or composite (wax/silk)

H. R. Hepburn et al., Honeybee Nests, DOI: 10.1007/978-3-642-54328-9_18,
� Springer-Verlag Berlin Heidelberg 2014
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material. Some of the material properties of the individual phases of the honeybee
nest have now been characterized (Hepburn et al. 1979; Hepburn 1986; Hepburn
and Kurstjens 1988; Kurstjens et al. 1985, 1990); but, particularly important recent
studies on the molecular structure of honeybee silk (Sutherland et al. 2006, et seq.)
necessitate a review of the composition and properties of honeybee a9-helical silk
(Fig. 18.1), the elastic element in all honeybee combs. This Chapter is largely
based on a recent review of honeybee silk (Hepburn et al. 2013).

‘‘Silk’’ is a functional term used to describe protein fibres spun by honeybees,
many different kinds of insects and other invertebrate animals (Fig. 18.1). The
spinning of silk by honeybees does not involve either rotating or twisting fibres, as
is done in commercial fibre production, but refers to the process of making an
insoluble filament from an aqueous protein solution (Sutherland 2010a). In the
case of honeybees, just before pupation, the larvae cover the waxen walls of their
cells with silk (Huber 1814; Arnhart 1906), paying out the fibres randomly so that,
by the end of spinning, the walls are covered by thin sheets of silk in which the
individual fibrils are readily discernible (Jay 1964; Zhang et al. 2010a).

Jay (1964) observed that fibres were formed when the honeybee spinneret was
drawn away from the cell wall. In contrast, films were formed when the spinneret
was dragged over the cell wall, presumably because the substrate stabilized the
thin film. Jay (1964) reported that silk is generated from the labial gland as the
larvae perform random head movements in all directions, within the cell. Inas-
much as this behaviour may last up to 48 h, it ensures that in the final product (the
cocoon), the fibres form a randomised and mechanically, planar isotropic structure.
The colourless silk, about 3 lm in diameter (Zhang et al. 2010a), is produced
through a slit-like spinneret located at the tip of the combined labium-
hypopharynx.

The inference that the silk proteins are highly organized in the gland lumen
before the larvae actually begin spinning (Flower and Kenchington 1967), has
recently been supported by Silva-Zacarin et al. (2003). These authors showed that
silk formation begins during the middle of the 5th instar and finishes at the end of
this developmental stage. This process begins in the distal secretory portion of the
gland, going towards the proximal secretory portion, and from the periphery to the
center of the gland lumen. The silk proteins are released from the secretory cells as
a homogeneous substance that polymerizes in the lumen to form compact bire-
fringent tactoids. Secondly, water absorption from the lumen secretion, carried out
by secretory and duct cells, promotes the aggregation of the tactoids that form a
spiral-shaped filament with a zigzag pattern. This pattern is also the result of silk
compression in the gland lumen, and represents a high concentration of macro-
molecularly, well-oriented silk proteins.

After spinning, the larvae smear a small amount of material from the Malpi-
ghian tubules onto the hardened silk layers, and faeces are also excreted between
silk layers (Jay 1964). Subsequently, the larvae produce a colourless pollen-free
substance and then a yellow pollen-bearing one (from the anus), both of which are
applied in turn to the silk base (Verlich 1930; Jay 1964). Nothing further is known
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of these four substances, but they invite the analogy of sizing in paper
manufacture.

Successive generations of brood apply more silk to the cell walls so they
become smaller, and the mass ratio of silk to wax greater (Chauvin 1962). Thus,
old brood combs are heavily impregnated with silk (Fig. 18.2) which is insepa-
rable from the wax except by fairly drastic chemical and/or heat treatments. The
development and maturation of brood comb proceeds from a single-phase material
(pure white wax), to a coloured, fibre-reinforced, two-phase composite (wax and
silk) (Hepburn and Kurstjens 1988; Zhang et al. 2010a). The physical significance
of these observations can be illustrated by comparing the properties of the native
fibroin, wax-free sheets of silk, silk-free wax, propolis and the final wax-silk
composite (Kurstjens et al. 1985; cf. Chap. 4).

18.2 Honeybee Silk: An a9-Helical Protein

Fifty years ago, the crystallographer, KM Rudall (Fig. 18.3), demonstrated in his
X-ray fibre diffraction data that silk threads, drawn from honeybee silk glands
contain a9-helical proteins assembled into ordered coiled-coil structures, and that
their meridional reflections suggested an axial periodicity of about 28 nm (Rudall
1962, 1965). The patterns from honeybee silk fibres were considered most

Fig. 18.1 Scanning electron photomicrograph of a9-helical silk fibres produced by A. mellifera
larvae. Scale bar is 100 lm. Late final instar honeybee larvae were induced to spin silk within
plastic tubes, and the clean silk removed before the larvae added any further material (with kind
permission of the publishers, from Sutherland et al. 2011a, b)
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Fig. 18.2 Longitudinal section of an old, dewaxed comb from A. m. capensis showing the layers
of silk inside the base and the walls of cells (Hepburn et al. 2007)

Fig. 18.3 KM Rudall, a New
Zealander, worked for many
years at the then Astbury
Department of Biophysics,
University of Leeds. He was
one of the pioneering
crystallographers and
molecular biologists who
made special and important
contributions to the study of
the molecular conformations
of fibrous proteins fibres,
including honeybee silk
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consistent with a four-strand coiled-coil structure and a tighter than expected
super-helix radius of about 0.52 nm (Atkins 1967). In contrast, the dominant
molecular structure in silk of other hymenopteran species is the extended ß-sheet
configuration (Warwicker 1960; Sutherland et al. 2007).

So, honeybee silk is an a9-helical fibroin (Rudall 1962), the micelles or crys-
tallites of which form a four-stranded array of coiled-coils parallel to the fibre axis
(Atkins 1967). Honeybee fibroin is crystalline, relative to other insect silks (Lucas
and Rudall 1968); but hydrated fibres are only half as stiff as dry ones, although
they are equal in strength (Hepburn et al. 1979). The fibroin is hygroscopic, and
when solvated, is highly distensible, largely owing to its molecular conformation
(Lucas and Rudall 1968). These properties of the fibroin are largely suppressed by
the cocoon-spinning larvae because the silk is pressed into the wax of the cell wall,
possibly aided by the anal secretions, and this immediately water-proofs and
checks the silk fibroin against solvation. Thus, it is also likely that inter-micellar
friction is enhanced (Warwicker 1960), and the possibility of conformational
change restricted (Rudall 1962), effects which are consistent with good stiffness
and reduced distensibility (Hepburn et al. 1979). That the silk fibres are spun and
randomly arranged in the cell wall overcomes the basic anisotropy of the material,
because dewaxed sheets of cocoon silk are planar isotropic on tensile deformation.

18.3 Behaviour of Silk at Different Temperatures

Natural variations in the temperature of honeybee nests invite a consideration of
silk behaviour at varied thermal regimes. The independence of the mechanical
properties of A. m. scutellata silk sheets, when deformed in tension at a fixed rate
at different temperatures, is illustrated in Table 18.1.

Sheets of silk maintain the same relative strength and distensibility between 25
and 45 �C, and staunch the plastic flow, and ultimate collapse of wax, at higher
temperatures. Consequently changes in stiffness or the energy to fracture the sheet,
an index of its relative workability, were not observed. The tensile properties of
silk sheets over this range of temperatures are in sharp contrast to those of pure
wax (Hepburn et al. 1983), propolis (Hepburn and Kurstjens 1984) and the wax-
silk composite of brood combs (cf. Chap. 4). In addition to crystal structure, white
comb wax is also affected by the presence of a protein fraction (Kurstjens et al.
1985, 1990). This material is present, quite apart from silk, in both wax scales and
in newly constructed combs. In both cases, this partially characterized protein
(Kurstjens et al. 1990) is positively associated with enhanced stiffness in both
scales and combs. Nothing is known of the molecular behaviour of this protein or
how it might contribute to the stiffness of wax. To have assigned this protein to the
elastic fraction is somewhat gratuitous.

18.2 Honeybee Silk: An a9-Helical Protein 371

http://dx.doi.org/10.1007/978-3-642-54328-9_4
http://dx.doi.org/10.1007/978-3-642-54328-9_4


18.4 Relative Crystallinity

Lucas et al. (1960) estimated the relative crystallinity of moth fibroins by calcu-
lating short side chain—long side chain ratios. When Hepburn et al. (1979) did the
same for honeybee silk, the result suggested that this silk was anomalous because
crystalline fibroins generally have a high glycine content and honeybee silk has a
very low one, but is nevertheless, relatively crystalline (Atkins 1967). These
authors subsequently turned to cellulose, because one feature of cellulose is that
the degree of crystallinity is reflected in the sensitivity of its fibres to solution
effects. Water can penetrate amorphous regions in a capillary manner thus
diminishing the interactions between crystallites; or, alternatively, compete for
potential hydrogen-bonding sites within the fibre (Wainwright et al. 1976).

In the work on cellulose it was assumed that hydration loosened the interaction
between neighbouring crystalline regions, so reducing stiffness. It was further
assumed that the elastic modulus of the dry cellulose approached that of crystalline
cellulose. If this were indeed so, then the ratio of modulus wet to modulus dry
provides an approximate index of the degree of crystallinity; a ratio of 1 indicating
complete and lesser values of progressively less crystallinity. When honeybee silk
was examined for hydration sensitivity, expressed as the ratio of the elastic
modulus of wet to that of dry fibre, a value of 0.53 showed that this fibre is rather
crystalline, a result consistent with other forms of measurement. Tensile stress-
strain curves for wet and dry a9-helical honeybee silk are shown in Fig. 18.4. Both
wet and dry honeybee silks are characterized initially by linear regions, which
terminate in marked yield points at about 0.1 and 0.3 strain respectively. A yield
point is defined as a marked decrease in the slope of the stress-strain curve, which
occurs over a very small region of strain and, for an a9-helical structure, is asso-
ciated with the onset of a transconformational change from the a9 to the parallel-b
state (Rudall 1962, 1965).

More recently, Zhang et al. (2010b) reported on the microstructures and
mechanical properties of honeybee, A. m. ligustica, and silkworm, Bombyx mori,
silks which were examined by environment scanning electron microscopy
(ESEM), scanning probe microscopy (SPM), tensile tests, and nanoindentation.

Table 18.1 Tensile mechanical properties of dewaxed A. m. scutellata worker honeybee cocoon
silk (Hepburn and Kurstjens 1988)

Temperature Relative tensile strength Breaking strain Relative stiffness Work
�C (Nmm-1) Percentage (%) Nmm-1 MJm-3

25 32 ± 16 98 33 ± 14 29 ± 20
30 32 ± 18 81 40 ± 13 28 ± 23
35 26 ± 10 85 31 ± 8 22 ± 14
40 39 ± 17 105 37 ± 14 38 ± 22
45 43 ± 20 106 41 ± 14 48 ± 30

For each value, n = 10
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They concluded that honeybee silk, unlike silkworm silk, is a single fibre with a
circular cross-section, which has a much finer, smoother texture than silkworm
silk. Honeybee silk exhibits a distinctly linear and brittle elastic mechanical
behaviour. Moreover, nanoindentation measurements showed that honeybee silk is
much less anisotropic than silkworm silk (Zhang et al. 2010b). The ratio of the
longitudinal modulus to the transverse modulus of honeybee silk is 2.0, whereas
that of silkworm silk is 18.9. It is probable that the different structural and
mechanical properties of honeybee and silkworm silks are likely the result of their
specific biological functions (Zhang et al. 2010b).

18.5 Solvent Effects on Silk

A large amount of empirical information on the effects of solvents has accumu-
lated over the past 100 years from the wool, leather and silk industries. A few of
these solvents have been studied in considerable detail, and their effects well
documented in the general chemical literature. Of these solvents, Hepburn et al.
(1979) selected lithium thiocyanate, urea and formamide as high affinity hydrogen
bond competitors. Specimens of honeybee silk were tested in these solutions to
assess the possible role of distilled water having more than capillary sorptive
effects on the general tensile behaviour of the fibres. In the case of honeybee silk,
lithium thiocyanate and urea virtually eliminate the marked yield point

Fig. 18.4 Generalized
tensile stress-strain curve for
a9-helical silk of A. m.
scutellata tested dry and then
wet (Hepburn et al. 1979)
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characteristic of honeybee silk tested both dry and in distilled water. Secondly, the
entire slope of the solvent-related curves is markedly reduced, as are the associated
values of stress, point for point, along the curves (cf. Figs. 18.4 and 18.5).

These differences can be explained in the following way. An aqueous envi-
ronment facilitates microfibrillar lubrication, as evidenced by decreasing values of
the elastic modulus, and in increasing total extensibility in honeybee silk. On the
other hand, organic solvents drastically reduced modulus and stress in honeybee
silk, and virtually eliminated the transition from linearity to non-linearity in these
curves. We suggest that, in these cases, the solvents are in fact directly acting on
hydrogen bonds, so that during tensile deformation, the silks essentially behave as
loose collections of unconnected bends (like a bowl of cooked spaghetti or noo-
dles), which require only very small loads to unfold them.

Loose fibres of honeybee silk placed in a 7 M solution of formamide or urea
and in a 4 M solution of lithium thiocyanate, showed no change in length, but were
remarkably rubbery to the touch and very easily distended. This distensibility was
reversible over the ranges examined, 100–200 % (e1 = 0.69 - 1.1), and the silk
highly reminiscent of solvated resilin (Andersen and Weis-Fogh 1964) and other
rubber networks with moderate cross-linking. However, there are basic differences
between solvated fibroins and rubber networks; the integrity of the former lies in

Fig. 18.5 Stress-strain
curves to failure of A. m.
scutellata silk at 20 �C in
various hydrogen bond-
disruptive solutions:
A = 7 M urea; B = 4 M
lithium thiocyanate;
C = 7 M formamide;
D = distilled water (Hepburn
et al. 1979)
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the secondary hydrogen bonding topology of the structure, while in the latter,
bonding is usually of the sulphydryl covalent type. Thus, we conclude that sol-
vation of honeybee silk in lithium thiocyanate, urea and formamide, and even
distilled water, disrupts, the crystalline organization of the fibroin by directly
reducing hydrogen bonding in the structure. Properties of the proteins of the a9-
helical honeybee silk are shown in Table 18.2.

18.6 Honeybee Silk: An a9-Helical Silk and a Coiled-Coil
Protein

It appears to be a general property of natural silks that the components, hierar-
chical structure and the conditions of their production all affect their mechanical
properties (Vollrath and Knight 2001; Shao and Vollrath 2002). It is therefore not
surprising that the discovery of the amino acid sequence in honeybee silk protein
provided an explanation of why the coiled-coil packing was atypically tight: while
the core of coiled-coils usually contains large hydrophobic residues such as leucine
and isoleucine, in coiled-coil silk the most abundant core residue is the small
amino acid, alanine (Sutherland 2007).

Lucas and Rudall (1968) suggested that the pattern of coiled-coil proteins that
occur in the silk gland could be to prevent agglutination of the proteins within the silk
gland. Another, not incompatible, reason put forward by Sutherland et al. (2007),

Table 18.2 Properties of the proteins of A. mellifera a9-helical silk compared with other insects
silks (with kind permission of the publishers, from Sutherland et al. 2006)

Species Protein name Number of amino acids Percent of cDNA library clones

Bumblebee BBF1 327 4
BBF2 313 14
BBF3 332 20
BBF4 357 32

Bulldog ant BAF1 422 16
BAF2 411 30
BAF3 394 26
BAF4 441 24

Weaver ant WAF1 391 35
WAF2 400 22
WAF3 395 13
WAF4 443 17

Honeybee AmelF1 333 6d
AmelF2 309 7d
AmelF3 335 11d
AmelF4 342 7d

Bumblebee BBSA1 [501 3
Honeybee AmelSAl 578 13d
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is that it could provide a mechanism to reduce the flow viscosity of the protein
solution, in order to allow the concentrated silk dope to pass through the spinneret.
Obviously, the behaviour of silk must be based on its chemical composition. Suth-
erland et al. (2006) were able to identify the coiled-coil silk sequences from silk gland
cDNA libraries of European A. mellifera, and determine the amino acid sequence of
the coiled-coils.

Sutherland et al. (2007) confirmed that honeybee silk is formed from four
coiled-coil proteins (fibroins), as originally proposed by Rudall (1962, 1965) on
the basis of his X-ray diffraction data. The fibroin proteins contained extensive
coiled-coil regions of conserved length, flanked by largely unstructured termini.
Sutherland et al. (2007) proposed a structural model for coiled-coil silks
(Fig. 18.6). The a9-helical strands corresponding to each of the fibroins are
arranged in an antiparallel tetrameric configuration (direction indicated by arrows).
Each fibroin contains a continuous predicted coiled-coil region of around 210
residues, flanked by 23–160 residue length N- and C-termini. The cores of the
coiled-coils were unusually rich in alanine, a hydrophobic amino acid, in the ‘a’
and ‘d’ core positions (Fig. 18.6). Sutherland et al. (2011a, b) further provided a
schematic top-down view of one strand of a coiled-coil generated from coiled-coil
silk proteins such as those that occur in honeybees (Fig. 18.7).

Three residues (a, d, and e) from each heptad repeat are buried in the core. Most
known coiled-coils contain predominantly large hydrophobic residues at these
positions to maximize the hydrophobic forces stabilizing the core (Woolfson 2005).
Sutherland et al. (2007) ascribed the atypical composition of the coiled-coils in bee
silks as possibly due to the metabolic constraints of having to produce a continuous
and copious secretion of silk during the many hours of larval spinning.

Fig. 18.6 A structural model
for a coiled-coil silk as
produced by A. mellifera
honeybees. The a9-helical
strands corresponding to each
of the fibroins are arranged in
an antiparallel tetrameric
configuration (direction
indicated by arrows). Three
residues (a, d, e) from each
heptad repeat are buried in
the core (with kind
permission of Sutherland
et al. 2007)
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Amino acid sequence comparisons indicate that different regions of silk pro-
teins have different levels of sequence constraint. A pairwise alignment of the
closely related silk proteins from European A. mellifera (Sutherland et al. 2007)
and A. cerana (Shi et al. 2008) show, on average, 3 % amino acid changes in
predicted coiled-coil core positions, 8 % amino acid changes in predicted coiled-
coil non-core positions, and 14 % amino acid changes in the N- and C-termini
regions (Sutherland et al. 2011a, b). Thus, composition, molecular topology and
amino acid content and sequence appear to be highly conserved features in the
evolution of Apis.

18.7 Molecular Dynamics of a9-Helical Proteins

Over the past few years the molecular dynamics of a9-helical protein behaviour has
gained enormous momentum, particularly with the works of Ackbarow et al.
(2007, et seq.), who published highly significant work on how hierarchies, multiple

Fig. 18.7 Schematic top-down view of one strand of a coiled-coil generated from coiled-coil silk
proteins. Formation of coiled-coils occurs when two strands of protein containing repeats of
amino acids in the pattern HPPHPPP (where H are generally hydrophobic residues and P are
generally polar residues), come together to shield the hydrophobic residues from the solvent. The
heptad repeat is commonly denoted as ‘a–g’ with ‘a’ and ‘d’ positions corresponding to the core
residues. The relative abundance of different amino acids in each position, averaged over-all silk
proteins for seven species, is shown in pie chart form (with kind permission of the publishers,
from Sutherland et al. 2011a, b)
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energy barriers and robustness govern the fracture mechanics of a9-helical and b-
sheet protein domains. The authors point out that the fundamental fracture
mechanisms of protein materials remain largely unknown, in part because of a lack
of understanding of how individual protein building blocks respond to mechanical
loads. As an example, they report that there is uncertainty as to whether the
unfolding behaviour of a9-helical proteins consists of multiple transition state
changes continuously with the pulling velocity. Ackbarow et al. (2007) reported on
a direct atomistic simulation over four orders of magnitude in time scales of the
unfolding behaviour of a9-helical protein, in which they found that two discrete
transition states corresponded to two fracture mechanisms.

Whereas the unfolding mechanism at fast fibre extensions involves the
sequential rupture of individual hydrogen bonds, unfolding at slower rates involves
the simultaneous rupture of several hydrogen bonds. Ackbarow et al. (2007)
derived a theory that explicitly considers the hierarchical architecture of proteins,
providing a rigorous structure-property relationship. Their results provide evidence
that the molecular structure of a9-helical proteins maximizes their robustness with
minimal use of building materials (Ackbarow et al. 2007; Buehler and Ackbarow
2007).

Although not directly germane to the present discussion, it is of considerable
interest to learn of the existence of both reconstituted honeybee and other fibres
produced by recombinant techniques (Wesiman et al. 2010). The coiled-coil silk
proteins of honeybees are small compared to the fibrous silk proteins of spiders
and silkworms, and therefore can be produced as full length proteins by fermen-
tation in the bacterium Escherichia coli. The native coiled-coil silk self-assembles
within the silk gland before spinning (Flower and Kenchington 1967), and key
elements of this self-assembly are replicated in reconstituted or recombinant silk,
potentially allowing straightforward capture of native silk functionality in a bio-
material (Sutherland et al. 2007, 2011a, b, 2012).

Most recently, Sutherland’s group described controlled micellar refolding of
coiled-coil honeybee silk proteins using the detergent sodium dodecyl sulphate
(SDS) (Walker et al. 2013). Their circular dichroism and dynamic light scattering
experiments demonstrated that micellar SDS promotes folding of randomly coiled
honeybee silk proteins into isolated a-helices, and that removal of detergent
micelles, or addition of salt, leads to a coiled-coil formation. They further pro-
posed a mechanism of protein folding:

‘‘In the presence of micellar detergent, hydrophobic residues are associated
with the detergent tail groups within the micelles, whereas hydrophilic residues are
paired with the detergent head-groups on the micelle’s surface. These detergent–
protein interactions prevent residue–residue interactions and allow the protein to
fold, according to the natural tendency of individual residues. From this condition,
when hydrophobic residue–micellar interactions are reduced by lowering detergent
levels to below the critical micelle concentration, or by using salt to increase
detergent packing in micelles and thereby excluding the protein from the interior,
the proteins fold into coiled-coils. We propose that under low SDS conditions,
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hydrophobic–monomeric SDS tail-group and hydrophilic–monomeric head-group
interactions (low SDS conditions) or hydrophilic–micellar SDS head-group
interactions (high salt conditions), stabilize a transient a-helix intermediate in
coiled-coil folding. The folding pathway constitutes a new kind of micellar
refolding, which may be profitably employed to refold other proteins rich in
coiled-coils.’’ Moreover, in future, this work will likely come within the gambit
and purview of patents offices around the world (Sutherland et al. 2010b; Suth-
erland et al. 2013) (Fig. 18.8).

18.8 Genetic Basis of Honeybee a9-Helical Fibroin

Sutherland et al. (2007) published the results of some pioneering work that
described a highly divergent gene cluster in honeybees that actually encodes a
novel silk family. Using a combination of genomic and proteomic techniques, they
identified four honeybee fibre genes; (AmelFibroin1-4) and two silk-associated
genes (AmelSA1 and 2). The four fibre genes are small, each consisting of a single
exon, and are clustered on a short genomic region where the open reading frames
are GC-rich amid low GC intergenic regions. The genes encode similar proteins
that are highly helical and are predicted to form unusually tight coiled-coils.
Despite the similarity in size, structure, and composition of the encoded proteins,
the genes have low primary sequence identity. Sutherland et al. (2007) proposed
that the four fibre genes have arisen from gene duplication events, but have sub-
sequently diverged significantly. The silk-associated genes encode proteins likely
to act as glue (AmelSA1), and are involved in silk processing (AmelSA2). Although
the silks of honeybees and silkworms both originate in larval labial glands, the silk

Fig. 18.8 Honeybee silk protein after 8 ns simulation. The hydrophobic residues (blue) are
situated within the micelle, while the hydrophilic residues (red) form a solvent-accessible surface
(unpublished, courtesy of T. Sutherland)
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proteins are completely different in their primary, secondary and tertiary struc-
tures, as well as the genomic arrangement of the genes encoding them.

This implies independent evolutionary origins for these functionally related
proteins. Six honeybee silk genes have been confidently identified by a combi-
nation of genomic and proteomic techniques. Five of these genes, encoding the
four proteins and the AmelSA1 glue protein, are completely novel, with no
sequence similarity found to any known gene. The four AmelFibroin genes are
physically clustered in the genome, and are each composed of a single short exon.
Although they encode proteins with similar amino acid composition, helical
conformation, and heptad substructure, they share little primary sequence
homology. The four related, but diverged genes, may have slightly different roles
in coiled-coil formation. All four proteins might be required at fixed ratios for
proper silk formation, or expression of the different genes, at varying levels, might
allow honeybee silk to adapt rapidly to environmental changes. Alternatively, the
four proteins might be functionally equivalent with gene duplication required to
support a very high level of expression.

The important and burgeoning field of genomics is concerned with the study of
genes and their effects on macroscopic functions, and has led to considerable
advances. However, as Ackbarow et al. (2009) noted, genomics does not illumi-
nate material properties, nor the mechanistic relation of hierarchical multi-scale
structures and their resulting properties. Elucidating the relation between structure
and material properties and multi-scale behavior of protein assemblies, such as the
honeybee a9-helical silk, represents a grand challenge at the interface of materials
science and biology (Ackbarow et al. 2009). This gap in understanding can be
closed by systematically studying the material properties of hierarchical protein
structures and their effects on the macroscopic properties; an approach, part of a
larger effort, to study the role of materials in biology, referred to by Buehler and
Keten (2008) as materiomics.
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