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 behaviour. 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,
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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 importance 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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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

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
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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)

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).
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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)

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 experimental colonies produced no wax at all. This pointed the way for more rigorous
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Fig. 8.6 The mean body dry
weight of A. mellifera
(workers reared in pollen
supplemented or pollenlimited colonies) during
spring 2002 and 2003
(Mattila and Otis 2006a)

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 production, 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
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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 6week 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 experimental 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 experiments 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 beecollected 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 preparations 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 development 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 alimentation. 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 pheromonally 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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Fig. 8.7 Relationship
between the influx of fresh,
field pollen into colonies and
the corresponding wax
production obtained in two
experiments on 14 A.
mellifera colonies. The
correlation coefficient for a
linear relationship between
the two variables is r2 = 0.91
(Replotted from Taranov
1959)
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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 inhibition 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 significantly lower in colonies which were provided with supplementary pollen compared 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 demonstrated to be direct, independent, and as a stimulus for pollen foraging (Pankiw
et al. 1998). Pollen foragers can be directly and quantitatively modulated by

156

8 The Role of Pollen in Honeybee Colonies

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

263 ± 64

Comb outside (n = 10)

250 ± 75

278 ± 80
P \ 0.01
274 ± 79
P = 0.35

333 ± 81
P \ 0.05
328 ± 67
P = 0.14

287 ± 74

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)

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.
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8.4 Pollen Pheromones
There is no doubt as to the efficacy of an influx of new pollen on comb construction, 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 development 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 properties 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 overstimulation 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 stereotypical 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 mechanism. The total number of pollen foragers was statistically similar in broodpheromone- 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 introducing 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 significantly lower at all times.
Pankiw et al. (1998) further compared two treatments, (1) brood, and (2) broodpheromone- 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-pheromone-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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Fig. 8.10 The mean number
of A. mellifera, paint-marked
pollen and sucrose foragers
visiting the pollen and
sucrose feeding stations in
brood- and broodpheromone-supplement
experiments (Pankiw et al.
1998)
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Fig. 8.9 The mean of A.
mellifera paint-marked pollen
and sucrose foragers visiting
pollen and sucrose feeding
stations with hexane extracts
of larvae, brood and
broodless treatments. The
total number of foragers is the
mean sum of pollen and
sucrose foragers. No
significant differences
between treatments were
noted (Pankiw et al. 1998)
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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 temperature 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 several 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 appropriate 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 randomly wandering bees or cell gaps on the comb. Following prescribed temperature-related behaviour rules, some bees press their warm thoraxes to the caps of

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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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 proportion 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 honeybee 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 scenarios 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. 8.12 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)

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 temperature 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 honeybees: 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
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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)

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
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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)

removed pollen and nectar from the brood nest to the honey storage area. Subsequent 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 selforganization in social insects. However, Camazine’s model focuses on the pattern
of the pollen band which can be explained with a simple self-organization algorithm. There is some inconsistency with what happens in reality because the model
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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)

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 constructing an agent-based model of a honeybee colony that produces the characteristic 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 cannibalized (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
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Fig. 8.16 Idealized drawing
of the characteristic pattern
on the surface of wild A.
mellifera honeybee colonies
(Seeley and Morse 1976)

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 selforganizing 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 selforganization 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
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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)

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-organization 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 reasonable ways to create models that both initially create, and then steadily maintain
the comb allocation patterns once young bees begin to vacate their cells.
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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)

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.

8.6 Cell Allocation

169

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)

60–120

rb

Brood requirement radius (cells)

rn

Preferential nectar consumption radius (cells)

x

Average honey collection(loads per day)

Pph

60
Camazine (1991)
4
Camazine (1991)
4
Camazine (1991)
833
Montovan et al.
(2013)
0.21
Camazine (1991)
0.99
Camazine (1991)
0.59
Camazine (1991)
NA

Ratio of pollen collection to honey collection
0.2–1.0
(dimensionless)
Ratio of pollen consumption to pollen collection
0.9–1.1
(dimensionless)
Ratio of honey consumption to honey collection
0.9–1.1
(dimensionless)
Temporal distribution of daily nectar and pollen
0–2
collection: uniform constant (X = 0), uniform
random (X = 1) and Markov clumped random
(X = 2)
Model 1: Ratio of honey/pollen taken from cells fully 10
5–20
surrounded by brood cells to honey/pollen taken Camazine (1991)
from cells with no brood neighbours
(dimensionless)
Model 2 and 3: Ratio of probability that a cell fully 10
5–20
surrounded by brood cells chosen for nectar
consumption to the probability that a cell with no
brood neighbours are chosen (dimensionless)

Pp
Ph
X

k

k

1–4
1–4
1000–4000

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
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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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