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Introduction

The foraging behavior of a honeybee colony (Apis
mellifera. L) represents one of the most sophisti-
cated examples of cooperative behavior in the
animal kingdom and has arisen as the evolution-
ary product of an unusual and highly complex
social system. Honeybees are advanced eusocial
insects, defined by overlapping generations, coop-
erative brood care, and reproductive division of
labor. In each colony a single queen is almost
always responsible for the vast majority of the
reproductive output, with the functionally sterile
workers (her daughters) helping to rear their sis-
ters (other workers and new queens) and brothers
(drones). The colony therefore functions as a sin-
gle reproductive unit, with the workers sharing a
common goal: to optimize foraging effort in a
manner that allows the colony to grow in size
until the entire group can reproduce by splitting,
in a process known as swarming. Seeley (1989)
and others have thus described the colony as a
“superorganism” – an individual entity with many
of the attributes of an organism, but itself com-
posed of individual organisms. Consequently, a
discussion of foraging behavior in this species

must include both the behavior of the individual
units, the workers, and the colony-level behavior
of the “superorganism” as a whole as it efficiently
exploits the surrounding resources to sustain
itself.

Honeybees are central place foragers.
Although domestic colonies reside in hives that
are managed by beekeepers, such hives mimic the
hollow tree cavities that are the species’ natural
nest sites. Inside the nest, the workers build sheets
of vertical wax comb made up of hexagonal cells
in which food is stored and brood (young bees) are
reared. From that base, a subset of the workers, the
foragers, leave to collect resources from the envi-
ronment and bring them back to the nest. Tasks in
the colony are allocated by age, with younger bees
performing less risky tasks inside the nest such as
nursing brood and food processing and switching
to the more hazardous task of foraging toward the
end of the lifespan. Foragers can travel up to
approximately 14 km to collect food, although
typically 95% of foraging trips are within 6 km
in a temperate environment. This represents a
foraging area of 100 km2, partially reflecting the
enormous requirements of a colony typically
comprising around 30,000 animals. This demand
represents a considerable foraging challenge: a
honeybee colony in a temperate climate must
collect approximately 120 kg of nectar, 20 kg of
pollen, 25 l of water, and 100 g of resin each year
(Seeley 1995).

Nectar is the energy currency of the colony and
is collected both to fuel the current activity of the
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bees and to store for the winter and other times of
dearth (Abou-Shaara 2014). Nectar is concen-
trated by evaporating off much of the water con-
tent, then mixed with salivary enzymes and stored
as honey. If nectar is freely available, a colony will
continue to collect and store as much as its labor
and space resources allow. Pollen provides the
protein source, as well as containing lipids and
vitamins, but can only be processed by nurse bees.
These young bees digest the pollen collected by
foragers and convert it to a protein-rich secretion
called brood food from the hypopharyngeal
glands in the head and fed to other bees by
trophyllaxis (transfer of liquid via the proboscis).
In contrast to nectar, the colony does not collect
pollen indefinitely, but instead maintains a stable
amount that is sufficient to buffer the colony
through periods when forage is unavailable.
Water is collected for honey dilution, particularly
early in the season when the colony is utilizing
stored honey and pollen, and for nest cooling by
evaporation. Collected in much smaller quantities,
resin is mixed with saliva to form a sticky sub-
stance called propolis and used to seal cracks in
the nest cavity.

The main forage substances, nectar and pollen,
are collected primarily from flowers (although
sugar may also be collected from fruit, honeydew,
or robbing other honeybee colonies). Floral
resources are transitory, characterized by a con-
stantly varying patchwork of profitable locations
that change over time. Some species of plant only
produce nectar at certain times of the day, different
species come into bloom at different times, and
patches may be depleted and replenished over vary-
ing periods. To efficiently exploit the resources
available to it, a colony must track the locations
and profitability of the forage landscape as it
changes over time. Patches that have ceased to
be rewarding must be abandoned, additional for-
agers must be recruited to more rewarding patches
and a scouting effort must be maintained to gather
information on new forage sites. In addition, a
colony must preserve a sufficient amount of stored
food as a buffer during times of dearth such as bad
weather or poor nectar flow, balancing this against
current nutritional demands of brood and adults
and available storage space and processing labor.

How honeybees have evolved to respond to this
foraging challenge, both at the individual and
colony level, is discussed below.

Individual Foraging Behavior

In one foraging trip, a bee collects up to 15 mg of
pollen or 30 mg of nectar (or a combination of
both), often requiring visits to over 100 flowers.
Efficient foraging at the individual level requires
the integration of learning, sensory perception,
adaptable flower handling behavior, and navigation.

Locating and Collecting Forage Resources
Honeybees rely primarily on visual and olfactory
perception to locate flowers in the environment.
Bees have compound eyes made up of several
thousand functional units called ommatidia,
resulting in visual resolution 100 times poorer
than that of the human eye (Chittka and Raine
2006). Bee color vision is determined by the pres-
ence of three different color receptors in the
ommatidia (ultraviolet [UV], green, and blue),
allowing bees to perceive a visible spectrum span-
ning 300–650 nm, encompassing UV but not red
light. Green light is particularly important for
motion vision and detection of small targets. The
polarization pattern of light can also be detected
by bees using a narrow band of photodetectors on
the dorsal region of the eyes (Kraft et al. 2011).
Honeybee antennae contain at least 130 olfactory
receptors, resulting in highly developed odor
perception.

Learning about the visual and olfactory cues
that identify the most rewarding flowers plays a
critical role in maximizing honeybee foraging
efficiency (Menzel and Muller 1996). Bees are
able to quickly learn to associate the characteris-
tics of flowers, such as color, shape, pattern, and
odor, with reward, and will preferentially visit
flower types that they learn to be more rewarding.
In the laboratory, it has been shown that individ-
uals are capable of learning not just about the
physical properties of these cues, but also about
the relationships between them. For example,
individuals can learn concepts such as “the same
as,” or “above/below.” Although the extent to
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which such abilities are put to use in the field has
not yet been fully explored, it is clear that such
“nonelemental learning” abilities have potential
applications in optimizing foraging efficiency.
Individuals also respond to information provided
inadvertently by conspecifics in the field, includ-
ing the visual presence of other feeding bees,
which they use to identify both rewarding inflo-
rescences and rewarding flower species. To min-
imize visits to flowers that other bees have
recently drained, individuals typically avoid inflo-
rescences where they detect cuticular hydrocar-
bons that have been inadvertently deposited by
other foragers. Finally, there is some evidence
that volatiles produced by stressed conspecifics
might lead bees to avoid dangerous areas where
other bees have been injured, since such volatiles
have been shown to induce both aversion
responses and future avoidance of contextual
stimuli in laboratory settings.

Although honeybees are generalist foragers,
feeding from a broad range of species, a single
individual commonly prefers one species during a
foraging trip (Grüter and Ratnieks 2011). This may
clearly be beneficial for the plant, increasing the
probability that pollen from a conspecific will be
transferred to its stigma resulting in pollination, but
flower constancy may also be advantageous for the
bee, increasing flower handling efficiency through
honing skills on a specific floral morphology, or
distributing a colony’s foragers across different
resources. However, visiting only one species in a
mixed patch of flowers may have energetic costs
associated with increased flight distance between
flowers, and it has been suggested that flower con-
stancy is a constraint due to limited memory capac-
ity for floral characteristics. Nevertheless, the
behavioral flexibility of flower constancy – for
example, increasing fidelity when rewards are
higher – suggests an adaptive basis.

As central place foragers, individual bees must
find their way home at the end of a foraging bout.
Foragers use a combination of path integration,
celestial compass orientation, and landmark learn-
ing to navigate to resource patches and back to the
nest (De Marco and Menzel 2005). Path integra-
tion involves integrating each successive vector of
travel during a flight to produce a continuously

updated distance and direction from the hive. Dis-
tance is measured by the bee using optic flow, i.e.,
the amount of visual information that passes the
eye per unit time, on the outbound flight to the
resource (Si et al. 2003), while the direction is
measured using celestial cues from the sun and
polarized light. Bees also use memory of land-
marks as a spatial reference of nest location or as
checkpoints along a route.

Communicating Forage Information
In 1946, the Austrian ethologist Karl von Frisch
made a discovery that would later lead him to be
awarded a Nobel Prize in Physiology or Medicine
(shared with Niko Tinbergen and Konrad Lorenz):
that honeybee foragers can communicate to their
nestmates the location of the resource which they
have visited, in order to recruit other foragers to
exploit the same resource (von Frisch 1967). This
highly evolved behavior, known as the waggle
dance, represents perhaps the only known exam-
ple of symbolic communication in a nonprimate
species. On returning to the nest with pollen,
nectar, or water from a particularly profitable
source, a forager navigates to a part of the comb
near the entrance, the “dance floor,” where unem-
ployed foragers are waiting for information on the
day’s forage. Here she performs a distinctive
figure-of-eight dance on the comb, vibrating her
body laterally 12–15 times per second as she
walks in a straight line (the waggle phase), then
ceases vibrating and veers alternately to the left or
right, looping back to the start (the return phase) to
repeat the waggle run (Fig. 1). This dance encodes
three pieces of information about the resource:
distance, direction, and quality (Couvillon 2012).

The vector (distance and direction) informa-
tion is contained in the waggle phase. The dis-
tance of the resource from the nest is encoded in
the length of time that the bee vibrates her body,
with a linear relationship between duration and
distance. Dances for locations that are very close
to the hive elicit such short waggle runs that often
no vibration is present, resulting in an erratic
truncated dance called the round dance, now
widely accepted as an extremely short waggle
dance rather than a separate behavior (Gardner et
al. 2008). Bees have a gravity-proprioceptive
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system involving sensory neurons in the neck hair
plates, allowing the bee to direct her waggle run at
a specific angle relative to gravity. This corre-
sponds to the angle from the current solar azimuth
at which the resource is located, measured from
celestial compass information. A bee may con-
tinue dancing over sufficient time for the sun’s
position to have moved, rendering the original
dance angle inaccurate; however, the integration
of endogenous circadian clock information allows
a dancer to extrapolate the current azimuth with-
out leaving the nest, modifying her angle to track
the sun’s position over time.

A combination of tactile input via antennation
of the dancer’s abdomen and perception of direc-
tional jet air flows produced by the oscillation of
the dancer’s wings allow bees following the dance
to determine the angle and duration in the dark-
ness of the hive (Gil and De Marco 2010;
Michelsen 2003). These two pieces of information
form a vector that is theoretically sufficient for
nestmates to locate the resource. However, there
is considerable variation between different runs
within a single dance, meaning that the dance does

not signify a precise location. Could this error be
adaptive? Floral resources rarely consist of a
single point in space, and researchers have theo-
rized that the error has evolved to optimally
spread foragers across large patches of flowers.
Accordingly, angular variation decreases with
increasing communicated distance, consistent
with recruits being spread across even-sized
patches at near and far distances. Yet there is
also considerable evidence to the contrary,
suggesting that dance angle variation is driven
by biophysical constraints: for example, error is
reduced when dancers have a direct view of the
sun, when dancing parallel to gravity or when
return phases are longer (Preece and Beekman
2014). To minimize the effects of this error, it
appears dance followers take an average of several
runs, with recruits that follow more runs locating
the site more accurately.

Not all foraging resources are of equal quality:
nectar concentration and volume, distance from
the nest, floral density, and risk of predation or
competition all contribute to the profitability of a
resource (Abbott and Dukas 2009). The third
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Foraging by Honeybees, Fig. 1 The honeybee waggle
dance. A forager returning from a profitable resource such
as a flower patch informs her nestmates of the location of
the resource by performing a distinctive figure-of-eight
dance on the comb (left). Two pieces of information are
encoded in the dance (right): (1) the angle from the solar

azimuth, encoded in the angle of the waggle run with
respect to gravity; and (2) the distance from the nest,
encoded in the length of time for which the bee vibrates
her body. This forms a vector allowing unemployed for-
agers following the dance to locate the resource
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piece of information encoded in the dance con-
cerns resource quality, primarily in the form of the
number of waggle runs performed. Bees may per-
form between 1 and 100 runs within a single
dance, with a linear relationship between number
of runs and resource quality. The rate of waggle
runs per unit time, modified by altering the dura-
tion of the return phase, is also correlated with
quality. A forager’s measure of profitability is
based on two sets of variables: features of the
resource itself and the current forage supply and
demand of the colony. For nectar sources,
resource variables include sugar concentration;
while all bees show a linear relationship (up to
the point where viscosity limits profitability)
between runs and sugar concentration, individual
assessment varies widely between bees, reflected
in differences in the slope of the relationship and
the concentration threshold that elicits dancing.
Sugar concentration is combined with the ener-
getic cost of the flight (related to distance, but not
measured using optic flow) to calculate the energy
efficiency of exploiting a resource and it is this in
addition to risk that informs a bee’s assessment of
the objective quality of a resource.

In contrast to nectar, it is likely that bees cannot
assess the protein content of pollen (Beekman et
al. 2016). Assessment of relative profitability in
the context of current overall forage influx into the
colony and processing capacity is discussed
below (see “▶Regulating Nectar Influx”). Com-
bining these variables results in a final integrated
assessment of quality encoded in the run number
and intensity. However, unlike the vector infor-
mation, this is not directly perceived by dance
followers, who only follow a small proportion of
the runs of any dance. Instead, this forms part of
the elegant system of feedback loops regulating
forage intake at the colony level described below
(see “▶ Spreading Labor Across the Foraging
Landscape”).

Colony-Level Foraging Behavior

We have seen that the individual forager possesses
a suite of complex behavioral traits that allow her
to efficiently locate flower patches, collect

resources, and communicate their location on
return to the nest. How are these individual
endeavors integrated at the colony level, to spread
labor across the foraging landscape, tightly con-
trol the influx of resources and regulate the bal-
ance between collection and processing of food?
Like the human body, a honeybee colony must
regulate its energy intake and expenditure,
maintaining a complex array of homeostatic pro-
cesses that depend upon extensive information
flow between its units, the individual bees. No
single individual or group possesses global infor-
mation about all the processes occurring in the
colony. Rather, each individual responds to local
information according to a set of simple rules,
resulting in a self-organized system that is capable
of responding flexibly to environmental condi-
tions and making adaptive decisions in its own
right. Information flow in the colony consists of a
combination of signals (behaviors that have
evolved specifically to convey information) and
cues (provided inadvertently, as a byproduct
of other behavior) (Seeley 1998). One example
of a signal, the waggle dance, has already been
discussed; in the following section, we present a
further array of signals and cues involved in the
regulation of foraging at the colony level.

Spreading Labor Across the Foraging
Landscape
At its strongest, a honeybee colony may contain
up to 60,000 workers. This labor market must be
effectively distributed across the major behavioral
roles – cleaners, nurses, food storers, and
foragers – and even across subdivisions within
those groups, such as pollen or nectar foraging,
scouting, or dance following. The proportion of
workers involved in each task must be balanced
with the supply and demand of brood and forage,
and coordinated with other roles; it does not work
to have large numbers of successful nectar for-
agers returning if there are insufficient food
storers to receive their loads. At the highest
level, behavioral tasks are allocated by age:
newly emerged bees clean cells, the second youn-
gest care for brood, middle-aged bees process
food and perform other in-nest tasks and the oldest
bees forage. This age polyethism potentially
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maximizes worker longevity, with the task involv-
ing the highest associated mortality, foraging,
allocated to bees close to the end of their natural
lifespans. The age of transition is flexible and can
respond to changes in colony requirements.
Within the forager caste, an individual’s propen-
sity to collect pollen, nectar, or water is associated
with sensitivity to sucrose; bees with low,
medium, and high sucrose response thresholds
preferentially forage for water, pollen, and nectar
respectively. This variation is thought to be adap-
tive at the colony level, facilitating division of
labor.

At any one time, around a quarter of the colony
workforce are foragers. Those not currently
employed in exploiting a resource, due to the
abandonment of a no longer rewarding patch or
just beginning their foraging career, may be allo-
cated to a patch in a number of ways. A small
proportion of foragers will be scouts, exploring
the environment in search of novel food sources.
The remaining foragers may use memory of pre-
viously visited patches, or social information to
locate resources. Social information about forag-
ing locations comes in the form of waggle dances
or via olfactory information from floral odor car-
ried on dancers’ bodies or in nectar samples trans-
ferred to followers (trophallaxis). At any time on
the dance floor, several dancers may be advertis-
ing multiple different locations. How does a for-
ager choose which location to visit? As previously
described, the dancer encodes the profitability of
the resource in the number of waggle runs
performed. One solution would be for a follower
to survey many of the dances and select the one
communicating the highest quality. However,
such a system would not only require extensive
dance sampling effort on the part of dance fol-
lowers, but also necessitate measurement and
comparison of the number of runs that each dancer
performs. Instead, a much simpler self-organized
system has evolved to achieve the same end,
based on each worker responding to a small
amount of local information rather than collecting
global information. A dance follower has no per-
ception of the quality encoded in the dance, and
thus she may well select and follow a dance not
advertising the most profitable site available.

However, because dances for higher quality sites
contain more runs, the number of bees that
encounter these dances is higher. As such, the
number of recruits to a resource is proportional
to the number of waggle runs performed for it. In
addition, more profitable resources are more
likely to elicit dances in the first place. This
ensures an appropriate distribution of foragers
across sites, relative to their quality, and allows
the colony to rapidly track changes in profitability.

A surprisingly low proportion of dance fol-
lowers visit the advertised site. The location
encoded in the waggle dance (a signal) is not the
only piece of information provided by dancing
bees, and the floral odor carried by dancers
(a cue) may take precedence over the location
information conveyed by the dance (Grüter and
Farina 2009). If the odor is from a flower species a
follower has experience with, this can reactivate
the memory of a previously visited forage patch,
creating a conflict between personal memory and
social information about forage locations encoded
in the dance (Grüter et al. 2008). There is evidence
that in this scenario bees preferentially rely upon
their own location memories, but increase their
use of waggle dance information when those sites
become unrewarding. As foragers age, they rely
less on waggle dance information and more on
private memory. Unemployed foragers may also
follow a dance for confirmation of the continued
profitability of a previously visited site. In prac-
tice, only 12–25% of dances are followed for the
discovery of new sites, with the remaining asso-
ciated with reactivation to known resources
(Biesmeijer and Seeley 2005).

Regulating Nectar Influx
Collection of resources must be coordinated with
the colony’s current requirements. Returning nec-
tar foragers must decide whether to recruit addi-
tional foragers to a patch, given the current
availability of other sources. Rather than
collecting direct, global information about the
entire colony’s nectar influx, returning foragers
use an indirect cue in the form of the time it
takes to unload their nectar load. If nectar influx
is currently low, there will be several unemployed
food-storer bees waiting to receive nectar, so
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unloading time will be short. If nectar influx is
high, a returning forager may have to queue to
unload. The precision of this measurement is
increased by making multiple transfers of portions
of the load; the average unloading delay informs
the forager about the colony’s nectar influx.
Although her objective assessment of the quality
(sugar concentration, distance, and risk) of the
resource does not change, this information about
nectar influx alters the quality threshold that elicits
a dance and the intercept of the relationship
between quality and number of runs. Therefore,
a low-quality resource that would elicit many
waggle runs during a time of dearth may not elicit
any dancing at all during peak nectar flow.

In addition to the waggle dance, several other
movement signals have evolved to regulate the
balance between nectar collection and processing.
Unloading delay is also used by returning foragers
to perceive a need for increased food processing
effort. A long delay increases the probability that
the returning forager will subsequently perform a
“tremble dance,” which stimulates nest bees to
become food-storers and inhibits waggle dances
in other returning foragers (Biesmeijer 2003b).
A bee shaking a nestmate by grasping her with
her legs and vibrating her body forms a more
general, context-dependent signal to encourage
reassessment of current activity (Biesmeijer
2003a). An inhibitory signal, the stop signal, is
also now known to be used by foragers and dance
followers to interrupt dancers advertising a site
known to be associated with danger from preda-
tion or competitive aggression or to be no longer
rewarding (Nieh 2010).

Homestatic Control of Pollen Stores
As discussed above, the only limits to the amount
of nectar a honeybee colony extracts from its
environment are the labor available to collect
and process it and the space available for storage.
In contrast, a colony maintains a limited stable
pollen store that requires precise homeostatic con-
trol (Schmickl and Crailsheim 2004). Thus,
instead of being driven primarily by supply, pol-
len foraging is also driven by demand. Pollen
demand changes with the amount of brood present
and supply changes with the foraging conditions;

regulation needs to integrate both these variables.
How pollen stores are homeostatically controlled
has been subject to considerable debate and
research effort, with two main theories posited:
(1) the direct, independent hypothesis, and (2) the
brood food hypothesis.

The direct, independent hypothesis suggests
that the global status of pollen supply and demand
are measured directly by returning foragers.
Quantity of stored pollen (supply) may be mea-
sured by the time taken to find an empty cell;
unlike nectar, pollen is deposited directly into
cells by foragers. Amount of brood (pollen
demand) may be measured by brood pheromone
levels in the nest, which may be either an evolved
signal or an incidental cue. According to this
theory, foragers integrate these pieces of informa-
tion to assess the need to collect pollen. Some
evidence in support of this exists: brood phero-
mone has been shown to affect pollen foraging
activity and returning pollen foragers perform cell
inspections (Dreller et al. 1999). The alternative
theory suggests that an indirect cue – the protein
content of the hypopharyngeal secretions (“brood
food”) fed by nurse bees to all workers – gives
information on the combined pollen supply and
demand. In times of protein scarcity, either due to
increased brood or reduced pollen stores, low
protein content in the brood food fed to foragers
would stimulate increased pollen foraging.
Research has shown that separating foragers
from the pollen stores with a screen does not
disrupt pollen store homeostasis (Camazine
1993), suggesting that direct contact with stores
is not required, and an inhibitory effect of troph-
allaxis on pollen foragers has also been found
(Camazine et al. 1998). However, experiments
using a protease inhibitor to artificially lower
brood food protein content have found no evi-
dence for the brood food hypothesis (Sagili and
Pankiw 2007). The two hypotheses are not mutu-
ally exclusive, and it is likely that a combination
of direct and indirect cues are involved in regula-
tion of pollen storage.
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Conclusion

In any animal species, foraging behavior is under
intense selection pressure. The ability of an indi-
vidual to successfully extract energy and nutrition
from its environment while minimizing hazards
and metabolic costs is a strong driver of fitness.
The honeybee is no exception: natural selection
has shaped individual foraging behavior such that
a bee can locate flower patches, efficiently collect
nectar and pollen and remember the locations and
characteristics of profitable resources. However,
the honeybee differs from most other taxa in that
selection has also acted strongly upon
foraging behavior at another level of biological
organization: the colony. The behavior of the
“superorganism” has evolved such that the colony
acts as a static reproductive unit from which indi-
vidual parts can be deployed to collect resources
from its surroundings. As such, selection has
favored maximizing the energy balance and nutri-
tional regulation of the colony as a whole.
Intricate networks of information flow via com-
munication signals and cues coupled with a suite
of behavioral rules at the individual level in
response to local information results in a highly
complex self-organized foraging system. In this
way, the honeybee colony provides an intriguing
comparative model for nutritional regulation and
sensory perception in analogous self-organized
systems such as the human body, on a macro-
scopic scale.
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